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Abstract

In this study two phase change materials (PCMskediwith sand were evaluated for distributed |latesdt thermal
energy storage (LHTES) coupled with a novel Flatd?aground heat exchanger (GHE) for shallow geotiadr
applicationsN-Octadecane and a commercial paraffin-based PCM mixed (30% v/v) separately with sand, which
is commonly used as backfilling material for GHEotB two mixtures underwent 16 thermal cycles anecgpen’s
temperatures and their variation over time werdyaed to evaluate phase change stability and sopbng. Grain size
laser diffraction and pore analysis were perforraggkther with optical microscopy, environmentalrstag electron
microscopy coupled with X-Ray spectrometry (ESEMSDand Fourier transform infrared spectroscopy BGTI
analysis to evaluate PCMs-sand dynamic interactieer time and temperature. Results shown that saldition
halvesn-Octadecane phase change time, although leadimglitited supercooling equal to 1 °C. Sand additon
commercial PCM leaded to a similar increasing iatheansfer, however in absence of supercoolingipimena. These
performances were constant through 16 thermal syclderefore, PCMs mixing in sand as mixture for ESH
backfilling material can be considered a strateggrhance thermal storage of backfilling matebslincreasing the

underground thermal energy storage and then theitagon carried out by shallow geothermal apfi@as.

Keywords: Energy storage, backfilling sand, Flat-Panel gtbheat exchanger, paraffimOctadecane, building

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
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1. Introduction

In 2015 the 30 % of global energy use and 28 %@f €hergy-related emissions were due to buildingsrnelogy [1].
Therefore, the European Energy Performance of Buyjil Directive (EPBD) has established the needeorehse
energy consumption and greenhouse gas emissidnsldings [2,3]. Despite efforts, such as improvatsan building
envelope performance and reduction of fossil fuaddal heating systems, buildings’ energy efficieiscyar to be
environmentally sustainable [4]. In this conteXte temployment of more efficient technologies likeeimal Energy
Storage (TES) coupled with Phase Change Mateiial3V) is a great opportunity. Although, sensiblethis@urrently
the most employed type of TES, due to the fact tiratthermal energy storage is reached throughrveneperature
increase, latent heat TES (LHTES) allows the en¢ogye stored at a constant temperature and greeatesity [5—8].
This result is obtained through the choice of vailered phase change materials (PCMs), considesoligl-liquid
transition. Usually LHTES energy /volume ratio etWween 5 and 14 times greater than sensible heatrdtio, and this
allows the size reduction of heating/cooling steraystems in buildings [8,9]. LHTES is realizedotigh active or
passive methods, depending on electric devicestea®n employed [10]. Passive LHTES applicationsbimldings
usually take in account PCMs addition and integratnto building materials or elements such as estecwalls [11],
insulating mortars [12], windows shutters [13]. \Roeis studied demonstrated that the incorporatibiP@GMs in
construction elements potentially has positive mmmnental effects, even considering production,stroiation, and
especially disposal burdens mainly linked to tha-hmdegradability [14,15]. Among LHTES active aipptions, heat
pumps coupling is the most interesting one in teah&igh efficiency, as it is suitable for househdieating and
cooling, and environmental impact, reducing fo$ésél employment [16—19]. However, theirs performamepend
widely on climatic and environmental conditionseittfore, several studies investigated heat pumpBESHintegration
with renewable energy systems (RES), e.g. photaioihodules and/or ground-based heat exchangershahe also
called ground coupled heat pumps (GCHP) [20-23].0Agn GCHP, closed loop architectures, in which teath
working fluid circulates in a closed system devéigpin a borehole called Ground Heat Exchanger (GlEEd
separated from the ground, are generally prefededact, GHE doesn’t depend on groundwater avditgband
quality, and doesn’t suffer from critical issudeelicorrosive agents, scaling or bacterial contgls Nevertheless, the
depth of the borehole could arise some criticaléss greater depth (80-120 m) are strongly inflednizy soil thermal
imbalance due to heat extraction, low thermal cotidity of the ground which leads to a soil tempara decrease in
few years, and high drilling and installation cd&s,26]. Thereafter, horizontal GHEs that works$ha shallow ground
are favorable even if they need a greater soilaserfor heat exchanger installation in order torowme the lower

thermal performance, due to soil temperature sedsda@riations [27]. A possible further solutiontis increase the
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ground thermal conductivity to promote its heatage and transfer capacity by adding backfillingtarials around

GHEs tube systems [28].

