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Organic phase-change material for enhanced energy storage was prepared by adding SiO;
particles in a certain proportion into molten palmitic acid (PA) with stirring and intensive sonica-
tion at a constant temperature. The thermal properties of the SiO,/PA composite were experimentally
characterized. As compared with pure PA, the latent heat capacity of the composite with the
addition of 3 wt% SiO, particles is increased by 51.7 kJ/kg, reaching 214.7 kj/kg, which is
the highest value among the composites tested with varying SiO, ratio from 1 to 5 wt%; the
thermal conductivity of the 3 wt% SiO,/PA composite is also increased by 12% at 30°C (solid
state) and 7% at 70°C (liquid state), respectively. A water heater was built and tested with
embedded capsules containing the 3 wt% SiO,/PA composite and pure PA, respectively. The
lab-built phase-change water heater is much smaller in size than an ordinary household water
heater in comparison and uses reduced electrical power. However, it responds faster and
has a larger wvolume ratio of hot water output to water heater size. During the
turning-off test, the water heater with 3 wt% SiO,/PA can provide 2.23 times hot water volume
of heater size; while the ordinary water heater can only provide 1.41 times hot water volume of tank
size.

KEY WORDS: energy storage enhancement, organic phase-change material, latent heat,
composite, water heater
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1. INTRODUCTION

Use of phase-change materials (PCMs) for latent heat estmgage is a promising and efficient
solution for storing thermal and solar energy (Zhang anchFiag017; Tabassum et al., 2018;
Aumporn et al., 2018). Phase-change energy storage m&ROBESM) absorbs or releases heat
when it changes phases from solid to solid, solid to liqugyitl to gas, or the reverse. PCESMs
include inorganic, organic, and composite PCMs. It may igcdlt to use inorganic PCESMs
in practical applications due to their drawbacks such ag eadercooling, potential corrosion,
and phase separation (Zalba et al., 2003). Organic PCESglm paraffin, higher fatty acids,
polyolefin, and alcohols, among others (Sharma et al., 2008 organic PCMs have a higher
latent heat of fusion at moderate temperatures (Tian and,Ztd.1; Wang et al., 2012; Zhao et
al., 2013). They have good application prospects due todminct features as compared to the
inorganic counterparts, such as good solid forming, begeg torrosive, and stable performance.
However, the thermal conductivity of most organic PCESMpdsr (Mortazavi et al., 2017),
which limits their storage/exothermic efficiency.

Itis of great interest to find effective ways to enhance thegrttal conductivity for organic
PCESMs (de Gracia and Cabeza, 2017; Wang et al., 2012; Zbhp2210). A common method
is to make composite PCESMs with the addition of high theroalductivity materials (Reddi-
garietal., 2012; Teng et al., 2013). Adding small partit¢tesrganic PCMs to achieve high ther-
mal conductivity and stable performance has gained pojpu(damekhorshid et al., 2017). For
example, putting paraffin into a copper-powder-sinterachi by the vacuum perfusion method
was used to prepare form-stable PCMs. Previous studiessshibvt the prepared PCMs through
such means have increased the latent heat and thermal ¢oftgiuny several times (Li et al.,
2017). Chen et al. (2016) prepared a kind of phase-changpasita by impregnating styrene-b-
(ethylene-co-butylene)-b-styrene/paraffin/high-dgrnsolyethylene into metal foam. The latent
heat of the composite measured by differential scannirayicaétry (DSC) reached 151.6 kJ/kg.
The thermal conductivity was 2.14 W/kwhen the composite was absorbed into the copper
foam. Without the copper foam, however, the thermal conviticbf the material was just 0.27
W/m-K. Wang et al. (2009, 2012) prepared several compositeg) ugiaphene nanoplatelets
and carbon nanotubes to improve the organic matrix. Theswasites increased the thermal
conductivity and kept a high enthalpy. Form-stable PCMsewmepared by adding graphene
nanoplatelets into a palmitic acid (PA) (Silakhori et alD18). The thermal conductivity and
heat capacity of the composite with the graphene nanoptatielading of 1.6% were about 0.43
W/m-K and 151 kJ/kg, respectively. The thermal conductivityhaf tomposite has increased by
34.3% in comparison with the pure matrix. Recently, Wen e(2018) prepared a form-stable
composite by a vacuum impregnation method using diatorsithe supporting material and a
mixture of capric-lauric acid as the phase-change matérta expanded graphite was added
to improve the thermal conductivity of the composite. DS8uits showed that the composite
material melted at 23°& with a latent heat of 87.3 kJ/kg.

