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Abstract 12 

The integration of latent heat thermal energy storage (LHTES) units with heating systems in 13 

buildings is regarded as a promising technology for heating load management; however, so 14 

far a limited number of experimental studies have been reported that focus on space heating 15 

applications on a representative scale. In this study, we develop and test a 0.38 m3 LHTES 16 

unit containing cylindrically macro-encapsulated phase change materials (PCMs) with a 17 

melting temperature range of 44 to 53 °C and with gross mass of 154 kg. The unit has been 18 

tested with two tank orientations, horizontal and vertical. In the horizontal orientation tests, 19 

parametric studies show that increasing the difference between heat transfer fluid (HTF) 20 

supply temperatures and phase-change temperatures of PCMs, as well as increasing HTF 21 

flowrates, can both reduce the complete melting/solidification and complete 22 

charging/discharging time. Non-linear charging/discharging rates in PCMs are observed. The 23 

vertical orientation enables the forming of either a stratified or mixed flow regime in the tank. 24 

For charging, the stratified flow provides higher charging rates in PCMs compared to the 25 

mixed flow. When discharging the unit with a stratified HTF flow at 35 °C, lower HTF 26 

flowrates prolong the discharging time during which the released heat sustains an outlet 27 

temperature above 45 °C. Finally, comparisons between horizontal and vertical orientation 28 

tests reveal that although the vertical orientation can shorten the charging/discharging time by 29 

up to 20% for the entire unit to reach an energy density of 30 kWh/m3, it leads to decrease in 30 

PCM thermal capacity by at most 8.2%. The speculated cause of this loss is phase segregation 31 

suggested by observed fluid motions in PCM cylinders. This study comprehensively 32 

characterizes an LHTES unit providing insights to optimizing its operating strategies 33 

considering its coupling with space heating systems. 34 

 35 
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Nomenclature 

V  volumetric flowrate [m3/h] 

cp specific heat [kJ/(kg·K)] 

h global heat transfer coefficient [kW/(m2·K)] 

k thermal conductivity [W/(m·K)] 

P charging/discharging rate [kW] 

Q thermal capacity [kWh] 

q volume-specific thermal capacity, q=Q/V [kWh/m3] 

Re Reynolds number 

S surface area of the storage tank [m2] 

T temperature [°C] 

t time [hours] 

V volume [m3] 

  

Greek symbols 

ρ  density [kg/m3] 

∆  relative difference [%] 
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Superscripts 

30 kWh/m3 the status when volume-specific thermal capacity reaches 30 kWh/m3 

75%/90% the status when PCM thermal capacity reaches 75%/90% of its 

theoretical maximum value 

 

Subscripts 

av average value 

c charging 

com completely charged/discharged status 

d discharging 

in inlet condition 

ini initial status 

l liquid phase 

loss heat loss 

out outlet condition 

pk peak value 

s solid phase 

sen sensible heat 
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spl supply condition 

sur surrounding air  

TES for the entire thermal energy storage unit 

theo theoretical values 

 

Abbreviations 

A/C air-conditioning 

DOT design outdoor temperature 

DSM demand-side management 

HTF heat transfer fluid 

LHTES latent heat thermal energy storage 

PCM phase change material 
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1. Introduction 40 

Building sectors constitute 40% of the total energy demand in the European Union [1], while 41 

in the EU-15 electricity use in the residential and tertiary sectors accounts for about 50% [2]. 42 

It is deemed beneficial to apply demand-side management (DSM) strategies in buildings to 43 

enable the utilization of more energy-efficient devices and more renewable energy as the 44 

source [3]. Thermal energy storage (TES) is regarded as one of the key technologies of DSM 45 

to shape loads and to increase the utilization of renewable energy for both heating and cooling 46 

in buildings [4]. The major part of energy use (more than 50%) in buildings goes to space 47 

heating in the European context; this portion was reported to be more than 60% in Northern 48 

European countries such as Denmark, Norway and Iceland [5]. Peak shaving on the heating 49 

load in buildings through demand-side TES devices can potentially reduce operating costs for 50 

end users and simultaneously promote energy generating efficiency for energy suppliers [6].  51 

Among different technologies of TES, the use of phase change materials (PCMs) in the 52 

application of short-term storage is attractive due to their high energy storage density and 53 

small temperature swing comparing to sensible thermal energy storage [7]. As a DSM tool 54 

that can be actively coupled to building energy systems, a latent heat thermal energy storage 55 

(LHTES) unit is ideally featured with high energy density, simplicity, compatibility, and 56 

reliability [8]. For applications of space-heating load management, one of the most common 57 

implementation strategies is to actively integrate such units with hydronic space heating 58 

systems, in which the heat is provided by district heating, heat pumps, electric boilers, or 59 

fossil-fuel boilers and carried by the water to be distributed to heating terminals through 60 

pumping [4]. Before an LHTES unit is implemented, two aspects that need to be considered 61 

are: proper selection of (1) the PCM and (2) the storage configuration of the unit.  62 
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For the selected PCM, its melting and solidification point should be well considered to suit 63 

the operational temperature of hydronic space heating systems. By reviewing the case in 64 

Sweden, it is found that radiator systems are most common and their supply temperature is 65 

normally determined by the heating curve according to the ambient air temperature [9]. A 66 

recent study summarized the typical operational temperature for hydronic radiator systems in 67 

Northern European countries; the water supply temperatures were reported within the range of 68 

45 to 55 °C during major periods of a year [10]. In Sweden, design supply temperature has 69 

been restricted below 55 °C for most cases by building regulations since 1982 [11]. 70 

According to Swedish heat pump manufacturers, the supply and return temperatures of 55 °C 71 

and 45 °C, respectively, at the design outdoor temperature (DOT) of -20 °C are chosen for 72 

modern hydronic radiator systems [12]. Therefore, this typical temperature range for 73 

operating radiator systems (45 to 55 °C) narrows the selection of compatible PCMs to a few 74 

salt hydrates and paraffins with suitable phase-change temperatures. Limited amounts of 75 

commercial salt hydrates such as Climsel C48, STL47, and E48, as well as commercial 76 

paraffins such as RT50 and RT52, are available on the market [13]. 77 

Moreover, suitable PCMs for space heating applications should also possess desirable thermo-78 

physical and chemical properties. Two major categories of PCMs, salt hydrates and paraffins, 79 

have been compared in terms of thermo-physical and chemical properties in several review 80 

articles [13, 14]. Compared to paraffins, salt hydrates have higher thermal conductivity and 81 

latent heat of fusion, which are the desirable thermo-physical properties to achieve high 82 

charging/discharging thermal power rate and storage capacity for an LHTES unit. 83 