Most used backfilling materials are cement-basexnlitgr bentonite clay and sand, but between thent szpresents
the cheapest material with higher thermal conditgtiwhich is usually around 1.3 W/m K, while beni@ thermal
conductivity is around 0.7 W/m [29,30]. Althougtetimal conductivity has great relevance, to furmenance GHEs
performance heat storage capacity of backfillingemal must be considered too. Therefore, LHTE®rtetogy must
be studied as a possible way to reach both thesls.gdeveral studies investigated solution to awere PCMs low
thermal conductivity, through encapsulation or ammitve solid filler addition (e.g. graphite, carbéher, nickel or
copper) [31]. In this context organic PCMs, and agiéhem paraffins, should be considered as additv&HEs

backfilling material, due to the fact that their ltmagy and crystallization involves a large amouhtatent heat [32—-34].
In fact, paraffins are characterized by high religb through phase change cycles, chemical stabiliimited

supercooling, absence of incongruent melting atative low cost, when compared with other materfaissimilar

application, while theirs major drawback is therertely low thermal conductivity, which is usuallgtiveen 0.1 and

0.3 W/m K [35,36].

Thereafter, as first innovative aspect of the prestudy, direct mixing of backfilling sand and atfin was tested as a
promising option to enhance the heat storage cpafthe former and thermal conductivity of thétéa. In addition,

to overcome the great soil surface needed andiveldtgging cost for horizontal GHEs, a novel RPatnel GHE
architecture was considered [37], since its flapgheasily allows the backfilling into the instifia trench. In fact,
previous studies demonstrated that the additidrQi¥ls in the backfill sand would raise also the ama@i heat stored

in the area around the GHE, avoiding loss of thénaductivity due to dispersion in soil [38]. Ihig context, the
present study focuses on the interactions of tvifergint organic PCMsp-Octadecane paraffin and a paraffin-based
commercial PCM, mixed with silica sand, combinedtfiat shape representing the Flat-Panel GHE t@uatire. The
comparison, through two sequentially groups ofstestas done in order to estimate the differencasrims of thermal
performances and materials morphology betweenvibePRCMs but also to evaluate their interactionshwaiackfilling

material undergoing to several heating/cooling eycl

2. Materials and Methods

Two experiments, so calleifials and Sand-box with different procedures, were carried out witie aim of

investigating the thermal behavior of PCMs - saniktumes and their possible integration of PCMs wi#and,

3
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respectively. Two organic PCMs were used for theeeiments (Table 1-Octadecane paraffin (gHss, 99%, CAS:
593-45-3) was purchased frohtpha Aesarcommercial grade paraffin wax PCM A28 was prodithy PCM Products
Ltd (UK). Both PCMs have phase change temperatures at 2892@1]. Dry sand (S) was used in the compositibn

the mixture-samples for the experiments.