Use of PCESMs could improve the efficiency of water heatecuiffai et al., 2018). A water
heater is a necessary household appliance for most fanfegardless, the drawbacks of big
volume and long response time limit the use of traditionabwheaters (Faegh and Shafii, 2017).
If PCESMs were used in a water heater, however, the heagstdiensity would increase, lead-
ing to reduced volume and shorter response time. Furthemultl use cheap valley electricity to
store heat, enabling the energy-saving effect of shiftiegikpand filling valley.

Before the occurrence of phase change, an organic PCESNdsasmom temperature. The
low thermal conductivity of organic PCESMs such as paraffid fatty acids can easily cause
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local overheating and even ignition during the rapid hepfirocess. Therefore, such materials
cannot be heated directly by an electrical heating tube. & btorage system was designed
using inorganic PCM LiBr—RO (Zhang et al., 2014), and tests showed increased effaetge
in providing domestic hot water as compared to traditionafler heaters. A solar water heater
using a phase-change storage tank of organic PCESM paradfinnas built, in which solar
energy was collected and stored in the phase-change stardgey a finned pipe (Naghavietal.,
2017). Water absorbs the heat by a set of pipes with fins Idéaside the tank. Results showed
the dependence of system efficiency on weather. Anotheargdsesed paraffin wax PCESM in
a solar water heater, and showed that adding PCESM leadsreased heating efficiency by
about 36.33% (Chaichan and Kazem, 2015). In the design akpblaange water heaters, water
pipes were usually buried in the PCMs, and the phase-chagagestorage module was heated
separately. The energy stored in the PCESM needs to be tidedy additional circulating
pumps. Such an approach has some obvious disadvantagesodtly and fragile, and noisy in
operation. Installation of accessories takes up a largauatad volume, resulting in low space
utilization. The auxiliary energy heating system also eaiserious heat loss (Moghadassi et al.,
2010).

In this study, organic PCESM was prepared by adding p#dticles into molten PA with stir-
ring and intensive sonication at a constant temperature.tiédrmal properties of the SiPA
composite were characterized and measured. Both thg QG omposite and pure PA were
used as PCESM in a phase-change water heater that was deaighduilt in the laboratory.
The current phase-change water heater is mainly a heagsttaak filled with thermally con-
ducting oil, in which the PCESM capsules and coiled watee pie immersed. The oil is heated
up directly by an embedded electric heater. The hot oil edly heats up the water pipe and
PCESM capsules. Cold tap water entering the coiled pipedrh#at storage tank is heated by
the oil and PCESM capsules at high temperature via latensansible heat transfer. This new
design provides a comfortable user experience of out-@fbibx hot water. Experimental tests
and comparison with a traditional commercial water hedtensthat this compact design occu-
pies less space, responds faster, and has a larger volumefriadt water output to water heater
size. Due to rapid phase-change heat transfer and larggyesterage in PCESMs, users can cut
off electrical power after preheating the phase-changemeatater to avoid the risk of electric
shock.

2. EXPERIMENTS

The lab-built phase-change water heater is 21xc&1 cmx 40 cm in size excluding the external
insulation layer. It is schematically sketched in Fig. 1.