Nevertheless, many of the salt hydrates have some intrinsic drawbacks during phase-change, 84 

such as supercooling and phase segregation, which impede the retrieval of thermal energy 85 

when the PCMs solidify. Segregation can be prevented by adding gelling agents or thickeners 86 

[15]; this measure has been implemented in many commercial PCM products.  87 
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On the other hand, PCMs should be contained in a sealed and efficient way to exchange heat 88 

with heat transfer fluids (HTFs). Two main PCM containments are typically used in active 89 

storage systems: (1) bulk storage of PCMs in a specific heat exchanger or (2) placement of 90 

encapsulated PCMs in a storage unit such as a packed bed [16]. The former is commonly 91 

integrated with a shell-and-tube heat exchanger, where PCMs are kept in the shell and HTFs 92 

flow in the pipe to release and absorb heat [17, 18]. The principle of the latter method 93 

involves the flow of HTFs over the encapsulation surface to exchange heat with the macro-94 

encapsulated PCMs, which are tightly packed in the storage container. The second type of 95 

LHTES configurations has been widely applied in the industry for the built environment and a 96 

number of manufacturers are producing macro-encapsulated PCMs dedicated for such storage 97 

units [19].  98 

For PCM bulk storage, a considerable number of experimental studies on the thermal 99 

performance of LHTES have been investigated; the majority of the tested units adopted a 100 

shell-and-tube design and employed organic PCMs as the storage media. Amongst these 101 

studies, some are dedicated for the application of active integration with hydronic heating 102 

systems. For example, Agyenim and Hewitt [20] developed a 1.2 m long copper cylinder with 103 

longitudinal fins and tested RT58, a commercial paraffin, in a test facility incorporating a hot 104 

water radiator. A 140 L compact PCM storage tank with two submerged coils was developed 105 

by Martin and Setterwall [21] for solar heating applications; a commercial salt-based PCM 106 

with a melting point of 58 °C was evaluated by its heat transfer performance in the storage 107 

tank. Hosseini et al [22] examined the thermal performance of RT50, a commercial paraffin 108 

that completely melts above 51 °C, in a 1.0 m long finned cylinder with different fin heights 109 

and HTF inlet temperatures. Rathod and Banerjee [23] introduced a 1.0 m high PCM-tank for 110 

storing heat produced by solar water heaters; the employed PCM is stearic acid of which the 111 

melting temperature is 57.5 °C. Specially, a 1.5 m high cylindrical storage tank containing 112 
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116 kg sodium acetate trihydrate composites was investigated by Dannemand et al. [18] to 113 

utilize the stable supercooling of PCMs for seasonal heat storage. 114 

Unlike the abovementioned experimental studies tested on large scales, some recent work [17, 115 

24-27], despite focusing on the active heating applications, developed PCM heat exchangers 116 

on a considerably smaller scale (PCM mass in LHTES is less than 10 kg) mainly for the 117 

purpose of validating the phase-change models.  118 

For the storage configuration with macro-encapsulated PCMs, some researchers tested PCM 119 

cylinders with diameters between 50 mm and 70 mm and lengths from 300 mm to 750 mm 120 

[28-31]. Other researchers focused on spherical containers with diameters ranging from 28 121 

mm to 77 mm [32-38]. Additionally, a rectangular storage tank containing macro-122 

encapsulated PCMs flat slabs with dimension of 500 mm × 250 mm × 32 mm was 123 

investigated [39]. Three types of applications were primarily considered for these 124 

experimental studies: (1) high-temperature applications using molten salt as PCMs for solar 125 

heat storage on the power generation side [30, 33]; (2) air-conditioning (A/C) applications 126 

using paraffins or salt hydrates for indoor comfort cooling [32, 36, 37, 39]; and (3) water 127 

heating applications using paraffins or salt hydrates mainly for storing solar heat [28, 29, 31, 128 

38], which basically suit the operating temperature of radiator heating systems. These studies 129 

mainly presented experimental results of the temperature evolution of a PCM and an HTF 130 

during the charging/discharging processes.  131 

On the other hand, one experimental investigation stands out [32] as it detailed the effects 132 

from the HTF supply conditions on charging/discharging rates and total stored/released heat 133 

capacity over the complete charging/discharging timespan in a lab-size storage tank (1 m3), 134 

which was scaled down from an industrial tank (up to 500 m3). These parameters—rate, 135 

capacity, and time—which indicate the thermal performance of an LHTES, should be well 136 
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understood under different working conditions, such as HTF supply temperatures and 137 

flowrates. However, a limited number of previous experimental studies have delved into 138 

comprehensively evaluating these parameters of a macro-encapsulated LHTES unit, 139 

especially for heating applications.  140 

To extend such experimental investigations for heating applications, the present study 141 

develops and experimentally characterizes a large-scale LHTES unit containing cylindrically 142 

macro-encapsulated PCMs. Key thermal performance indicators are characterized under 143 

different HTF supply conditions for two tank orientations, horizontal and vertical. Climsel 144 

C48 was employed as the PCM as the operating performance analysis of this commercial 145 

product for large scale active heating applications has not been widely reported in scientific 146 

articles. This work also provides insights on desirable operating strategies when integrating 147 

LHTES units with hydronic space heating systems. 148 

2. Methodology 149 

2.1. Test facility for encapsulated PCMs 150 

For the containment of encapsulated PCMs, a cylindrical LHTES tank made of stainless steel 151 

type 316 with an outer diameter of 606 mm and a length of 1350 mm was designed and 152 

produced, as displayed in Fig. 1. The tank was designed with flow distributors at both ends 153 

and can be mounted either horizontally or vertically to study the effects of orientation on the 154 

unit’s performance. The HTF flows in the channels formed by the arbitrary array of 155 

encapsulated PCM cylinders.  156 
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 157 

Fig. 1. Illustration of LHTES unit and encapsulated PCM cylinders. 158 

 159 

The hydraulic test facility regulating the HTF’s conditions is coupled to the LHTES unit. A 160 

schematic diagram of the complete test facility is provided in Fig. 2. A PID-controlled electric 161 

heater, denoted by H in Fig. 2, provides controllable amounts of heat to the HTF, and a fin-162 

and-coil heat exchanger (Q) removes redundant heat from the HTF in the hydraulic system. A 163 

four-way directional diverting valve (F) enables the change of HTF flow direction and a by-164 

pass loop configured with a pressure-drop regulating valve (B) allows a desired HTF supply 165 

temperature to be set before the HTF enters the LHTES tank. The heat pump was designed to 166 

cool down the HTF for testing PCMs for A/C applications; thus, it was not activated in this 167 

study.  168 
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 169 

Fig. 2. Schematic diagram of the test facility. 170 

 171 

2.2. Macro-encapsulated PCM products 172 

Macro-encapsulation differs in materials, shapes, and sizes depending on the manufacturer. 173 