Table 1. PCMs properties

PCM Melting Point Density Latent Heat Specific Heat Thermal Conductivity
(°C) (kg/m?) (kJ/kg) Capacity (kJ/kg K) (W/m K)
CigHzs 28 776 241 2.0 0.33
A28 28 789 265 2.2 0.21
2.1 Vials Test

The thermal behaviors in time-temperature graphs-©ttadecane (O), A28 and of their mixtures with dapd, OS
and AS respectively, were observed. Melting andZimgy tests, supercooling and performance stabfiiigugh thermal
cycles were evaluated in a temperature range bat@@eand 33 °CAT=10 °C). Analysis tests were performed using
“Falcor’ vials (V= 55 ml) dipped into &hermo Scientific Haake A25/AC2@@ter bath circulator. In order to prepare
OS and AS samples, sand and PCMs were mixed selyabgtmanual mixing. Proportion among PCMs andisaas
30:100 in volume considering the average porosityhe sand. The PCMs mass ration between pure artlinm
samples was about 1:4. The monitoring was carried by using K-type thermocouples (ZA9020-F&imemg
connected to a data loggéimemo 710(AHLBORN with a resolution of 0.1 K and a linearizatiorca@cy of+0.05 K
+0.05% of the measured value. One thermocouple eaieied inside each vial and a third thermocougas dipped

directly into water as reference (Figure 1).
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Figure 1. Falcon vials and reference in the crydsash

Initially, two consecutive melting-solidificationycles were obtained considering a condition of higérmal stress
applied to the O and OS samples since they werggbtanstantly from ;,= 23 °C to T,ax= 33 °C and vice versa, i.e.
without gradual heating and cooling processes. ®8rand AS, 16 solid-liquid-solid phase transitioitles were
performed, following a programmed temperature rap steps (Figure 2) in order to observe theirrtied behavior
over a relatively long period. Even for O and AZ8nples one melting/solidification cycle was obsdrweith a

programmed temperature ramp as shown in Figure ®hich the duration in minute is indicated for leatep of the

two different ramps.

- o 0-A28 0S-AS
_________ PTT¢c) [ Time (min) | T°C) | Time (min)
\ 1| 23 35 23 35
|
'. 2 | 23-33 12 23-33 12
< 112 3 | 33 120 33 20
8 § 4 | 3323 12 33-23 12
e \ 5 23 130 35 35
& 1
RN S
20 T T T T T
0 1 2 3 4 5

Time (hh)

Figure 2. Programmed temperature ramps for O-AZB@SB-AS tests.

2.2 Sand-box test

Consequently, t¥ials testresults, A28 and AS were tested into a sand-bdetter simulate realistic conditions of the
mixture near the Flat-Panel GHE, with the purpofeansider direct mixing as a possible concreteutsmh for
underground thermal energy storage (UTES). Therarpet consists in comparing the thermal behaviathe same
mass of pure PCM inside a container and its dimgging with sand, under the same boundary conditigrigure 3).
The tests were carried out by heating and coolamges in the same temperature range 23-33 °C.t8dte were
executed in a room at constant temperature aroor2Bt°C. The PCM was laid horizontally inside adsaox in
contact with a square thermal plate, an electnesistance operating as a thermal source, placadiztd depth of 4
cm from the surface of the sand. A multi-range Wer supplyPSW 80-27, GWInstekas connected to the electrical

resistance inside the square plate in order to ganaltage and current and therefore the thermakepoRegarding



133 A28 sample, 14.8 g of PCM was set inside a rectanguwlycarbonate container with the same therroadactivity

134  value of the PCM [42].

135 Figure 3. A28 inside the polycarbonate containgit)(lthermal plate placed inside sand (middlejl A8 placed inside
136 sand (right)

137

138 AS sample was prepared considering the averagesippaf the sand and a mass equivalence of the ROMference
139 to the mass of A28 inside the polycarbonate coataifihe mixture was in direct contact with the wusitke of the
140 square thermal plate and with the sand on the atiderss. Moreover, for both tests the condition gfiiealent heat
141 exchange surface was respected, hence the mixasemwlded in order to have a shape and a contdeiceu31.2
142  cn?) with the thermal source similar to the one of twntainers (Figure 3). Furthermore, a reference weas
143 performed considering the sand-box without PCM. far purposes of the tests, significant valueshef masses,
144  volumes, dimensions of the materials and instrumarg listed in Table 2.

