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Abstract  7 
Latent heat storage units utilizing stable supercooling of sodium acetate trihydrate (SAT) composites were tested in a 8 
laboratory. The stainless steel units were 1.5 m high cylinders with internal heat exchangers of tubes with fins. One 9 
unit was tested with 116 kg SAT with 6% extra water. Another unit was tested with 116.3 kg SAT with 0.5% Xanthan 10 
rubber as a thickening agent and 4.4% graphite powder. The heat exchange capacity rate during charge was 11 
significantly lower for the unit with SAT and Xanthan rubber compared to the unit with SAT and extra water. This was 12 
due to less convection in the thickened phase change material after melting. The heat content in the fully charged 13 
state and the heat released after solidification of the supercooled SAT mixtures at ambient temperature was higher 14 
for the unit with the thickened SAT mixture. The heat discharged after solidification of the supercooled SAT with extra 15 
water decreased over the charge and discharge cycles while the heat discharged from the SAT with Xanthan rubber 16 
remained stable. In both units, the solidification started spontaneously in the majority of the test cycles. This was due 17 
to the design of the unit or the method for handling the expansion and contraction of the SAT during charge and 18 
discharge.  19 

Keywords: Compact Thermal Energy Storage; Latent Heat; Phase Change Material; Sodium Acetate Trihydrate; 20 
Supercooling. 21 

1. Introduction 22 
Large amounts of energy are used for heating of buildings. A significant part of the energy used to cover these 23 
demands comes from fossil fuels. The burning of fossil fuels leads to climate change and other pollution. Clean energy 24 
free from greenhouse gas emissions can be produced by renewable resources such as solar. Solar irradiance can be 25 
harvested by solar collectors as thermal energy and used for heating purposes. The supply of solar energy is however 26 
intermittent and does often not meet demand patterns. Thermal energy storage is therefore needed as parts of solar 27 
heating systems to match the intermittent supply of solar energy with varying demands.  28 

Phase change materials (PCM) can be used to improve the volumetric storage capacity of a thermal energy storage 29 
compared to sensible heat storage by utilizing the latent heat of fusion [1], [2], [3]. Sodium acetate trihydrate (SAT) is 30 
an incongruently melting salt hydrate with a latent heat of fusion of 264 kJ/kg at the melting point of 58 °C [4]. These 31 
thermal properties make SAT a suitable material to integrate with solar heating systems, space heating and domestic 32 
hot water preparation. Furthermore, melted SAT has the ability to cool down to ambient temperatures without 33 
crystalizing [5]. Letting the SAT remain in this supercooled state allows for a partly loss-free storage, when the latent 34 
heat of fusion of the SAT is stored in temperature equilibrium with the ambient. Solidification of the supercooled SAT 35 
can be initiated when a heat demand arises and the latent heat of fusion is released and used for the heating purpose. 36 



This principle of utilizing stable supercooling makes compact seasonal heat storage possible in decentralized systems 37 
for example in single family houses [6].  38 

1.1 State of the art 39 
A lot of research has previously been carried out aiming to find solutions for improving the performance of thermal 40 
energy storage. López-Navarro et al. did an experimental characterization of a PCM storage tank with paraffin [7]. 41 
Novo et al. did a review on large seasonal sensible heat storage [8]. Nkwetta and Haghighat did a review on available 42 
technologies including active systems for thermal energy storage with PCMs [9]. Sharif et al. likewise did a review on 43 
applications with PCMs for space heating and domestic hot water preparation [10]. None of these reviews included 44 
technologies that utilize supercooling of a PCM. Xu et al. [11] and Pinel et al. [12] did reviews on methods and 45 
available technologies for seasonal thermal energy storage and briefly touch on the concept of utilizing supercooling 46 
of SAT for compact seasonal heat storage. Persson and Westermark did an analysis of the economy of buildings with 47 
seasonal thermal energy storage and found that their relative competitiveness was higher when used for passive 48 
houses compared to houses with higher heat demands [13]. Colclough and McGrath did life cycle analysis of a low 49 
energy dwelling and found that over a long-term perspective, a solar combi-system with seasonal thermal energy 50 
storage had the lowest embodied energy and carbon [14].  51 

Dannemand et al. presented in an article a number of practical solutions to barriers and problems for obtaining a 52 
functional heat storage based on stable supercooling of SAT [15]. They also describe how this concept can be used for 53 
seasonal heat storage of solar thermal energy.  54 

1.2 Sodium acetate trihydrate composites 55 
Phase separation is a key problem when using the incongruently melting SAT as a heat storage material. Melted SAT 56 
consists of sodium acetate dissolved in water [16]. The solubility of the sodium acetate is too low in the supercooled 57 
state to dissolve all the salt in the water from the melted SAT. Undissolved sodium acetate will therefore settle to the 58 
bottom of the container. All the potential SAT crystals cannot be formed when the SAT solidifies again due to the 59 
physical separation of the segregated sodium acetate at the bottom and the corresponding water in the top of the 60 
container [17]. This reduces in practice the latent heat of fusion and the heat storage potential [18]. One suggested 61 
solution for solving this problem has been adding extra water to the SAT. In this way all the sodium acetate can be 62 
dissolved in water [19]. Adding extra water to the PCM mixture will however reduce the heat storage capacity 63 
compared to SATs potential [20].  64 