Although spherical containers for PCMs are proved to have the highest heat transfer rate 174 

compared to other shapes [40], using plastic cylinders for macro-encapsulation is considered 175 

one of the most cost-effective solutions. In the present study, a cylindrical macro-176 

encapsulated PCM product with a length of 750 mm and an outer diameter of 69 mm was 177 

tested in the aforementioned experimental apparatus (see Fig. 1d). The encapsulation is made 178 

of polypropylene with a thickness of 1 mm. The volume of each encapsulated cylinder is 2.8 179 

× 10−3 m3. As shown in Fig. 1(b), the tank is loaded with 50 encapsulated PCM cylinders. 180 

PCM cylinders occupy about 58% of the volume for PCM cylinder placement, and 37% of the 181 
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total volume of the storage tank as the inlet and outlet sections designed with diffusers are 182 

only filled with HTFs (see Fig. 1a). The total mass of PCMs is 154 kg. The employed PCM is 183 

Climsel C48, which is a commercial product with well-defined thermo-physical properties 184 

(Table 1). This PCM stores latent heat in the temperature span between 44 and 53 °C during 185 

the melting process and releases latent heat between 48 and 41 °C when solidified, according 186 

to the specific heat curve provided by the manufacturer [41].  187 

Table 1 Thermo-physical properties of Climsel C48 [41]. 188 

Parameters Value 

Phase-change temperature (melting) 44 to 53 °C 

Phase-change temperature (solidification) 48 to 41 °C 

Latent heat of fusion (QPCM,theo) [40 to 55 °C] 180 kJ/kg 

Thermal conductivity: solid (ks) 0.76 W/(m·K) 

Thermal conductivity: liquid (kl) 0.53 W/(m·K) 

 189 

2.3. Measurement 190 

Three parameters are measured to characterize the HTF’s conditions: temperature, volumetric 191 

flowrate, and pressure drop. The temperature sensors are T-type thermocouples. The accuracy 192 

of the thermocouples at the inlet and outlet of the LHTES unit, denoted by Tin and Tout, 193 

respectively, in Fig. 2, was tested by comparison to a calibrated precision digital thermometer 194 

between 30 and 70 °C with a temperature interval of 2 °C; the mean deviation is below 195 

0.05 °C. Volumetric flowrate is measured with a magnetic flowmeter (Yokogawa RXF); the 196 

relative measurement error of the reading is ± 0.5% [42]. The pressure drop across the tank is 197 

measured by a differential pressure transmitter (Yokogawa EJA 110 A) [43]. 198 

14 
 



   
 

For measuring interior PCM temperatures, four stainless steel type 316 cylinders were 199 

fabricated with the same dimensions as the plastic cylinders. These cylinders contained 200 

thermowells for thermocouple installation. The arrangement of the four cylinders in the 201 

LHTES unit is shown in Fig. 1(b): one cylinder with four thermowells (cylinder 1) is at the 202 

center of the tank and the other three cylinders, with only one thermowell each (cylinders 2, 3 203 

and 4), are at the circular perimeter. The positions of PCM temperature measurements (TPCM1 204 

to TPCM7) are illustrated in Fig. 3. Stainless steel cylinders were used for the ease of 205 

thermocouples insertion and monitoring. A simplified model was created to investigate the 206 

influence of the stainless steel on the heat transfer to PCMs as compared to polypropylene 207 

cylinder tubes. Results show that the required phase change time differs by about 3% between 208 

the two cases, furthermore the preciseness in positioning and tight-sealing justifies the use of 209 

stainless steel cylinders for PCM temperature measurements.  210 

 211 

Fig. 3. PCM temperature measurement positions in metallic PCM cylinders. 212 

 213 

2.4. Experimental procedures 214 

Charging/discharging tests are based on constant HTF supply conditions. Before each test 215 

started, the initial temperature of both the PCM and the accumulated HTF volume in the 216 
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LHTES unit were maintained at a fixed temperature, TTES,ini. During a test, the HTF was 217 

pumped to the LHTES unit with a fixed temperature (THTF,spl) and a fixed volumetric flowrate 218 

(V̇HTF). The test was considered complete when the temperature difference between HTF inlet 219 

(Tin) and HTF outlet (Tout) leveled off, which depends on the HTF flowrate, e.g., 0.15 °C for 220 

V̇HTF = 1.5 m3/h. 221 

2.5. Data reduction and uncertainty analysis 222 

Charging/discharging rates are introduced to describe the transient thermal performance of the 223 

LHTES unit. The charging/discharging rate (PTES) is calculated according to the measured 224 

temperature difference (Tin − Tout) of the HTF over the LHTES unit, which can be expressed 225 

as the first term in Eq. (1). However, this temperature difference includes the effect of heat 226 

loss from the unit to the surroundings. The heat loss effect, termed as Ploss, is thus subtracted 227 

in Eq. (1) from the heat balance to calculate the actual charging/discharging rates. 228 

PTES= �ρHTF·V̇HTF·cpHTF
·(Tin − Tout)−Ploss� (1) 

The heat loss is experimentally determined by homogenously maintaining the tank at fixed 229 

temperatures for at least 10 hours and calculating the energy balance. The bulk temperature is 230 

represented by the mean HTF temperature (THTF,av) throughout the unit. Using an integral 231 

term, hlossS, which is the product of the global heat transfer coefficient of heat loss and tank 232 

surface area, to linearly correlate the heat loss with the temperature difference between the 233 

unit and the surroundings, the unit’s heat loss was characterized from 25 °C to 60 °C with a 234 

temperature interval of 5 °C in Eq. (2). The experimentally obtained hlossS equals 7.4 W/K for 235 

this unit. 236 

Ploss=hlossS·(THTF,av − Tsur) (2) 
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The thermal capacity of the LHTES unit is composed of two parts: (1) the heat stored in or 237 

recovered from the encapsulated PCMs (QPCM) and (2) the HTF volume accumulated in the 238 

tank (QHTF). The thermal capacity is the accumulation of charging/discharging rates in a 239 

defined period (QTES =∫ PTES
t2

t1
dt). Hence, the thermal capacity of PCMs can be calculated 240 

according to Eq. (3). The heat content of the polypropylene encapsulation is neglected due to 241 

its small volume.  242 

QPCM = QTES −  QHTF (3) 