145

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

Dimension Heat transfer surface  Volume Density Mass

(cm) (cm’) (cm’) (glcnt) (9)
Thermal plate 12x12x0.2 144
Sand-Box 38x38x32 1444 46.2°10 1.625 7510°
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

Sin AS 53.0 1.625 86.2
147
148

149 For installation needs, two different types of thecouples connected to a data logger Aimemo 710L8®RN) and
150 installed at a certain depth inside the sand-borewsed. According to a better wiring flexibilitpé strength, K-type

151 thermocouples (ZA9020-FS, Aimemo) were installedhat lower side of the setup and never removedistiiitype
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(ZA9021-FST, Almemo) were laid at upper side anchaeed every test. As reported in their data shaghémo
measuring instruments), both probes have a resalati 0.1 K and a linearization accuracy+x®05 K+0.05% of the

measured value; however, T-type operates in a megsange -200/+400 °C, while K-type -200/+137Q °C

To check that the different type of thermocouplesuld not have affected the measured data, an ewpetal
comparison was carried out by putting them into ttrermal bath and monitoring for four cycles prognaed in the
temperature range of the PCM melting point (23-33TMe maximum temperature difference was verifeete equal
to 0.3K, therefore within the accuracy of both typand always the T-type 0.2-0.3K warmer than thiygé. As a

consequence, the accuracy has to be considerbd shime range.

In Figure 4are schematically represented the cross-sectiol28r and AS tests. All thermocouples (K-type: green
dots, T-type: red dots) were positioned at the sdemths for all tests and defined by a letter phabet order starting
from the deepest one. Taking into account the igtdrom sand-PCM interface, A, B, C and D is faid5, 3, 2 and 1
cm respectively. For A28 inside container the thmrauple E is located at the sand-PCM interfaceleafor AS test is

1 cm inside the mixture. Finally, F is between #ugiare thermal plate and PCM, H 2 cm above theregharmal

plate, and | at the sand surface.

~

Heat source, Heat source,

=D 1

Container

8]

[35]
(S8}

Figure 4. Cross-section of the sand-box contaiAig inside polycarbonate container (left) and AgHt)

The thermal plate provided a thermal power02.9 W (I= 1.46 A, V=1.95 V). This power combinedtiwthe large
mass of sand-box was able to maintain the heatatg pt temperature of 34 °C for the entire duration of the heating
process (about 21 hours), thus allowing the sadjdid phase change of the PCM. At the end of ttatihg process the

DC power supply was turned off, triggering the xaléon of the system to the room temperature (23&GJ starting



174  the cooling process and consequently the solidiibaof the PCM (about 8 hours). The entire duratinf the
175 measurement cycle was of 29 hours, approximately.

176 2.3 Materials Characterizations

Lot Structure of sand and mixtures was evaluated byi-qaantitative energy dispersive X-ray spectromdiXyEDS,
178 Oxford INCA-350) at room temperature. In additiérgurier Transform Infrared Spectroscopy in ATR m¢H&IR
179 Vertex 70, Bruker) was employed to collect infotima about chemical compositions and bonds reagtiVihe FTIR-
180 ATR spectra were obtained in the range of 600—4000, with 4 cmi* resolution and 30 scans at room temperature (25
181 °C). The thermal behavior of each sample was medausing DSC analysis (TA instruments, 2010 DSCjopmed in
182 air at the heating rate of 1°C/min. The DSC measergs were carried out ara. 40 mg of sample in an aluminum
183 crucible. The error on such a measurement is efpuahe sensitivity of the instrument (1°C). Morpbgy was
184 investigated through environmental scanning electnicroscopy (ESEM, Quanta 200) and grain sizer ldg&action
185 (Mastersizer 2000 Hydro, Malvern Instruments) istiled water to investigate grains dimension dmalrtdistribution
186 in pure sand and sand-PCMs mixtures. All the gsite measurements were performed after sonicatioavoid
187 aggregates formation and the curves reported aravtrage of a total of 10 measurement for eaclplsainstrument
188 sensibility is equal to um. Pore distribution and its variations between [gas were evaluated through mercury
189 intrusion pore measurement (Autopore IV 9500, Miceoitics) at room temperature employing a mercuilting
190 pression equal to 1.51 psia, and an equilibraiioe bf 10 s. The values obtained are representafitlee average of 5
191 measurement on the same sample, instrument séysibilequal to 3.6um. Physical properties investigation was
192 carried out at room temperature through opticarasicopy (M125C, Leica) and absolute density measent through
193 helium pycnometer (Accupyc Il 1330, Micromeritidsiving instrument sensibility of 0.0001 gftnEach reported
194 value is the average of a set of 10 measuremertteecsame sample.