Another possible solution is adding a thickening agent to the SAT. The precipitated sodium acetate will then stay 65 
suspended in the thickened supercooled solution and will not settle to the bottom. In this case the sodium acetate can 66 
recombine with the nearby water molecules at crystallization to form SAT [21]. However, the heat transfer in a PCM 67 
storage is affected by the convection in the PCM as elucidated by Sun et al. and may be reduced when the viscosity 68 
increases [22]. Ryu et al. investigated several thickening agent for different salt hydrates [23]. Several authors found 69 
that an SAT composite with carboxymethyl cellulose (CMC) was stable through thermal cycling [24], [25], [26]. 70 
Meisingset and Grønvold suggested using Xanthan rubber as a thickening agent [21]. All of these investigations were 71 
on a small laboratory scale and not tested on a scale representing heat storage applications large enough to meet a 72 
heat demand of a single family house.  73 

In laboratory experiments Dannemand et al. characterized the performance of two flat storage units with 74 
approximately 200 kg SAT mixtures, one with extra water and another with CMC [27], [28].  The tested units had an 75 



internal height of the PCM chamber of 5 cm. The low height was to reduce the risk of phase separation. Higher units 76 
may result in aggravated phase separation but with fewer design restrictions. They found that the heat content was 77 
reduced over repeated charge and discharge cycles for the unit with SAT and extra water but it was stable for the unit 78 
with SAT and CMC. They also found that the heat exchange capacity rate was lower in the unit with the thickened SAT 79 
mixture. 80 

1.3 Heat transfer 81 
The heat transfer of a PCM storage unit is highly affected by the design of the heat exchanger. Different designs were 82 
evaluated by Medrano et al [29]. Chiu and Martin investigated numerically and experimentally the performance of a 83 
finned heat exchanger heat storage unit [30].  The low thermal conductivity of PCMs is another typical challenge of 84 
using PCMs in heat storage [31]. This combined with no heat transfer by convection when the PCM is in solid state and 85 
limited heat transfer by convection in a melted PCM with high viscosity, may result in a low heat exchange capacity 86 
rate (HXCR) in a PCM storage [32].  87 

It was shown by Dannemand et al. through numerical simulations that the HXCR of a PCM storage had a significant 88 
impact on the system performance of a solar combi-system including a PCM storage utilizing supercooling [15].  89 

As the thermal conductivity of the PCM in a store affects the HXCR, improvement of the thermal conductivity of PCMs 90 
has been investigated by several researchers. Enhancing the thermal conductivity of PCMs has for example been done 91 
by adding expanded graphite to the PCMs [26], [31] or by impregnating graphite matrixes with the PCM [33], [34]. 92 
Zhang et al. did a review on fabrication and characterization of composite PCMs for performance enhancement [35].  93 
Dannemand et al. investigated the effect on the thermal conductivity by adding graphite powder or graphite flakes to 94 
thickened SAT composites [36]. Dannemand et al. also suggest adding oil to the PCM chamber to increase heat 95 
transfer as the oil could fill in insulating cavities in the solid PCM [15]. Cavities in the PCM will be formed due to the 96 
density difference between the solid and liquid SAT. 97 

1.4 Scope 98 
The performance of 1.5 m high heat storage unit with SAT and extra water utilizing supercooling has not previously 99 
been reported. The performance of SAT thickened with Xanthan rubber in real application sized units has not 100 
previously been reported. Furthermore, the effect of adding oil to the PCM chamber to increase heat transfer, which 101 
is touched on in this article has not been reported previously.  102 

The performances of two 1.5 m high cylindrical heat storage units containing SAT with extra water or SAT with 103 
Xanthan rubber and graphite powder are characterized. The performance of the units when actively utilizing 104 
supercooling for long term heat storage has been elucidated. Also, the performance of a storage unit containing water 105 
is compared to the performance of a unit containing SAT with extra water in terms of heat content and HXCR. The size 106 
of the investigated units could be for an actual application in heating systems for a single family house if multiple units 107 
are installed. The heat exchange capacity rates of the storage units, heat contents over repeated cycles, the stability of 108 
the supercooling and the energy discharged after the supercooled periods has been measured and analysed.  109 

2. Method 110 
Laboratory tests were carried out with heat storage units containing water and the two different SAT composites.  111 



2.1. Storage unit description 112 
The heat storage units were designed as stainless steel cylinders to be placed vertically. The cylinders were 150 cm 113 
high with a diameter of 30 cm. The units were insulated with 4 cm expanded polypropylene during testing.  One of the 114 
two units had inspection windows to visually observe the PCM inside the unit during operation, (see Figure 1). 115 

 116 

Figure 1. Cylindrical heat storage units with and without inspection windows and insulation. 117 

Internal heat exchangers consisted of 16 stainless steel pipes located in a circular formation in the length of the 118 
cylinder with thin aluminium plates attached as fins to increase the heat transfer. The distance between the 119 
aluminium plates was approximately 0.5-1 cm (see Figure 2). Manifolds with inlets and outlets were located on the 120 
top and bottom of the cylinder, see Figure 3.  121 