In this equation, the sensible heat stored/released by the gradual replacement of HTF volume 243 

with that at higher/lower temperature during charging/discharging in the defined period can 244 

be calculated with the mean bulk temperature difference, see Eq. (4).  245 

QHTF = ρHTF·V̇HTF·cpHTF
·�THTF,av,t2 − THTF,av,t1� (4) 

Uncertainties in the calculated parameters, such as the charging/discharging rates and thermal 246 

capacity, are due to measurement uncertainty. Depending on the test condition (THTF,spl, TTES,ini, 247 

and V̇HTF ), expanded uncertainties with a confidence level of 95% are obtained for 248 

peak/average PTES and accumulated QTES according to the NIST guidelines for uncertainty 249 

evaluation [44]; they are listed in Table 2. 250 

Table 2 Uncertainty analysis for charging/discharging rates and thermal capacity. 251 

 

Test conditions 
Expanded uncertainty with 95% of 

confidence level 

THTF,spl 

[°C] 

TTES,ini 

[°C] 

V̇HTF 

[m3/h] 

PTES,pk
  

[kW] 

PTES,av
  

[kW] 

QTES,com
  

[kWh] 
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Charging  

55 35 0.5 ±0.12 ±0.02 ±0.19 

55 35 1.5 ±0.33 ±0.05 ±0.44 

55 35 4.0 ±0.92 ±0.11 ±0.79 

58 35 1.5 ±0.44 ±0.05 ±0.35 

60 35 1.5 ±0.42 ±0.05 ±0.34 

Discharging 

35 55 0.5 ±0.11 ±0.02 ±0.18 

35 55 1.5 ±0.34 ±0.05 ±0.37 

35 55 4.0 ±1.04 ±0.11 ±0.82 

40 55 1.5 ±0.25 ±0.04 ±0.44 

30 55 1.5 ±0.43 ±0.05 ±0.26 

 252 

3. Horizontal orientation tests 253 

The horizontal orientation of the LHTES unit was investigated since such a configuration has 254 

been widely applied in industrial applications for containing macro-encapsulated PCMs due to 255 

the convenience of installation [45, 46]. The charging/discharging thermal performance under 256 

various HTF supply conditions is presented in the following section as a parametric study. 257 

3.1. Charging mode 258 

Effects of the HTF supply temperature (THTF,spl) at 55, 58 and 60 °C (C48 has been reported to 259 

degrade above 60 °C), and of the volumetric flowrate (V̇HTF) at 0.5, 1.5 and 4.0 m3/h, are 260 

shown in Fig. 4(a) and (b), respectively. Two parameters are presented with their evolution 261 

during charging: (1) the charged thermal capacity of the entire LHTES unit, QTES, and (2) 262 
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TPCM,av, which is the mean value of five measured PCM temperatures (TPCM1, TPCM3, TPCM5, 263 

TPCM6, and TPCM7) at the center of cylindrical cross-section. For gelled PCMs, conduction 264 

dominates the heat transfer mechanism; thus, the internal convective heat transfer is negligible, 265 

primarily due to its high viscosity [47, 48]. The cross-sectional center of a long cylinder is 266 

regarded to represent the lowest-temperature position during charging. Therefore, when 267 

TPCM,av reaches 53 °C, which is the liquidus temperature of C48, the PCM is considered to be 268 

completely melted.  269 

 270 

Fig. 4. The evolution of PCM temperature and charged thermal capacity with different HTF supply conditions 271 

for charging: (a) THTF,spl of 55, 58 and, 60 °C at 1.5 m3/h (TTES,ini at 35 °C); (b) V̇HTF of 0.5, 1.5 and, 4.0 m3/h with 272 

THTF,spl of 55 °C (TTES,ini at 35 °C). 273 

 274 

Experimental data in Fig. 4 illustrate two main findings. First, shorter complete melting and 275 

charging time can be achieved by increasing THTF,spl from 55 to 58 and 60 °C and V̇HTF from 276 

0.5 to 1.5 and 4.0 m3/h. The second experimental finding, depicted in Fig. 4(b), is that with 277 

V̇HTF equal to 0.5 m3/h, the core PCM of the cylinder placed at the bottom of the LHTES unit 278 

(see TPCM7), underwent insufficient heating from the inlet HTF flow, showing a much lower 279 

measured temperature relative to the other cylinders within a 10-hour charging time. The 280 
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warm inlet HTF flow with a small flowrate, though designed to be uniformly distributed by 281 

diffusers, tended to ascend to upper regions causing insufficient flow to the bottom, owing to 282 

the relatively stronger free convection compared to forced convection. Such distribution 283 

problems led to a reduced QTES.  284 

A summary of the experimental results for the five test conditions presented in Fig. 4, focused 285 

on QTES, QPCM, qTES (defined as volume-specific thermal capacity of the entire unit) and 286 

charging time, is shown in Table 3. For easy comparison, the test condition of THTF,spl = 55 °C, 287 

TTES,ini = 35 °C and V̇HTF = 1.5 m3/h is defined as the reference charging condition. First, when 288 

THTF,spl increased from 55 to 60 °C, both QTES and QPCM increased obviously due to the rise in 289 

stored sensible heat. Also, the time for complete melting, for complete charging, and for qTES 290 

reaching 30 kWh/m3 (qTES = 30 kWh/m3 is defined as a criterion for evaluating the storage 291 

density of the entire LHTES), was reduced by 43%, 15%, and 61%, respectively, by elevating 292 

THTF,spl from 55 to 60 °C. This is because an increased temperature difference between HTF 293 

and PCMs improved the driving force for heat transfer. Second, compared to the reference, 294 

increasing V̇HTF to 4.0 m3/h achieved reductions in complete melting (40%) and charging time 295 

(15%); time for qTES to reach 30 kWh/m3 decreased as well from 3.6 to 2.5 hours. However, 296 

decreasing V̇HTF to 0.5 m3/h led to incomplete charging of the LHTES unit even after 16 hours 297 

of charging; QPCM approached only 12.8 kWh, 9% less compared to that of the reference. 298 

Based on the results in Table 3, it can be concluded that the charging thermal performance can 299 

be improved by increasing HTF supplying temperatures and flowrates. 300 

Table 3 Charging thermal performance with different test conditions for the horizontal LHTES orientation. 301 