195

196 3. Results and Discussion

197 3.1Dry sand (S) characterization

198 As shown in Figure 5 sand (S) presents great \ifitjaim grain size moving from 250 to 700 um. Désgthis, d0.5 of
199 the gaussian distribution is near to 358.9 um, tlaat be considered as representative of a largeurstnod grains,
200 considering the strong symmetry of the grain sistribution. The grain size analysis is confirméuough optical

201 (Figure 6a) and ESEM observation (Figure 6b). Riwe measurement, through mercury intrusion, highdi that the



202  majority of pores has a size between 26 and 30 Figufe 7), and the absolute density measured thrddgium

203  pycnometer detected a density equal to 2.7251@08.@/cnd (Figure 8).

15
14 sem § —
13 m— AS ..
12 === OS
11
10
g 9
o 8
E,
S s
5
4
3
2
1
00.2 2 20 200 1000
204 Particle Size (um)
205 Figure 5. Particle size distribution of sand (S amxtures afteWials test
206
207



208

209
210
211

212

1.0mm——

Figure 6. Microscopies before and aft@als test: a) S under optical observation at 35X, bp&er ESEM observation
at 100X, c) AS under optical observation at 35XA&)under ESEM observation at 100X, €) OS undedcalpt
observation at 35X f) OS under ESEM observatiohOfXX.
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218

219 As expected, EDS (Figure 9) and FTIR (Figure 1@hméques detected a great variability of the seunairdjtative
220 chemical composition with the presence of locaharenriched in metal. This is consistent with ehnical grade of S
221 and confirmed through optical microscopy observati-EDS analysis (Figure 9) performed in thrededént regions
222  of the grains has highlighted the presence ofaili@round 80 wt %) and aluminum (around 19.4 wt %o elements
223 typically in great quantity into silica sands, withcal spots enriched in calcium (around 80 wt %)l &on (around
224  20%). These results are consistent with FTIR amaly@gure 10): silicon presence is confirmed by thoad peak with
225 a maximum around 1000-990 érthat corresponds to Si-O-Si and Si-O stretchingdse but also by the peak at 776

11



226  cm' [43]. Finally, the sharp peaks at 716 tmorrespond to C-®onds indicating a possible inclusion of organic

227  content [44].

20004
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230  Figure 9. EDS spectra of S that highlight the pneseof different elements in different regionsmerest of the sample
231
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Figure 10. FTIR spectra aft®fials Test analysis

3.2 Vials test analysis

Considering the two consecutive heating/coolinges/test for O and OS samples (Figure 11a) theepblagnge time
ratio between the two samples is estimated fronrdtie At,/At; measured taking as reference the trace of thedwath
the time values. References of O and OS have lzem ttraces at a temperature of 30.5 °C (Figurg, Xhosen as
intermediate value between the melting point ofRI@M and the maximum working temperature (T = 33TQ)s time
ratio is about 1:8 while the PCM mass ratio is T:Hherefore, the phase change is not only relatatiganass of the
PCM but is also influenced by the mass of the sahith provides a significant contribution to thdes#y of heat

transfer thanks to its high thermal conductivitgl dreat capacity compared to the PCM ones.