 122 

Figure 2. Internal heat exchanger [37]. 123 

The units were filled approximately 90% with the storage mediums leaving an air gap in the top of the cylinder to 124 
accommodate the expansion/contraction of the PCM during heating and cooling (see Figure 3). In some tests, an air 125 
filter was installed either directly on the top of the tank or at the end of a tube connected to the PCM chamber. This 126 
was to allow for the PCM to expand/contract without pressure build-up in the PCM chamber while limiting the 127 
possibility of airborne particles to enter and disturb the stability of the supercooling. During heating when the PCM 128 
expanded, some of the air in the top of the PCM chamber was pushed out to the ambient through the air filter 129 
keeping ambient pressure in the PCM chamber. During cooling and contraction of the PCM, air was sucked into the 130 
chamber through the air filter while particles in the air were filtered out, still keeping ambient pressure inside the 131 
PCM chamber. In other tests, the top of the PCM chamber was connected to an external expansion tank without pre-132 
pressure via a tube, hence having a closed PCM chamber where the PCM could expand with reduced pressure build-133 
up. Water vapour could possibly escape from the unit when the air filter was installed, whereas this was avoided with 134 



the expansion tank installed. Dannemand et al. previously showed that reducing pressure build-up was needed to 135 
achieve stable supercooling of SAT in a steel chamber [15][28].  136 

 137 

Figure 3. Diagram of cylindrical heat storage unit and heat exchanger. 138 

The thermal capacity of the unit without the water or PCM Ctank was estimated to be 27.3 kJ/K for the unit without 139 
inspection windows and 40 kJ/K for the unit with inspection windows. These were determined by considering the 140 
masses and the materials of the empty units as well as the heat transfer fluid in the heat exchangers. 141 

2.2. Storage materials 142 
Water has often been used as the storage medium for short term storage and has therefore been tested as reference 143 
material for comparison with the PCMs. The heat storage unit with inspection windows was initially tested with water. 144 
Afterwards it was tested with a composite of 93.6% SAT and 6.4% extra water (SATH2O), equivalent to 56.5% sodium 145 
acetate and 43.5% water. All percentages are by weight. The other unit was tested with a mixture of 95.1% SAT, 0.5% 146 
Xanthan rubber as a thickening agent and 4.4% fine graphite powder for enhancing the thermal conductivity of the 147 
PCM (SATXC).  148 

The PCM composites were prepared by melting the SAT in a closed barrel in a large oven. After melting the SAT, water 149 
or graphite was mixed into the barrel. The Xanthan rubber powder was mixed with 2-3 kg solid crushed SAT before it 150 
was added to the melted SAT little-by-little while stirring the melted PCM composite with a mortar mixer. This was 151 
done to ensure that the Xanthan rubber was properly dispersed in the mixture. The mixing of SAT with Xanthan 152 
rubber was done with a moderate intensity as the PCM mixture became a thick jelly even at high temperatures and air 153 
bubbles were easily trapped in the PCM. Air trapped in the PCM will reduce storage density and reduce heat transfer 154 
in the PCM. 155 



Charging and discharging cycles were carried out with the units filled with 91 kg water, 116 kg SATH2O and 116.3 kg 156 
SATXC. With a density of SAT of 1280 kg/m3 in liquid phase [38], all units were filled with approximately the same 157 
volume for all mediums.  158 

2.3. Test cycles and test setup 159 
The heat storage units were connected, via a pipe loop with water as the heat transfer fluid, to an electric heating 160 
element with a power of 3, 6 or 9 kW for charging and to a central cooling unit for discharging via a heat exchanger. 161 
The inlet temperature of the heat transfer fluid during discharge was controlled with a thermostatic valve controlling 162 
the flow on the heat sink side of the heat exchanger, see Figure 4.  163 

 164 

Figure 4. Schematic of charge and discharge loop for the PCM storage. 165 

The flow direction through the unit was from bottom to top for both charge and discharge. During charging the 166 
thermostat of the electric heating element was set to 90-95 °C. During discharge, the inlet temperature was set to be 167 
20-25 °C. 168 

Six test cycles were carried out with water and 17 test cycles with SATH2O as the storage medium in the unit with 169 
inspection windows. A total of 40 test cycles were carried out with the unit with SATXC without inspection windows.  170 

After the first 10 test cycles, 0.5 litres of paraffin oil was added to the PCM chamber of the unit with SATXC. After a 171 
number of test cycles, additional paraffin oil was added to the PCM chamber in steps until a total of 1.5 litre paraffin 172 
oil had been added. This was done as an attempt to enhance the heat transfer in the PCM. The oil is meant to float on 173 
top of the liquid state PCM due the density difference and the fact that the liquids do not mix.  When the SAT solidifies 174 
and contracts the oil is then sucked into the PCM instead of air. This may enhance the effective heat transfer of the 175 
PCM mixture as the cavities filled with oil will provide less thermal resistance compared to cavities with air. 176 

A five junction thermopile based on copper/constantan type-TT thermocouples with counter flow sensors inside the 177 
inlet and outlet pipes measured the temperature difference across the inlet and outlet. The absolute flow 178 
temperatures were measured with thermocouples. All thermocouples were copper/constantan type-TT with an 179 
accuracy of 0.5 K. The accuracy of the temperature difference measured by the thermopile was 0.1 K. Temperatures 180 
on the outside of the tank were measured with 1 thermocouple on the bottom outer surface, 5 thermocouples 181 
distributed evenly on the outer side of the tank wall inside the insulation. A glass rod with 5 thermocouples evenly 182 



distributed in the height of the tank measured the temperatures in the centre of the unit with inspection windows. 183 
One thermocouple measured the ambient temperature. The flow rate was measured at the inlet with a Cloruis flow 184 
meter which had been calibrated to have an accuracy of ± 1 % in the relevant flow range. Solartron cards with a PC 185 
were used to log the measurements. 186 