Parameters Test conditions 
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1a 2 3 4 5 

THTF,spl [°C] 55 58 60 55 55 

TTES,ini [°C] 35 35 35 35 35 

V̇HTF [m3/h] 1.5 1.5 1.5 0.5 4.0 

 tc,com
  [hours] 8.2 7.2 7.0 - 7.0 

QTES,com
  [kWh] 13.3 15.6 16.1 12.8c 13.7 

∆QTES,com
 b [%] - +13.5% +17.4% -3.8%c +3.0 % 

qTES,com
  [kWh/m3] 34.8 40.7 42.1 33.5c 35.8 

QPCM,com
  [kWh] 8.5 9.6 9.8 7.7c 8.7 

tm,com
  [hours] 3.0 1.9 1.7 - 1.8 

t(qTES
30 kWh/m3

) [hours] 3.6 1.7 1.4 9.2 2.5 

a Reference charging condition. 

b Compared to the reference charging condition. 

c No complete melting/charged condition reached, values after 16-hour charging presented for V̇HTF = 0.5 m3/h. 

  302 

3.2.Discharging mode 303 

Similar to the charging mode, discharging tests were conducted with three levels of THTF,spl 304 

(30, 35, and 40 °C, respectively) and three different V̇HTF values (0.5, 1.5, and 4.0 m3/h); 305 

TTES,ini was kept at 55 °C. In Fig. 5, development of QTES and TPCM,av during discharging is 306 

presented. Two key findings can be extracted from the comparisons: (1) complete 307 

solidification and discharging time is shortened by decreasing THTF,spl or increasing V̇HTF; (2) 308 

with V̇HTF = 0.5 m3/h, the top cylinder underwent insufficient cooling due to the uneven HTF 309 
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distribution. Details of the five discharging test conditions are provided in Table 4. 310 

Comparisons of time for complete solidification, complete discharging, and qTES reaching 30.0 311 

kWh/m3 indicate the same experimental findings as charging: increasing the temperature 312 

difference between HTF and PCM and increasing V̇HTF improves the heat transfer rate and 313 

accelerates the discharging process.  314 

 315 

Fig. 5. The evolution of PCM temperature and discharged thermal capacity with different HTF supply conditions 316 

for discharging: (a) THTF,spl of 30, 35, and 40 °C at 1.5 m3/h (TTES,ini at 55 °C); (b) V̇HTF of 0.5, 1.5, and 4.0 m3/h 317 

with THTF,spl of 35 °C (TTES,ini at 55 °C). 318 

 319 

Table 4 Discharging thermal performance with different test conditions for the horizontal LHTES orientation. 320 

Parameters 

Test conditions 

1a 2 3 4 5 

THTF,spl [°C] 35 40 30 35 35 

TTES,ini [°C] 55 55 55 55 55 
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V̇HTF [m3/h] 1.5 1.5 1.5 0.5 4.0 

td,com
  [hours] 8.3 10.9 4.8 10.0 7.2 

QTES,com
  [kWh] 13.5 11.1 15.5 13.2 13.4 

∆QTES,com
 b [%] - -17.0% +16.8% -2.2% -0.1% 

qTES,com
  [kWh/m3] 35.2 29.2 41.0 33.5 35.2 

QPCM,com
  [kWh] 8.5 7.3 9.4 8.0 8.5 

ts,com
  [hours] 1.8 5.0 1.0 2.4 0.9 

t(qTES
30 kWh/m3

) [hours] 2.9 - 1.4 4.8 2.3 

 a Reference discharging condition. 

 b Compared to the reference discharging condition. 

 321 

3.3.Discussions of LHTES horizontal orientation tests 322 

PCM thermal capacity (QPCM) comprises more than 60% of the total thermal capacity of the 323 

entire unit (QTES). To generally demonstrate charging/discharging rates in PCMs for 324 

horizontal orientation tests, Fig. 6(a) and (b) illustrate how QPCM developed during charging 325 

and discharging, respectively, for all test conditions. Each curve represents a single test 326 

condition with fixed THTF,spl, TTES,ini, and V̇HTF. The three points on each curve represent times 327 

when QPCM reached 75, 90, and 99%, respectively, of the theoretically maximum 328 

charging/discharging thermal capacity, QPCM,theo. The maximum capacity was calculated 329 

according to the manufacturer’s method [55], considering the temperature range (from TTES,ini 330 

to THTF,spl) for each test condition. Also, the Reynolds number for each V̇HTF is shown in the 331 

legend; the HTF flow is laminar for all test conditions. The most time-efficient charging 332 

condition is for THTF,spl = 60 °C and V̇HTF = 4 m3/h (Re=575), as shown in Fig. 6(a). For this 333 
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condition, charging time, compared to the reference charging condition, is reduced by 53% 334 

for the point when QPCM reached 99% of QPCM,theo. Similarly, it can be observed in Fig. 6(b) 335 

that the shortest discharging time compared to the reference occurs for the condition of 336 

THTF,spl = 30 °C and V̇HTF = 4 m3/h; the discharging time decreased by 32%. In addition, the 337 

maximum pressure drop across the LHTES unit was measured to be 831.6 Pa for charging 338 

and 925.7 Pa for discharging with V̇HTF of 4 m3/h. 339 
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 340 

Fig. 6. Generalized performance map of charging/discharging rates in PCMs with horizontal LHTES orientation: 341 

(a) charging; (b) discharging. 342 

 343 

Data for partial-load status is also shown in Fig. 6. Charging time is found to increase non-344 

linearly from the point of 75 – 90% QPCM,theo to the point of 99% QPCM,theo. For instance, 345 
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charging time can be shortened from 6.8 to 3.0/4.7 hours, 56%/31% less, if only 75%/90% of 346 

QPCM,theo was desired instead of 99% QPCM,theo, for the reference charging condition. For the 347 

reference discharging condition, the time was reduced from 4.9 to 2.3/3.5 hours (53%/30% 348 

reduction) for 75%/90% QPCM,theo. Correspondingly, QTES decreased by 17%/7% for 349 

75%/90%-QPCM,theo compared to 99% QPCM,theo. This observed non-linearity of 350 

charging/discharging rates in PCMs implies that partial loads can significantly shorten cycle 351 

times. Operating an LTHES unit using the tested encapsulated PCMs in a practical heating 352 

system can become time-efficient when leaving small parts of PCM thermal capacity 353 

uncharged/undischarged.  354 

Some curves in Fig. 6(a) and (b) contain no square symbols, indicating a test condition at 355 

which the HTF was unable to store/recover up to 99% of QPCM,theo, regardless of 356 

charging/discharging time. This outcome can be either attributed to the uneven distribution of 357 