a) b)
. — OS 1stcycle
O 1stcycle 34
Ref. 1st cycle L
OS 2nd cycle 32
O 2nd cycle
Ref. 2nd cycle
—~ —~ 301
o °
o L 284
2 =]
o ® f
3 2 264 f 0S 1stcycle
S £ 0 1stcycle
o ()
[t Y Bath 1stcycle
;“"'Fg 0S 2nd cycle
—O0 2nd cycle
22+ Bath 2nd cycle
20 T T T T T T T T T | 20 T T T T
0 1 2 3 4 5 0 1 2
Time (hh) Time (hh)

Figure 11. a) Overlap between two phase transtty@tes. b)At phase transitions comparison during the heating
process

In Figure 12a, it can be observed that the ovégatiperature trends of A28 and O is quite similad aupercooling is
never evident, according to their chemical natMereover, the phase change is well highlighted twp@zontal trend

around 28°C. In Figure 12b and 12c the comparisgwéen the first and the sixteenth thermal cyabeXS and AS

13
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256
257
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259

show how sand affects functionally the PCMs. Thiéedince in masses between O, A28 and OS, AS saniple

substantial, nevertheless the sand greatly enhatheeshermal conductivity of the mixture. OS showedslight

supercooling £1°C) during the solidification process, which ist stiown by O (Figurel2a); therefore, it has to be

correlated to the PCM-sand interaction. The sanobserved in AS test, albeit in a not evident wayhe supercooling

is barely noticeable probably due to the differemtmical composition. Despite having both a pamaffiture, O has a

defined compositionntOctadecane, 99%) while A28 is a commercial grag@ffin wax and its composition is not

specified in the datasheet, although it may berasduto be an organic eutectic. The reason why tipersooling

phenomenon was observed only in the mixture sanplest yet well cleared, and consequently it Wélthe subject of

further studies.
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Figure 12. Temperature cycle overlaps: O-A28 (#)rid 18 OS (b), £'and 18' AS (c), and OS-AS (d).
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260 3.3 Comparison among S, and S- PCM mixtures aftds West

261 The increasing thermal cycles number affected P@Mitsmixtures structural properties in different waffor first,
262 grain size measurement (Figure 5) detected a rietusith respect to S. Bimodal gaussian curvesasgnt AS and OS
263 samples strongly moving the average grain sizewet dimension with respect to S. Almost 25 % atipkes of OS
264  mixture has diameters lower than 120 pm, whileA6rsample the percentage under 120 um is near #.4Xgain,
265  this data is confirmed by the optical microscopyg &SEM analysis (Figure 6) that shows particleswitnensions
266  from 50 to 700 um for AS (Figure 6¢ and 6d), qsiteilar to OS (Figure 6e and 6f) showing partidiesn 30 to 600
267  um. This result is due to the friction of the peles during the thermal cycles, considering thaMP@elting and
268 freezing affect the volume among sand particled,thareafter the total volume of the mixtures. @8 AS, show also
269 apore size decrease respect to S, but while OBleahows a general drop in the range from 30 ples®than 1 um,
270 AS is characterized by generation of smaller pimea narrow range between 7 and 9 um (Figure 7pimgpores
271 reduction indicates that a mechanical action anparticle occurs, breaking the greater pores, lgpttira reduction of
272 the grain size, and leaving only lower pores thatgobably less easy to break, because betterusuted by the grain
273  structure. This action also effects the volume agnparticle that can be seen in relevant decreasimgng from S to
274  0OS or AS (Figure 7). In fact, in this figure eachme is divided in two parts, the first from thegin to the flat section,
275 regarding the interparticle volume, whereas theseattributed to the open porosity. The reductibinterparticle
276  volume is certainly due to PCM addition to sand tharing melting-freezing cycles (or solid-liquichnsitions) is able
277  to occupy this volume, adapting to different spgeemetry. Physical properties of samples were emited by cycle
278 number as well, in particular an absolute densityrelasing can be observed for AS and OS, with ce$peS, leading
279 to an absolute density which is almost the sameOBrand AS (respectively 2.0571 + 0.0004 and 2.12200002
280 glcnT). Absolute density decreasing is certainly du®@M addition that has in general lower density witpect to
281 sand. In addition, PCMs’ action leads to a fragratom of sand grains and consequently to an inereasample total
282  volume. As shown from optical microscopy and ESHERigre 6),n-Octadecane and A28 cover sand’s grain with a
283  thin film. It is interesting to observe with thetimal microscope that this layer seems to reflagit) and difference
284  among A28 ana-Octadecane can be detected. In particular, OSIsarshows phase separation between sandh-and
285 Octadecane, whose clusters are visible in Figuré\8dnstead shows no phase separation and A28&dsdd mainly in
286 the contact points between grains (Figure 6¢). &hfferences can be connected with the differesponse in terms
287  of thermal cycling measurement leading to AS samiie more promising results in terms of thermaldcwtivity by
288 enhancing a stronger physical connection with sdikreafter, also some consideration about thectsiri of the