2.4. Calculations  187 
The charge power �̇�charge [W] and discharge power �̇�discharge [W] were determined by: 188 

�̇� charge/discharge = �̇� ∙ cp ∙ ρ ∙ (Ti - To) (1) 

where, Ti  is the inlet temperature, To is the outlet temperature, �̇� is the volume flow rate of the heat transfer fluid 189 
measured at the inlet, cp is the specific heat capacity of the heat transfer fluid at mean temperature between Ti and 190 
To, ρ is the density of the heat transfer fluid at Ti. 191 

The heat loss coefficients Hloss [W/K] of the storage units were determined by heating the units to a stable 192 
temperature over a long period. The heat balance of the system was then used to determine the heat loss 193 
experimentally i.e. the heat added to the system was equal to the heat loss. In this way a simplified heat loss 194 
coefficient with a constant value was determined by: 195 

Hloss = �̇� /(Ts -Tamb) (2) 

where Ts is the mean temperature of the surface sensors and Tamb is the ambient temperature. The heat loss 196 
coefficient for the storage unit was used when calculating the heat content of the storage based on the measured 197 
data. The heat content in the storage unit after a charge Echarge [J] or the heat discharged from the unit Edischarge [J] over 198 
a specific time period t was determined by: 199 

𝐸𝑐ℎ𝑎𝑎𝑎𝑎/𝑑𝑑𝑑𝑐ℎ𝑎𝑎𝑎𝑎(𝑡) = � (�̇� − 𝐻𝑙𝑙𝑑𝑑 ∙ (𝑇𝑑 − 𝑇𝑎𝑎𝑎))𝑑𝑡
𝑡

0
 

(3) 

where Ts and Tamb are for the relevant time steps. The heat content of the PCM per mass at a specific storage 200 
temperature Ts above a defined start temperature Tstart excluding the specific heat of the tank material and heat 201 
transfer fluid Ctank was calculated by the following expression:  202 

𝐸𝑃𝑃𝑃(𝑇𝑑,𝑇𝑑𝑡𝑎𝑎𝑡) =
𝐸𝑐ℎ𝑎𝑎𝑎𝑎/𝑑𝑑𝑑𝑐ℎ𝑎𝑎𝑎𝑎(𝑇𝑑,𝑇𝑑𝑡𝑎𝑎𝑡) − 𝐶𝑡𝑎𝑡𝑡 ∙ (𝑇𝑑 − 𝑇𝑑𝑡𝑎𝑎𝑡)

𝑚
 

(4) 

where Echarge/discharge(Ts,Tstart) is the measured heat content of the unit at a temperature Ts above a start temperature 203 
Tstart and m is the mass of the PCM. This allows for comparing the heat content of the different PCMs disregarding the 204 
heat capacities of the units and comparing the measurement to a theoretical storage capacity of the PCMs with given 205 
sensible and latent heats.  206 

The heat exchange capacity rate was expressed by the following equation, which can be derived from the heat 207 
transfer rate and log mean temperature difference [39], [40]. 208 

𝐻𝐻𝐶𝐻 = �̇� ∙ 𝑐𝑝 ∙ 𝜌 ∙ 𝑙𝑙 �
𝑇𝑖−𝑇𝑠
𝑇𝑜−𝑇𝑠

�  (5) 

 209 



2.5. Material properties  210 
Dannemand et al. described the theoretical heat content of supercooled SAT with melting at a specific temperature 211 
[15]. This approach has been adapted for the SATXC mixture. The specific heat capacity for the solid and liquid SATXC 212 
was estimated to be 2.0 kJ/kg K and 3.1 kJ/kg K, similar to SAT [41]. The latent heat of fusion of the SATXC mixture was 213 
estimated to be 251 kJ/kg at the melting point of 58 °C, which is equivalent to 95.1% of the heat of fusion of SAT [4]. 214 
The theory of Furbo and Svendsen has been adapted to the SATH2O mixture to describe the theoretical heat content 215 
of SATH2O as a function of temperature [19]. Adding extra water to SAT affects the melting behaviour of the SAT-216 
water mixture and reduces the latent heat of fusion of the PCM mixture as some SAT dissolves in the extra water. The 217 
melting takes place over a temperature range when extra water is added to SAT. The specific heat capacities for solid 218 
and liquid SATH2O were estimated to be 2.1 kJ/kg K and 3.2 kJ/kg K using the correlation of Araki [41]. Figure 5 shows 219 
the theoretical heat content of SATH2O and SATXC per mass as a function of the temperature from 20-90 °C. The heat 220 
contents in the supercooled states were estimated by extrapolating the lines representing the sensible heats in the 221 
melted states down to 20 °C. The dotted lines represent the heat contents in the supercooled states. The loss-free 222 
storage potential for storage at an ambient temperature of 20 °C is marked. 223 

  224 

Figure 5. Theoretical heat content and storage potential of SATH2O and SATXC as a function of temperature. 225 