HTF flow, as discussed in Sections 3.1 and 3.2 where V̇HTF was down to 0.5 m3/h, or due to 358 

high THTF,spl (40 °C), when the theoretical latent heat of fusion during discharging cannot be 359 

completely recovered.  360 

4. Vertical orientation tests 361 

The LHTES unit in the horizontal orientation with an HTF volumetric flowrate of 0.5 m3/h or 362 

less produced an uneven distribution of HTF flow. To mitigate this undesirable condition, the 363 

LHTES unit was placed in vertical orientation aligning the gravitational force with the 364 

longitudinal direction of the tank. In the vertical orientation, no PCM cylinders were observed 365 

to suffer from inadequate heating/cooling due to non-uniform HTF flow. The charging mode 366 

was tested with two different flow directions, upward and downward, respectively, to 367 

investigate how flow direction affects thermal performance. Discharging tests were conducted 368 

with V̇HTF as low as to 0.15 m3/h in a stratified flow regime (HTF in upward direction). For 369 
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the tests presented in Sections 4.1 and 4.2, THTF,spl and TTES,ini were fixed at 55 and 35 °C, 370 

respectively, for each charging test, and 35 and 55 °C, respectively, for the discharging tests.  371 
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4.1.Charging mode 372 

By triggering different flow regimes, different HTF flow directions can influence the charging 373 

thermal performance. Data in Fig. 7 indicate how THTF2 and THTF3, HTF temperatures at two 374 

longitudinal positions along the PCM cylinder 1, developed during charging under four test 375 

conditions: with two different flow directions, upward and downward and with two different 376 

HTF flowrates, V̇HTF = 0.5 m3/h and 1.5 m3/h. For both flowrates, a mixed HTF flow formed 377 

with upward flow while the downward flow produced a stratified condition; however, the 378 

lower flowrate in upward flow improved the stratification. Higher HTF temperatures around 379 

the upper portion of the cylinders (i.e., THTF3) created by the stratified flow, offered stronger 380 

driving forces for charging PCMs relative to the mixed flow. Such factors for enhancing heat 381 

transfer rates were found relatively more apparent with lower flowrates, as the temperature 382 

difference between THTF2 and THTF3, interpreted as the driving force for a stratified flow, 383 

diminished less rapidly with V̇HTF of 0.5 m3/h than 1.5 m3/h (see Fig. 7). 384 

 385 
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Fig. 7. Longitudinal HTF temperature distribution with upward and downward flow (THTF,spl = 55 °C; TTES,ini = 386 

35 °C) with vertical LHTES orientation. 387 

 388 

Reflected in the charging time, stratification improved charging rates in PCMs, as presented 389 

in Table 5. Here, the time for QPCM to reach 75% and 90% of QPCM,theo, respectively, for two 390 

different flowrates and the two possible flow directions are presented. Relative to mixed flow 391 

(upward direction), the stratified flow (downward direction) with a lower flowrate (V̇HTF = 0.5 392 

m3/h) produces a 52% decrease in charging time for a condition of 75% QPCM,theo. For the 393 

higher flow rate (V̇HTF  = 1.5 m3/h), the same comparison indicates that time savings are 394 

reduced by only 21% on average. It is therefore vital to maintain a stratified tank by charging 395 

with downward HTF flow, especially for conditions with relatively low HTF flowrates. 396 

Table 5 Charging time for PCM thermal capacity with two HTF flow directions and two flowrates (THTF,spl = 397 

55 °C; TTES,ini = 35 °C).  398 

Parameters Test conditions 

 V̇HTF = 0.5 m3/h V̇HTF of 1.5 m3/h 

 Downward Upward Downward Upward 

t �QPCM,theo
75% � [hours] 4.4 9.2 2.8 3.5 

t�QPCM,theo
90% � [hours] 9.1 18.9 5.2 6.7 

 399 
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4.2.Discharging mode 400 

When discharging an LHTES unit for space heating, the HTF outlet temperature (Tout) should 401 

be sufficiently controlled to fulfill the supply-temperature requirement, which depends on the 402 

type of heating terminals and the outdoor temperatures. For the vertical LHTES orientation, 403 

maintaining a high Tout requires reducing V̇HTF, and thus a stratified flow regime (upward HTF 404 

flow for discharging) is necessary with V̇HTF  < 0.5 m3/h. The evolution of Tout and of 405 

discharging rates (PTES) is shown in Figs. 8(a) and (b), respectively, for six individual test 406 

conditions, with fixed THTF,spl and TTES,ini (35 and 55 °C, respectively) and six values of V̇HTF 407 

in range between 0.15 m3/h to 4.0 m3/h. In Fig. 8(a), the discharging time during which Tout 408 

was greater than 45 °C decreased significantly from 3.2 to 0.1 hours as V̇HTF increased from 409 

0.15 m3/h to 4.0 m3/h (Re increased from 22 to 575). The temperature threshold of 45 °C is 410 

chosen based on the standard rating condition for medium-temperature space heating 411 

applications [49]. 412 
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 413 

Fig. 8. Discharging outlet conditions with different HTF flowrates (THTF,spl = 35 °C; TTES,ini = 55 °C) for the 414 

vertical LHTES orientation: (a) HTF outlet temperature; (b) discharging rates. 415 

 416 
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Interestingly, high V̇HTF  does not necessarily lead to high PTES throughout the entire 417 

discharging process. As shown in Fig. 8(b), PTES for V̇HTF = 0.15 m3/h, the lowest tested 418 

flowrate, declined more slowly and at a higher level relative to the other conditions with 419 

higher flowrates after 2-hours of discharging. In contrast, with a high volumetric flowrate 420 

(V̇HTF = 4.0 m3/h, for instance), fresh HTF (water) rapidly flushed the previously stored water 421 

in the tank (within six minutes), creating peak PTES in the initial discharging period. This 422 

initial condition was followed by slumps of Tout and PTES because of the completion of water 423 

replacement. Subsequently, PTES was the lowest for V̇HTF = 4.0 m3/h compared to that for 424 

lower flowrates. This finding can be ascribed to two aspects. First, as the flow remains in the 425 

laminar region, increasing HTF flowrates/Re brings no detectable improvement in convective 426 

heat transfer over the encapsulation surface. Second, the low thermal conductivity of the 427 