289  mixtures have been made through FTIR techniquevestigate difference among OS and AS samples elated to
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306

PCMs addition as shown in Figure 10. For samplesak OS, the band in the range 3500-3000 im1due to —OH
bond stretching vibration [45,46], the broad bandidates that there are different bonding state©Hf groups,
meaning that there is as strong and broad bondimgtd hydroxyl group among paraffins and sand aftermal
cycling [43]. This band is one of the principals @S sample. In strong similarity the sharp peak4at0 is due to C-H
bond detriment. Thereafter connection between P@ms sand are mainly driven by C-H bonds reductioth #DH
bond increasing. For sample AS three sharp peak93%8, 2913 and 2848 ¢ncan be detected, which correspond
respectively to asymmetric —GHasymmetric —CH and symmetric —C}#+ bonds stretching vibration [46]. These
peaks are mainly not present for OS indicating tH&tH),- groups are not relevant forOctadecane-sand mixture.
Whereas for OS, the broad peak at 1652 ésndue to the stretching of aliphatic (alkene) Cdhd [43]. Difference
among OS and AS samples have been detected aediteedifferent type of bonding can be attribuiedhe different

behavior of OS and AS mixtures.

— A28
0.5 —— AS
— OS
s 3
2
o
L
g
L 05+
-‘]O_

I I I I I | | I I I I I | I |
12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Temperature (°C)

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

Finally, a thermal analysis (DSC) has been conductepure A28, AS and OS samples as reported uré&igj3. This
analysis shows that melting temperature for pur8 @&Xothermic peak) is completely consistent whih data obtained

from the supplier (Table 1) and is equal to 28 ¥ixture of A28 with sand (AS) lead to a slight ireise of the melting
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temperature, near to 30°C and to a decreasingedathnt heat (area below the exothermic peakkpsoted, due to the
fact that sand is added to a PCM. A very diffetaglbavior con be observed for OS samples when cadgarAS,
with a further increasing of the melting temperatunear to 31 °C and a reduction of the latent, hesatesults of a
lower and broader exothermic peak. This resulbissistent with the fact that;§Hsg latent heat is lower than A28 one

(Table 1).