The measured heat content per mass of the PCM calculated by equation (4) was compared to the theoretical heat 226 
content displayed in Figure 5. The PCM temperature was assumed to be the measured storage temperature. The 227 
measured storage temperatures may deviate from the actual PCM temperatures due to temperature gradients in the 228 
PCMs during charge and discharge. This was especially the case when the storage temperature was measured only on 229 
the outer surface of the tank. This caused either an overestimation or underestimation of the PCM temperature 230 
during charge and discharge. At the hot state and at the supercooled state where the temperatures were stable over a 231 
period of time, it was assumed, that the PCM temperatures were uniform in the storage unit and the temperatures 232 
were accurately measured by the sensors.  233 

3. Results and discussions 234 
Comparisons of the HXCRs, heat contents, and charge and discharge powers of the units with the three different 235 
storage mediums were made with various flow rates.  236 
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3.1. Charge 237 
Charging the unit filled with water was compared to charging the unit filled with SATH2O. The temperatures of the 238 
units before and after charging, the flow rates, heating element powers, inlet temperatures, the heat contents of the 239 
stores and the time for the full charges are listed in Table 1. The units were considered fully charged when the average 240 
storage temperatures were 0.5 K below the temperature at the stable hot states. 241 

Table 1. Start and max storage temperature, flow rate, heating element power, inlet temperature, heat content and 242 
charge time for units with water and SATH2O. 243 

Storage 

medium 

Start temp. 

Tstart 

Max temp. 

Tmax 

Flow rate 

�̇� 

Heating element 

�̇�/ Tin 

Heat content 

Estorage 

Charge time 

t 

Water 17.5 ˚C 85.5 ˚C 7.2 l/min 9 kW / 87 ˚C 28.6 MJ 128 min 

SATH2O 15.0 ˚C 87.4 ˚C 7.3 l/min 9 kW / 89 ˚C 50.1 MJ 292 min 

Figure 6 shows the HXCR and power �̇�charge over the charge period for the units filled with water and SATH2O. 244 

 245 

Figure 6. Typical charge powers and HXCRs for units with water and SATH20. 246 

In Figure 6 can be seen, that the HXCR in the first hour of the charge was significantly higher for the unit with water 247 
compared to the unit with SATH2O, even though the charge powers were similar. This was due to a higher heat 248 
transfer by convection in the unit with water compared to the unit with SATH2O, in which the PCM was solid from the 249 
start. The power decreased earlier for the unit with water due to it being fully charged faster as a result of the lower 250 
heat capacity and a higher HXCR. At the third hour, the HXCR for the unit with SATH2O increased. At this time the last 251 
sensor on the outside of the tank had reached 58 ˚C which indicates that the SATH2O was fully melted. At this point 252 
no solid SATH2O remained and the heat transfer was dominated by convection.  253 

Charging of the unit containing SATH2O was compared to charging the unit containing SATXC including one litre of 254 
paraffin oil. The conditions for the charges, the heat contents and charge times are listed in Table 2. 255 
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Table 2. Start and maximum storage temperature, flow rate, heating element power, inlet temperature, heat 256 
content and charge time for units with SATH2O and SATXC. 257 

Storage 

medium 

Start temp. 

Tstart 

Max temp. 

Tmax 

Flow rate 

�̇� 

Heating element 

�̇�/ Tin 

Heat content 

Echarge 

Charge time 

t 

SATH2O 18.8 ˚C 85.6 ˚C 7.3 l/min 6 kW / 87 ˚C 45.8 MJ 308 min 

SATXC + oil 23.2 ˚C 90.8 ˚C 7.4 l/min 6 kW / 95 ˚C 50.1 MJ 376 min 

 258 
Figure 7 shows the HXCR and power �̇�charge for the charge period for the units filled with SATH2O and SATXC with oil. 259 

 260 

Figure 7. Typical charge powers and HXCRs for units with SATH2O and unit with SATXC with oil. 261 

With similar conditions for charging, the HXCR for the unit with SATH2O was significantly higher compared to the unit 262 
with SATXC and oil. The heat content of the unit with thickened PCM was 9 % higher for the applied temperature 263 
intervals but the charge time was 22% longer. This was due to the better heat transfer by convection in the unit 264 
without a thickening agent. Again, at the third hour there was an increase in HXCR for the unit with SATH2O due to 265 
increased heat transfer by convection in the fully melted PCM. This increase is much less evident and occurring later in 266 
the unit with SATXC due to the higher viscosity of the SATXC in the melted state.  267 

The HXCRs for charging the unit with SATXC with and without one litre of paraffin oil was compared. The charge 268 
conditions, the heat contents and charge times are listed in Table 3. 269 

Table 3. Start and maximum storage temperature, flow rate, heating element power, inlet temperature, heat 270 
content and charge time. 271 

Storage 

medium 

Start temp. 

Tstart 
Max temp. 