PCMs, together with the large diameter of the cylinder, impedes PCM solidification and, thus, 428 

heat removal. As a result, when compared to the reference discharging condition (V̇HTF = 1.5 429 

m3/h), the test condition with V̇HTF = 0.15 m3/h results in 60% higher QTES based on the 430 

criteria of HTF temperature above 45 °C. That means low volumetric flowrates with 431 

stratification can provide a longer lasting high-temperature HTF output, together with a larger 432 

discharged thermal capacity with that high quality, when the LTHES unit releases heat 433 

continuously to heating terminals in a building. 434 

4.3.Comparisons between vertical and horizontal orientation tests 435 

With downward and upward HTF flow enabled by the vertical orientation of the LHTES unit, 436 

the thermal performance differed from that of the horizontal orientation. There are mainly two 437 

differences. First, the completely-charged/discharged QPCM is lower for the vertical 438 

orientation. As shown in Table 6, a comparison of key thermal-performance indicators reveals 439 

that under reference conditions with horizontal, downward, and upward HTF flow, QPCM 440 
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dropped by 5.9%/7.1% with downward/upward flow for charging and 8.2%/5.9% for 441 

discharging, respectively, compared to the horizontal. For both vertical directions, decreased 442 

QPCM led to consequent reductions in QTES and qTES by at most 5.3%.  443 

Table 6 Comparisons of thermal performance between vertical and horizontal orientation tests (THTF,spl = 35 °C, 444 

TTES,ini = 55 °C, and V̇HTF = 1.5 m3/h). 445 

Parameters 

Charging Discharging 

Horizontal Downward Upward Horizontal Downward Upward 

QPCM,com
  [kWh] 8.5 8.0 7.9 8.5 7.8 8.0 

∆QPCM,com
 a [%] - -5.9% -7.1% - -8.2% -5.9% 

QTES,com
  [kWh] 13.3 13.0 12.8 13.5 12.6 13.0 

∆QTES,com
 b [%] - -2.3% -3.8% - -5.3% -2.3% 

qTES,com
  [kWh/m3] 34.8 34.0 33.5 35.2 33.0 34.0 

tc,com
 /td,com

  [hours] 8.2 6.6 7.5 8.3 6.7 6.2 

 t(qTES
30 kWh/m3

) [hours] 3.6 2.9 4.0 2.9 3.2 2.5 

a, b Compared to the horizontal orientation. 

 446 

On the other hand, the time for qTES to reach 30.0 kWh/m3 does not necessarily decrease in 447 

situations where qTES,com
  declined. For charging, the time was reduced from 3.6 to 2.9 hours, 448 

approximately 20%, for downward flow but was increased to 4.0 hours with the upward flow. 449 

This same time increased from 2.9 to 3.2 hours (+10%) when upward flow was supplied to 450 

the unit during discharging; however, it decreased to 2.5 hours (-14%) with the downward 451 
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flow. Such comparisons clearly show how a stratified flow regime with a vertical orientation 452 

is superior for producing shorter charging/discharging time, despite the reported loss in 453 

charged/discharged thermal capacity. 454 

The second significance difference between the two orientations appeared in the PCM 455 

temperature distribution in the central PCM cylinder (i.e. PCM cylinder 1 in Fig. 1b). The 456 

evolution of PCM temperatures TPCM1 to TPCM4 with equivalent temperature and flowrate test 457 

conditions (THTF,spl = 60 °C, TTES,ini = 35 °C, and V̇HTF = 1.5 m3/h), but with different HTF 458 

flow directions (horizontal and upward HTF flow respectively), are shown in Fig. 9. Here, 459 

TPCM1 and TPCM2 are nearly equivalent, whereas TPCM3 and TPCM4 differ significantly for the two 460 

different flow modes. When the cylinder was positioned vertically and supplied with upward 461 

flow during charging, the top end of the cylinder, where TPCM3 and TPCM4 were measured, 462 

experienced a more rapid temperature rise compared to the case in which the cylinder was 463 

oriented horizontally. Such behaviors have also been observed with other test conditions 464 

involving different values of V̇HTF and THTF,spl. 465 
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 466 

Fig. 9. PCM and HTF temperature evolution for PCM cylinder 1 with horizontal and upward flow during 467 

charging (THTF,spl = 60 °C, TTES,ini = 35 °C, and V̇HTF = 1.5 m3/h). 468 

 469 

The transient temperatures in Fig. 9 are suggestive of PCM behavior resulting from phase 470 

change. Under the condition that a cylinder in the test apparatus can be considered a long 471 

cylinder (L/D >10), axial conduction is negligible. Given that THTF3, which measured the HTF 472 

temperature at the same axial position as TPCM3 and TPCM4, experienced minor temperature 473 

differences between horizontal and vertical orientation, ascending liquids in the cylinder were 474 

speculated to account for the rapid temperature rise of TPCM3 and TPCM4. However, liquid PCM 475 

gel is supposed to exhibit high viscosity [50] and, thus, convective heat transfer has been 476 

shown to be negligible in several previous studies [47, 48]. Melted PCMs were hence unlikely 477 

to be transported to the upper regions of the cylinder by natural convection in a massive and 478 

rapid manner. However, Fig. 9(b) suggests that core PCM had completely melted by 479 

approximately 0.5 hour at the upper region but just started to melt at the bottom due to natural 480 

convection. 481 
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In light of two experimental observations: (1) free liquids were observed in encapsulated 482 

cylinders after the cylinders were installed vertically in the tank and tested; and (2) a loss in 483 

PCM thermal capacity of 5.9% – 8.2% was detected in the vertical orientation tests, it is 484 

inferred that the main cause of this seemingly natural-convection phenomenon is likely to be 485 

phase segregation. C48 is an incongruent melting PCM based on sodium acetate [51]. Though 486 

formulated with gelling agents, it may tend to separate after phase change, possibly in a 487 

relatively larger scale in this case due to a large vertical distance [52], i.e., the cylinder’s 488 

length (750 mm) when it is vertically orientated. Assuming the gelling agent failed to hold the 489 

different phases of water and anhydrous salts originating from the incongruent melting, the 490 

separated water, when heated, could have ascended and produced the natural-convection-like 491 

behavior. In contrast, the horizontal cylinder is a more shallow container (69 mm diameter); 492 

in this arrangement the gelling agents are expected to restrain the bulk PCMs more effectively 493 

within such a small distance. The PCM’s long-term stability may be at risk leading to 494 

continuous reduction in storage capacity [7], if phase segregation inevitably happened with 495 

vertical LHTES orientation. 496 

5. Conclusions 497 

The present study contributes to the development and the experimental investigation of a 498 

latent heat thermal energy storage (LHTES) unit containing a representative scale of 499 

cylindrically macro-encapsulated phase change materials (PCMs). The LHTES unit is 500 

expected to be integrated with space heating systems for heating load management. Findings 501 

from the present work can be summarized as follows: 502 

(1) A parametric study on the supply temperature and the flowrate of heat transfer fluids 503 