3.4 Sand-box test analysis

Consequently, t¥ials testresults, demonstrating good thermal performancéding supercooling effect, A28 and its
mixture with sand were chosen for further analyhi®ugh sand-box From A28 and AS tests isand-box it was
possible to analyses how the heat transfer ocaursand under the same boundary conditions (hegtower,
environmental temperature, ...), but with differenayw of PCM coupling. Figure 13 shows three norredliz
temperature graphs respectively of the polycarl®nantainer filled with A28, AS and pure sand (refee case), by
using equivalent thermocouples for a more direct prompter comparison (A, B, C, D, F, H). The Y saxéports
normalized temperature values obtained by consigettie respectivdT between the temperature values actually
measured by the thermocouples shown in the grapthgheir initial value of the test. Normalizatiom proposed in
order to fix some temperature discrepancies of @alb8-1.2°C of the initial temperatures measured thg
thermocouples at the starting of the heating/cgotiycle, which occurred between the three testsrafetable to
environmental room temperature. Indeed, the statimperature of the tests coincides with the raemperature,
which during the various days reserved for the detign of the 3 cycles underwent slight variatiaghat influenced
the initial temperatures detected by the thermolesupetween one test and the others. Regardinthénmocouples F
(PCM-Source interface) it should be noted that oth tests concerning the PCM their behavior isptenmally
comparable and related to the PCM effect. The teatpee measured by the thermocouple H show a higgdee for
A28 in polycarbonate, therefore the latter creatdsgher thermal resistance due to the lower thecmaductivity of
pure PCM A28 with respect to the AS blend. Furthementhis is also depicted by the thermocouplesipasd deeper
in the sand (A, B, C, D). When testing A28 insidmtainer the temperatures detected by these semsofewer than
the analogue ones for the AS test. Indeed, thenilesource exchanges more heat upward than downaadithis
explains why the thermocouples H reaches highepé¢eature values as well. On the other hand, AS aligess to
improve the heat transfer, drastically decreasing thermal resistance of pure PCM with the highermal
conductivity of the sand. This behavior could beHer justified by the shorter duration of the gha®nsitions during
heating/cooling processes, because of the same rR&dd, the different time in melting should be edab a different

heat flux occurring in the domain, higher downwéttedn upward for AS with respect to A28 inside corga In AS
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graph it can be noticed the same slight supercggirenomenon already monitored during Wial-test(Figure 12c),

probably due to an interaction between sand andté2@ furtherly deepen.
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Figure 14. Comparison of the temperature time satatected by the A, B, C, D, F, H thermocouplegHe three
tests: A28 (left), AS (middle), and S (right)

4. Conclusions

In this work, the employment of two organic PCMs)ctadecane and commercial paraffin A28, mixed widmmon
silica sand was evaluated to perform distributedES coupled with a novel shape of shallow groundEGsb called
Flat-Panel). Melting and freezing rates of pure BCAhd PCM-sand mixtures were compared, while theiiation
with phase change cycles number was evaluatedBgdesting in thermal bathV{al tes), it was noted that the
presence of the sand promotes the celerity of &a tiansfer phenomenon, since a sample with a ratiesof 3/4 of
sand and 1/4 of PCM needed around 11’ for meltintke almost 90’ for the sample with 4/4 of PCM. eBe
enhancements remain constant with increasing tHeryakes number, while physical properties chaniggarticular a
reduction in grain (from 358m to below 120um) and pore size (from 3@Pm to below 1um) was detected and
attributed to mechanical friction among particlesr the same reason, a decrease in absolute demsthighlighted (-
3 %), while sand and PCMs composition remained temmghrough cycles. Commercial PCM A28, resulting more
interesting afteMials test was further tested in more realistic conditioBar{d-box tejtwith the same PCM mass and
conditions. In this set-up, the direct mixing céBEM & sand) increased the filed temperature belwvheating plate

of more than 1 K, when compared to the case in ke same mass of PCM was constrained inside &@ioen
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Despite changes in structural and physical progedf the mixtures, thermal performances remaimedtant through

cycles, demonstrating the feasibility of direct mix of silica sand and organic PCMs for distributddTES coupled

with shallow ground GHE.
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Highlights

* Paraffin-sand mixtures are PCMs suitable for LHT#®8pled with shallow ground GHE.
» Paraffins’ PCMthermal diffusivity is enhanced by sand additio:(®0).

» Thermal cycling over Paraffin-sand mixtures leaddad grain size decreasing.

« Different chemical bonding occurs among pure anmdroercial paraffins.
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