Tmax 

Flow rate 

�̇� 

Heating element 

�̇�/ Tin 

Heat content 

Echarge 
Charge time 

t 
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SATXC 21.5 ˚C 90.4 ˚C 13.7 l/min 6 kW / 92 ˚C 50.9 MJ 395 min 

SATXC + oil 20.8 ˚C 90.8 ˚C 13.7 l/min 6 kW / 92 ˚C 51.3 MJ 377 min 

The charge powers �̇�charge [W] and HXCRs for selected charges are displayed in Figure 8. 272 

 273 

Figure 8. Charge powers and HXCRs for the unit with SATXC with and without 1 litre of paraffin oil. 274 

Figure 8 shows a slight improvement of the HXCR by adding the one litre of paraffin oil. The effect was clearest from 275 
hour one to hour two of charging when the PCM was primary in the solid phase. In the last part of the charge 276 
temperature measurement uncertainties may cause the difference between the curves. After approximately 4h30 all 277 
temperature sensor on the outer surfaces of the tanks had reached 58 ˚C. At this point the phase change was 278 
complete and the energy was transferred to the liquid PCM as sensible heat. 279 

The flat units previously tested by Dannemand et al. [27] were tested under different test conditions, therefore a 280 
direct comparison of performance is not possible. For the units with thickening agents, the HXCR were typically below 281 
200 W/K in the majority of the charge periods for both designs with the higher values in the start of the charge and 282 
decreased during the period. Comparing charge conditions of the two differently designed units filled with SAT and 283 
extra water showed that the increase of the HXCR in the end on the charge period, where the PCM was fully melted, 284 
were a much higher percentagewise in the flat unit compared to the cylindrical unit. This indicates that the flat unit 285 
design better induces convection in the melted PCM. 286 

3.2. Discharge sensible heat  287 
After the stable hot period, the sensible heats of the units were discharged. This left the units with PCMs in a 288 
supercooled state when the solidification did not start spontaneously. The temperature of the units in the stable hot 289 
states, the inlet temperatures of the heat transfer fluid, the flow rates, the discharged heat and the discharge times 290 
for typical cycles with units with water, SATH2O and SATXC with oil are listed in Table 4. The discharge was considered 291 
complete when the average storage temperature was 0.5 K higher than the inlet temperature. Temperature intervals 292 
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are listed for the inlet temperature Ti because the temperature varied due to the response time of the thermostatic 293 
valve. 294 

Table 4. Start storage temperature, inlet temperature, flow rate, discharged heat and discharge time for sensible 295 
heats. 296 

Storage medium Start temp. 

Tmax 

Inlet temp. 

Ti 

Flow rate 
�̇� 

Discharged heat 

Edischarge 

Discharge time 

t 

Water 82.4 ˚C 25-20 ˚C 5.7 l/min 25.3 MJ 177 min 

SATH2O 85.5 ˚C 27-20 ˚C 5.7 l/min 26.9 MJ 288 min 

SATXC + oil 90.9 ˚C 27-24 ˚C 6.2 l/min 26.3 MJ 370 min 

 297 

The discharge powers and the HXCRs for the discharge periods can be seen in Figure 9. 298 

 299 

Figure 9. Typical discharge power and HXCR for the units with water, SATH2O and SATXC. 300 

The majority of the heat was discharged during the first hour of discharge. The power and the HXCRs were the highest 301 
for the unit with water during this period. The discharge power of the unit with SATXC with oil had a higher peak at 302 
the beginning of the discharge due to a higher start storage temperature. The HXCR for the unit with SATXC was 303 
significantly lower compared to the unit with SATH2O. This was due to the higher viscosity of the thickened PCM 304 
which affected the heat transfer by convection. This is also reflected in the discharge times.  305 

3.3. Discharge latent heat 306 
After the sensible heats of the units with PCMs were discharged the PCMs were in supercooled states at ambient 307 
temperature. The solidification was initialized by slightly shaking the unit or by dropping a seed crystal into the PCM. 308 
After solidification the latent heat of fusion was discharged. The temperatures of the units in the supercooled states, 309 
the inlet temperatures of the heat transfer fluid, the flow rates, the discharged heats for typical cycles with units with 310 
SATH2O and SATXC with oil are listed in Table 5.  311 
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Table 5. Start storage temperature, inlet temperature, flow rate and discharged heat for discharge of latent heat. 312 

Storage medium Start temp. 

Tsuper 
Inlet temp. 

Ti 
Flow rate 

�̇� 

Discharged heat 

Edischarge 

SATH2O 18.8 ˚C 27-20 ˚C 5.7 l/min 16.7 MJ 

SATXC + oil 25.3 ˚C 27-24 ˚C 5.7 l/min 25.4 MJ 

 313 

The discharge powers and HXCRs for the discharge period can be seen in Figure 10. 314 

 315 

Figure 10. Typical discharge powers and HXCRs after solidification for units with SATH2O and SATXC. 316 

Both the power and the HXCR were higher for the unit with SATXC compared to the unit with SATH2O. This was due to 317 
a higher heat content of the SATXC compared to the SATH2O. The thermal conductivity of the SATXC was assumed to 318 
be higher than for the SATH2O due to the addition of graphite powder and thereby also increasing the discharge 319 
power and HXCR. The higher storage temperature of the SATXC before solidification also resulted in a higher discharge 320 
power and heat content. 321 

No significant difference was found when comparing discharge of sensible heat or latent heat from the unit with 322 
SATXC with or without one litre of paraffin oil. The amount of oil added was only 1-2% of the volume of the PCM. The 323 
density difference between the solid and liquid SAT is theoretically 12% [38]. A larger percentage of oil may have a 324 
better effect.  325 

The flat unit tested by Dannemand et al. [27] showed a similar tendency for discharge powers with a peak in the 326 
beginning of the discharge period followed by a steadily decrease until the units were fully discharged.     327 

3.4 Discharge temperatures 328 
The temperature increases from inlet to outlet during the discharge of latent heat for selected cycles are displayed in 329 
Figure 11. The units were discharged with an inlet temperature which stabilized at 18-20 ˚C. Discharge flow rates of 330 
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approximately 2 l/min and 5.5 l/min were applied. Some fluctuations can be seen which was due to flow irregularities 331 
and the response time of the thermostatic valve. 332 