The outer steel shell of the tank was encased in an insulbtiagd to reduce heat loss. The
total thickness of the shell and the board is£4£@®.5 mm. Organic PCESMs are enclosed in
stainless steel circular-tube capsules of 8 mm in diaméter.PCESM capsules are immersed
in the heat conduction oil in the tank. The electrical heatside the tank heats the oil directly.
The hot oil heats the water pipe and PCESM capsules evendyelBatrical heater stops heating
when the monitoring temperature sensor inside the tankabels a preset temperature at@5
Then the outlet valve in the water pipe is open and the outlemtemperature is adjusted
to 40°C by mixing the hot water with the cold water from another watigpe. In the present
experiments, the inlet cold water is directly from tap wated the outlet hot water temperature
is maintained at 4@ 1°C. During use, the cold water inside the coiled water pipeedd as it
flows through the water heater. In other words, users canrask hot water any time.
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Side view (x-z section) 5 Su Side view (y-z section )
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6 Top view (x-y section)

FIG. 1: Schematic diagrams and a real photo of the lab-built phhaege energy storage material
(PCESM) water heater: 1, electrical heater; 2, shell; 3t beaduction oil; 4, cold water entry and tem-
perature measuring point; 5, coiled water pipe; 6, PCESMuwiag; 7, a monitoring temperature sensor; 8,
cold water for mixing; 9, hot water outlet and temperaturesuging point

The silica particles (Sig) used in this study were purchased from Aladdin ChemicagBet
(Shanghai) Co., Ltd. The PA used in this study with a factepgeified melting point of 62°&—
64°C was bought from Sinopharm Chemical Reagent Co., Ltd. im@ha. The SiQ solid
particles were characterized through Fourier transforfraiad (FTIR) and X-ray diffraction
(XRD) analyses. The Si§JPA composite was prepared by adding silica particles tortbken
PA at a certain ratio with stirring at a constant temperatiré5°C for 60 min and then with
ultrasonic treatment at a constant temperature 6€C7/r an additional 120 min. The melting
temperature®,,) and latent heat capacity.() of the pure PA and the composites of different
SiO, ratios were measured using a DSC instrument (Diamond DS®irFeimer, USA) with a
heating rate of 3C/min and in a temperature range ofT5-70°C. The short-hot-wire method
was used to measure the thermal conductiviti@®f the pure PA and the composites. Details
on such measurements have been described in our previdisssfWang et al., 2009, 2010).

3. RESULTS AND DISCUSSION
3.1 Analysis of the Particles

Figure 2 shows the XRD pattern of the SiQarticles. The insert transmission electron mi-
croscopy (TEM) picture of the particles is courtesy of Alad@hemical Reagent (Shanghai)
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FIG. 2: X-ray diffraction pattern of the SiPparticles

Co., Ltd. XRD patterns were observed by a D8-Advance diftnmeter using Cu ik X-ray at
40 kV and 100 mA. It is seen from the figure that the peak at?2i3.&he (1 0 0) characteristic
peak ofx-SiO, particles. A shifted (2 0 0) characteristic peak at 2(htight also exist. Other
characteristic peaks are not obvious. Thus the partickesgrerical and i type crystal.

Figure 3 plots the FTIR spectra of the SiParticles. A strong suction exists around 680
cntt, where the Si-O bond extends and vibrates symmetrically.piak around 868 crhis the
Si-O-H antisymmetric stretching vibration charactecigteak. The characteristic peaks at 1577
and 1755 cm' are due to the bending vibration of the H-OH bond. The peaR8%8 and 2388
cn! might be the oxidation state of carbon impurities vibrati@aks.
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FIG. 3: Fourier transform infrared spectra of the Sigarticles
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3.2 Analysis of the Composites