(HTFs) is conducted for an LHTES in a horizontal orientation. Increasing the difference 504 

between HTF supply temperatures and phase-change temperatures accelerates the 505 
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charging/discharging process. The complete charging time and the time for the LHTES’s 506 

storage density to reach 30 kWh/m3 is reduce by 14% and 61%, respectively, when the 507 

HTF supply temperature is increased from 55 to 60 °C. During discharging, these same 508 

times decrease by 42% and 52% when decreasing the HTF supply temperature from 35 to 509 

30 °C, respectively.  510 

Increasing the volumetric flowrate of the HTF also improves charging/discharging rates, 511 

e.g., the complete charging/discharging time decreases by 14% and 13% when increasing 512 

the HTF volumetric flowrate from 1.5 to 4.0 m3/h, respectively. 513 

(2) Charging/discharging rates in PCMs are summarized in performance maps covering all 514 

completed test conditions in the horizontal orientation. The maps reveal a general non-515 

linearity of charging/discharging rates in PCMs after 75% of their theoretical thermal 516 

capacity has been stored/released. The charging/discharging time can be reduced on 517 

average by about 50%/30% if 75%/90% rather than 99% of the stored/released PCM 518 

maximum thermal capacity is targeted, indicating that more than 50% of the 519 

charging/discharging time can be saved if storing/recovering heat in PCMs with 75% of 520 

its theoretical capacity instead of 99%. 521 

(3) Placing the LHTES unit in a vertical orientation eliminates the flow distribution problem, 522 

which is observed with an HTF volumetric flowrate of 0.5 m3/h (Re = 72) in the 523 

horizontal orientation tests. A stratified flow regime, formed by downward HTF flow, 524 

improves charging rates in PCMs compared to the mixed flow regime; the charging time 525 

for storing 90% of theoretical PCM capacity decreases by 21% with a flowrate of 1.5 m3/h, 526 

and more significantly, by 52% with a flowrate of 0.5 m3/h due to better stratification.  527 

When discharging the unit with stratified HTF flow at 35 °C, the lowest HTF flowrate 528 

(V̇HTF = 0.15 m3/h, Re = 22) is favored for producing the longest discharging time (3.2 529 
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hours) during which the HTF outlet temperature is above 45 °C. These conditions also 530 

provide the highest discharging rate after two hours of discharging and the largest 531 

discharged thermal capacity with high HTF outlet temperature, compared to other higher 532 

flowrates up to 4.0 m3/h (Re = 575). Delivering the released heat from the LHTES unit to 533 

heating terminals may require low HTF flowrates due to the requirement on the unit’s 534 

outlet temperature. 535 

(4) The vertical orientation of the LHTES unit exhibits advantages and disadvantages 536 

compared to the horizontal orientation. Although both the complete charging/discharging 537 

time and the time for the unit’s energy density to reach 30 kWh/m3 are reduced by around 538 

20% with stratified flow, the charged/discharged PCM thermal capacity decreases by 8.2% 539 

at most when the unit is positioned vertically. The decrease in thermal capacity, together 540 

with the observed fluid motions in gelled PCMs, may indicate the occurrence of phase 541 

segregation with vertical LHTES orientation.  542 

Suggested future work can include generalizing these experimental findings through a non-543 

dimensional analysis and optimizing the PCM encapsulation geometries for improving heat 544 

transfer rates. 545 
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Figure Captions 697 

Fig. 1. Illustration of LHTES unit and encapsulated PCM cylinders. 698 

Fig. 2. Schematic diagram of the test facility. 699 

Fig. 3. PCM temperature measurement positions in metallic PCM cylinders. 700 

Fig. 4. The evolution of PCM temperature and charged thermal capacity with different HTF 701 

supply conditions for charging: (a) THTF,spl of 55, 58 and, 60 °C at 1.5 m3/h (TTES,ini at 35 °C); 702 

(b) V̇HTF of 0.5, 1.5 and, 4.0 m3/h with THTF,spl of 55 °C (TTES,ini at 35 °C). 703 

Fig. 5. The evolution of PCM temperature and discharged thermal capacity with different 704 

HTF supply conditions for discharging: (a) THTF,spl of 30, 35, and 40 °C at 1.5 m3/h (TTES,ini at 705 

55 °C); (b) V̇HTF of 0.5, 1.5, and 4.0 m3/h with THTF,spl of 35 °C (TTES,ini at 55 °C). 706 

Fig. 6. Generalized performance map of charging/discharging rates in PCMs with horizontal 707 

LHTES orientation: (a) charging; (b) discharging. 708 

Fig. 7. Longitudinal HTF temperature distribution with upward and downward flow (THTF,spl = 709 

55 °C; TTES,ini = 35 °C) with vertical LHTES orientation. 710 

Fig. 8. Discharging outlet conditions with different HTF flowrates (THTF,spl = 35 °C; TTES,ini = 711 

55 °C) for the vertical LHTES orientation: (a) HTF outlet temperature; (b) discharging rates. 712 

Fig. 9. PCM and HTF temperature evolution for PCM cylinder 1 with horizontal and upward 713 

flow during charging (THTF,spl = 60 °C, TTES,ini = 35 °C, and V̇HTF = 1.5 m3/h). 714 
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Table Captions 716 

Table 1 Thermo-physical properties of Climsel C48 [55]. 717 

Table 2 Uncertainty analysis for charging/discharging rates and thermal capacity. 718 

Table 3 Charging thermal performance with different test conditions for the horizontal 719 

LHTES orientation. 720 

Table 4 Discharging thermal performance with different test conditions for the horizontal 721 

LHTES orientation. 722 

Table 5 Charging time for PCM thermal capacity with two HTF flow directions and two 723 

flowrates (THTF,spl = 55 °C; TTES,ini = 35 °C).  724 

Table 6 Comparisons of thermal performance between vertical and horizontal orientation tests 725 

(THTF,spl = 35 °C, TTES,ini = 55 °C, and V̇HTF = 1.5 m3/h). 726 
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