 333 

Figure 11. Temperature difference between inlet and outlet during discharge of latent heat. 334 

The temperature increase of the heat transfer fluid during discharge was higher with lower flow rates. The unit with 335 
SATXC gave higher discharge temperatures compared to the unit with SATH2O at similar flow rates. With a discharge 336 
of 1.9 l/min and an inlet temperature of 22 ˚C, a maximum outlet temperature of 51 ˚C was reached at the start of the 337 
discharge of the unit with SATXC. The measured surface temperature of the unit with SATXC after solidification was 1-338 
2 K higher compared to the unit with SATH2O. This indicates a higher PCM temperature after solidification in the 339 
SATXC.  340 

The flat unit tested by Dannemand et al. [27] showed a similar tendency for discharge temperatures with the highest 341 
temperature increase in the beginning of the discharge followed by a steadily decrease towards the inlet temperature.     342 

3.5. Heat content and cycling stability of SAT composites 343 
The heat charged to the unit with SATH2O when heating from approximately 19 ˚C to 88 ˚C was stable at 45 – 48 MJ 344 
over the 17 test cycles. The heat discharged from the unit with SATH2O after solidification of the supercooled SATH2O 345 
at a temperature of 20 – 25 ˚C and discharging it back down to the same temperature was 20 MJ in the first cycle and 346 
16.3 MJ in the 15th test cycle. The heat charged into the unit with SATXC when heating from approximately 21 ˚C to 91 347 
˚C was stable at 50 – 53 MJ over the 40 test cycles. The heat discharged after solidification of the supercooled SATXC 348 
at 20 – 25 ˚C and discharging back down to the same temperature was stable at 24 – 26 MJ for the test cycles where 349 
stable supercooled was achieved. 350 

The heat content in the fully charged state was 9% higher in the unit with SATXC compared to the unit with SATH2O 351 
when including corrections for the slightly different the start, maximum and end temperatures. The discharged 352 
sensible heat was 1.5% lower from the unit with SATXC compared to the unit with SATH2O. The discharged latent heat 353 
after solidification of the supercooled PCM was 20 – 36% higher for the unit with SATXC compared to the unit with 354 
SATH2O. 355 
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The measured heat contents per mass of PCM EPCM(T) for selected test cycles are displayed in Figure 12 for SATH2O 356 
and in Figure 15 for SATXC and compared to the theoretical values. The stable conditions where comparisons of 357 
theoretical and measured heat contents are valid are marked with circles.  358 

 359 

Figure 12. Measured heat content of SATH2O compared to theoretical heat content.  360 

Figure 12 shows that the measured heat content in the 9th test cycle with SATH2O was lower compared to the heat 361 
content for the 2nd test cycle. The storage capacity of the SATH2O in the supercooled state at 20 ˚C was 177 kJ/kg in 362 
the first cycle decreasing to 140 kJ/kg after 17 cycles, a decrease of 21%.   363 

Figure 13 and Figure 14 shows the top and bottom inspection windows of the unit after 17 cycles. There was a liquid 364 
solution layer of 20 – 22 cm in the top of the unit and a layer with whiter crystals in the bottom of the unit. This 365 
indicates a decreased salt concentration in the top and increased anhydrous salt at the bottom of the unit.  The heat 366 
released after solidification of the supercooled SATH2O after a number of test cycles was decreased due to this phase 367 
separation.   368 

In the research of Dannemand et al. where the flat unit was tested with 200 kg SAT with 9% extra water, the heat 369 
discharged after solidification the supercooled PCM at ambient temperature was 194 kJ/kg in the first test cycle and 370 
179 kJ/kg after 14 test cycles [27][28]. This was a decrease of 8% from the first test cycle. This indicates that a tall unit 371 
is more likely to suffer from phase separation or that the higher water concentration in the SAT-water mixture better 372 
solved the phase separation. 373 
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 374 

Figure 13. Top inspection window of unit with SATH2O.  375 

 376 

Figure 14. Bottom inspection window of unit with SATH2O.  377 
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 378 

Figure 15. Measured heat content of SATXC compared to theoretical heat content.  379 

Figure 15 shows that the measured heat content of the SATXC is close to the theoretical values and the heat contents 380 
were similar for the 6th and 29th test cycles. The storage capacity was 205 – 210 kJ/kg of SATXC in the supercooled 381 
state at 20 ˚C throughout the test cycles carried out. Dannemand et al. found in the investigations of the flat heat 382 
storage unit with SAT thickened with 1% CMC a stable heat content of the supercooled PCM of 205 kJ/kg over 6 test 383 
cycles [27]. 384 