DSC analysis can provide important information such as thkimg point (/) and latent heat
capacity ;) of a material. Figure 4 shows the measufgdvith varying SiQ ratio in the PA.
The Ly in this work is obtained by integrating the heat absorptiealp with measurement error
less than 1%. It is seen that tlig for the four composites (SiDweight ratio varies from 1%

to 5%) is greater than that of the pure PA matrix material,(tfee case with zero Siratio).
The enhancement of latent heat in the composite might beeddwsthe interaction of the ma-
trix with the additive in solid state (Jin et al., 2017). Theaction force between the additive
silica and the matrix material is stronger than the disperfrce. Hydrogen bonding between
the polar hydroxyl group on the Si(particle’s surface and the carboxyl group in PA requires
absorbing more energy during melting. The highistalue is found for the 3 wt% Si§PA
composite, reaching 214F¥ 2 kJ/kg, an increase by 51.7 kJ/kg as compared with pure PA.
This value is much greater than the latent heat found ford@#=SMs mentioned in the intro-
duction. For example, the PCM prepared by impregnatingeagub-(ethylene-co-butylene)-b-
styrene/paraffin/high-density polyethylene into a medani had a value of 151.6 kJ/kg (Chen
et al., 2016); that by adding graphene nanoplatelets (1u8&)PA was 151 kJ/kg (Silakhori et
al., 2015); and that of expanded graphite, diatomite, antkaune of capric-lauric acid was 87.3
kJ/kg (Wen et al., 2018).

Figure 5 shows the measured melting temperaflitge,of the pure matrix material and the
composites. The measuréd, here is the temperature at the intersection point between th
half peak height tangent line and the baseline. The measueenror is no more than 0.5%.
As shown in the figure, th&},, of the composite is very close to and slightly above Theof
the pure matrix material. THE,, of the 1 wt% SiQ/PA composite is 64.4 0.3°C, which is the
highestT}, found here, about 0°C higher than thd7},, for pure PA. The melting process in the
composite may have been hampered by strong van der Waa¢s foetween the surface struc-
ture of the SiQ particles and the PA molecules, and even hydrogen bonds imiyle formed
between Si-O-H on the particles and —COOH of PA. There is aaratorrelation between the
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FIG. 4: The L of palmitic acid and composites
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FIG. 5: The measuref, of palmitic acid and composites

melting temperature of the composite and the silica corerunt. This phenomenon is a result
of the joint action of SiQ@ particles to accelerate the melting of the composite by ecihg its
thermal conductivity and the van der Waals force betweefuthetional groups on the surface of
the particles and the matrix molecules to prevent meltitng Feak off,, in Fig. 5 is because the
retardation effect is greater than the acceleration effdan the particle concentration is low.
In a previous work (Wang et al., 2008), multiwalled carbonatabes (CNTs) with diameter of
30 nm and average length of 50n were added to molten PA to prepare CNT/PA composites;
and the melting temperature of the CNT/PA composite wasittjigeduced by 0.07, 1.08, 1.79,
and 2.4C, respectively, for 0.5%, 1.0%, 2.0%, and 5.0% CNTs as coetbaith pure PA. The
latent heat capacity in the CNT/PA composites had also estlirccomparison with pure PA.

The thermal conductivity of the PCESMs in both solid and iigstates is very important
for practical applications. Figure 6 shows the measurechthkeconductivity of the PA and
composites at 3@ and 70C, respectively. It is seen that the thermal conductivitgréases
with the loading of the Si@particles. The enhancement of thermal conductivity is 228p1land
25% at 30C and 3%, 7%, and 17% at 70 for 1 wt%, 3 wt%, and 5 wt% Sig) respectively.
The thermal conductivity is much greater at80(solid state) than at 7€ (liquid state). The
PA molecules in solid are partially crystallized while thelectules in liquid are in a disordered
state with unfavorable direct heat conduction. Thus thenthéconductivity of the composite
in the solid state is higher than that in the liquid state. &dkpss, heat transfer in the liquid
substance can be effectively enhanced by convection, aosatiag its low thermal conductivity
drawback. It should be mentioned that enhancement of tHeanductivity through addition of
particles depends on the phase state of a substance (sdilighid}), but is a weak function of
temperature at each state (Wang et al., 2012).