3.6. Supercooling stability  385 
The SATH2O solidified spontaneously 10 times during discharge in the 17 test cycles. The stable supercooled state was 386 
reached 7 times. Slightly pushing the unit initialized the crystallization. The crystallization started from the bottom. It 387 
is assumed that a torque at a crack or joint at the bottom of the PCM chamber caused the starting of the solidification 388 
in a similar way as when flexing a metal disc in the hand warmers is a method for initializing crystallization [42]. The 389 
unit with SATXC solidified spontaneously 34 times of the 40 test cycles. In 6 cycles the unit reached a supercooled 390 
state at ambient temperature, it was activated manually by dropping a seed crystal into the PCM or shaking the unit. 391 
Three times the spontaneous solidification started from the bottom in the unit with SATXC, 22 times it started from 392 
the top and 9 times it was not possible to determine the starting point of crystallization. Crystallization starting from 393 
the bottom could be for the same reason as for the unit with SATH2O. Crystallization starting from the top may 394 
indicate that the solution for solving the expansion and contraction of the PCM by an air filter or expansion vessel may 395 
not be a viable solution. The solution did however seem to be working for the unit with SATH2O. Supercooled periods 396 
up to two days were achieved for the unit with SATXC with the air filter in two test cycles. However, the semi-open 397 
approach may lead to the loss of water vapour from the PCM chamber resulting in a change in PCM mixture 398 
composition and is therefore not a recommended solution.  399 

Some of the spontaneous solidifications of the SAT mixtures were most likely caused by the design of the inner 400 
surfaces of the PCM chamber. It is recommended that the PCM chamber is designed with all inner surfaced being 401 
completely smooth with no cracks where surfaces are joining and no penetrations of the chamber wall with tubes 402 
where the SAT is in contact. Such areas pose a risk of spontaneous crystallization when crystals are trapped under high 403 
pressure and later released into the supercooled PCM if movement occurs. 404 
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The method for solving the expansion and contraction of the PCM was likewise not completely solved. Integrating a 405 
flexibility of the storage chamber itself may be a solution to avoid the external expansion. This could be a flexible 406 
membrane in the top of the PCM chamber or it could be by making the PCM chamber of a material which is relatively 407 
flexible for example a plastic material. Heat exchanger tubes could enter and exit in the top of the unit above the 408 
PCM.  409 

5. Conclusions 410 
Cylindrical heat storage units with water and with composites of SAT were experimentally investigated. It was found 411 
that the heat exchange capacity rates for the units with PCMs were lower than for the unit with water. The heat 412 
exchange capacity rate of the unit with SAT with 0.5% Xanthan rubber and 4.4% graphite was lower compared to the 413 
unit with SAT with 6.4 % extra water during charge. This was due to limited convection in the thickened PCM and 414 
resulted in a longer charge time. One litre of paraffin oil added to the PCM chamber gave a minor improvement of the 415 
heat exchange capacity rate during charge. 416 

The heat discharged after solidification of the supercooled SAT with extra water at ambient temperature was 177 417 
kJ/kg in the first cycle decreasing to 140 kJ/kg after 17 test cycles. Phase separation was visually observed in the unit 418 
and the reason for the decrease. For the applied test conditions, phase separation of SAT was not solved by adding 419 
extra water. Stable supercooling to ambient temperatures was achieved in 7 out of 17 test cycles with the unit with 420 
SAT with extra water. The crystallization started from the bottom by slightly shaking the unit most likely due to the 421 
design of inner surfaces of the PCM chamber of the unit.  422 

The heat discharged after solidification of the supercooled SAT with Xanthan rubber and graphite powder at ambient 423 
temperature was stable around 205 – 210 kJ/kg over the 40 test cycles carried out. Stable supercooling to ambient 424 
temperatures was achieved in 6 out of 40 test cycles in the unit with SAT with Xanthan rubber and graphite powder. 425 
The spontaneous crystallization started mostly from the top of the PCM. Higher discharge powers, heat exchange 426 
capacity rates and temperatures were obtained after solidification of the unit with supercooled SAT with Xanthan 427 
rubber and graphite powder compared to the unit with SAT with extra water. 428 

Overall, these investigations have shown that the principle of utilizing stable supercooling for partly loss-free heat 429 
storage can work. SAT thickened with 0.5% Xanthan rubber did not suffer from phase separation over repeated charge 430 
and discharge cycles in a unit with a height of 1.5 m. However, accommodating for the expansion and contraction of 431 
the PCM during melting needs further research in order to always achieve stable supercooling.  432 
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Nomenclature 437 
cp   specific heat capacity   [kJ/kg K] 438 
Ctank  heat capacity of storage tank material  [kJ/K] 439 
Echarge   measured heat content after charge  [J] 440 
Edischarge   measured discharged heat   [J] 441 



EPCM  heat capacity of PCM   [kJ/kg] 442 
Hloss   heat loss coefficient    [W/K] 443 
HXCR  heat exchange capacity rate    [W/K] 444 
m  mass    [kg] 445 
�̇�     charge/discharge power   [W] 446 
t  time    [s] 447 
Tamb   ambient temperature   [˚C] 448 
Ti   inlet temperature   [˚C] 449 
Tmax  maximum storage temperature   [˚C] 450 
To  outlet temperature   [˚C] 451 
Ts   storage mean temperature    [˚C] 452 
Tstart  storage temperature at the beginning of a cycle  [˚C] 453 
Tsuper  temperature of the storage with the PCM in supercooled state  [˚C] 454 
�̇�  volume flow rate   [m3/h] 455 
ρ  density    [kg/m3] 456 

Abbreviations 457 

SAT   sodium acetate trihydrate 458 
SATH2O  mixture of 93.6% SAT and 6.4% water 459 
SATXC   mixture of 95.1% SAT, 0.5% Xanthan rubber and 4.4% graphite powder  460 
PCM  phase change material 461 
CMC  carboxymethyl cellulose 462 

 463 
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