3.3 Test of the Water Heater with PCESMs

We designed and built a PCESM water heater, shown in Fig. &.KEly design parameters of
the water heater are listed in Table 1, in which Size meansitteeof the capacity of the tank
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FIG. 6: The measured thermal conductivity of palmitic acid and cosites

TABLE 1: Key parameters of the water heaters

Model | Size (L) | Power (W) | Weight (kg)
Made | 42.8 2000 19.4
Madell | 42.8 2000 19.6
Bought | 80* 3000 32

“Factory-specified value.
®Measured value. Factory-specified value was 30 kg.

without external insulation layer, Power means the powehefelectrical heater, and Weight
means the total weight of the water heater without insuteager.

The additive PCESM for enhanced heat storage in the lalbatler heater is either pure
PA or 3.0 wt% SiQ/PA composite. Made | in Table 1 means the lab-built watertdreaith
addition of pure PA, and Made Il is the lab-built water heath use of 3.0 wt% SiQ/PA; this
composite has the highekt and the second highest thermal conductivity among the PGESM
analyzed. The total weight of the embedded PCESM (eitheptine PA or the composite) is
12 kg. The water outflow rate in the tests is controlled at 5ih/rfor comparison, an A.O.
Smith electric water heater (CEWH-80PEZ5) without use oEB® is tested and marked as
Bought.

Table 2 shows the test parameters and results. In the tafildet) is the inlet cold wa-
ter temperaturel'(outlet) is the temperature of the outlet hot wat€re) is the time to reheat
the water tank to 78C after cold down to 38C, R(flow) is the water flowrate at the outlet.
V(off) is the total volume of the released hot water during tést when the electrical power
is turned off, which is called the turning-off testi(on) is the total volume of the released
hot water keeping the electrical power on, which is callegl tirning-on test in this work.
To compare water heaters of different sizes, the volume w&tihot water output to the wa-
ter heater size, defined @as = (Viyater/Vheater) X 100%, is a key factor. Table 2 also lists
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TABLE 2: Test results

T(inlet) | t(re) | R(flow) | T(outlet) | V(off) | ryem Vv(on) | rvon
(°C) | (min) | (L/min) (°C) (®) (%) L) (%)

Made | | 1942 58 5.0 40.0+1 | 79405 | 184 | 112+ 0.5| 262

Made Il | 19+ 2 65 5.0 40.0+1 | 964+0.5 | 224 | 141+ 0.5| 329

Bought| 21+ 2 68 5.0 40.0+1 | 113+ 0.5| 141 | 140+ 0.5| 175

Model

and compares the volume ratios for both power turning-off tamning-on tests among the two
PCSEM water heater modules and the commercial water hétatbould be mentioned that in
the volume ratio calculation}, ..., for the Bough is the factory-specified water tank size; while
for Made | and Il it is the oil and PCESM tank size.

From Table 2, it is seen that the reheat titfre) for the lab-built water heater Made | with
addition of pure PA has the shortest response time, aboutfa4t#r than Made Il with addition
of 3.0 wt% SiQ/PA composite. This is because both the melting temperandehe latent heat
capacity of the PA are lower than the counterpart of the caitoTl he thermal conductivity of
the PCESM also affects the response time. The Made |l algmneted faster than the Bought
by about 5%, although the electrical heater power for thegBbwas 50% stronger than that
of the PCESM water heater as seen in Table 1. The water hdater Bought has the biggest
V' (off), 113 L versus 79 and 96 L for Made | and Il, respectivelpwever, the heater size (80 L)
of the Bought is almost twice that of the phase-change wagatehn (42.8 L). To compare their
performance under size, it is meaningful to examine themgeltatio of hot water output to water
heater size. The larger the volume ratio, the better theopednce. The, calculated is 184%
for Made 1, 224% for Made II, and 141% for the Bought at the togroff test, respectively.
Thus the water heater with PCESM has a largeralue than the commercial water heater
without PCESM. Anr, value of 223% for Made Il means that the Made |l water heater ca
provide 2.23 times hot water (4G) volume of heater size at a time. To compare the yield of
hot water under the same size (e.g., 80 L), multiplyiggvith 80 L yields 148 L and 179 L
hot water for Made | and Il, respectively, much greater thas ot water volume 113 L for
the Bought. In such a scenario, users can cut off electricakep after preheating the oil and
PCSEM in the tank, and the heater can still supply enough lasénfor a shower to avoid
the risk of electric shock. Thus, such a PCSEM water heatsafisr and could use cheaper
valley electricity to store heat, enabling the energyssgwffect of shifting peak and filling
valley. It should be mentioned that the hot water volume higctlvolume measurement error
as well as indirect error due to temperature measuremergriaiety with 7'(outlet) and tap
water used for mixing the exit hot water. The indirect erothe major error source in the
present volume ratio calculation. Thus, the relative eoforolume ratio is estimated at about
5%.

During the turning-on tests, Made | with the pure PA can pilevil2 L hot water and Made
Il with the 3.0 wt% SiQ/PA composite can produce 141 L hot water continuously; theght
can provide 140 L hot water. The compact PCESM water heatétaofe 11 could provide 1
L more hot water than the Bought although its size is just &3db the Bought, and its heater
power is 33.3% less. The volume ratio of hot water output ttemaeater size ranks from 329%
for Made Il, 262% for Made I, to 175% for the Bought. This turgion volume ratio for Made
Il is almost twice of the Bought. Thus, the present phasexgbavater heater of Made Il with
3.0 wt% SiQ/PA composite is much more efficient.
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4. CONCLUSIONS

SiO, particles are blended into molten PA to prepare phase-eangrgy storage composite
SiO,/PA. The particles analysed by FTIR and XRD showampe crystal of spherical shape ap-
proximately 2um in diameter with the chemical structure Si-O bond and 3i#-0n the surface.
The thermal conductivity of the SKIPA composite is higher than that of pure PA and increases
with increasing particle ratio. The enhancement of thercoalductivity is 2%, 12%, and 25%
at 30°C and 3%, 7%, and 17% at 70 for 1 wt%, 3 wt%, and 5 wt% SigPA, respectively.
The composite thermal conductivity is much greater in sstigde than in liquid state. The solid-
liquid phase-change temperature is slightly higher fordbwaposite than for the pure PA. The
highest melting temperature is found for the 1 wt% SRA composite, which is 64.4 0.3°C,
about 0.7C greater than that of the pure PA matrix. The latent heataipaf the compos-
ite is also increased as compared with pure PA. The 3 wt%/BOcomposite has the highest
latent heat capacity, about 214+72 kJ/kg, which is an increase of 51.7 kJ/kg as compared
with pure PA. We built a phase-change water heater embeddeBwit% SiG/PA and pure
PA, respectively. The lab-built water heater is only 53.5%he Bought in size and uses 33.3%
less electrical power. Experimental test results showttteMade | and 1l can reheat the wa-
ter faster than the Bought. The power turning-off tests stimt the volume ratio of hot water
output to water heater size is 184%, 224%, and 141% for th&ldbPCESM water heater of
Made | (with pure PA) and Il (with 3 wt% Si€@)PA) and the Bought, respectively. During the
power turning-on tests, the volume ratio is 262%, 329%, arisPd for the lab-Made | and I
and the Bought, respectively. Thus, the phase-change Wwasger is much more efficient and
performs better than the Bought without use of PCESM. Thetjmal significance of a larger
turning-off volume ratio with the Made Il water heater istthgers can cut off electrical power
after preheating the oil and PCESM in the tank and the heatestill provide enough hot water
for shower to avoid the risk of electric shock. Such a PCSENEewheater is safer and could
use cheaper valley electricity to store heat, enabling anggmsaving effect of shifting peak and
filling valley.
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