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Abstract 

Low thermal conductivity of organic phase change materials (PCMs) for thermal energy storage 
systems induces the necessity to apply suitable heat transfer enhancement techniques for 
these materials. The purpose of this study was to improve thermal conductivity of a PCM 
erythritol by using sodium chloride as an additive, such that the material can be applied for 
steam cooking systems when integrated with solar parabolic trough collectors. In this study, 
erythritol-NaCl composites were synthesized by using the melting method, and the key 
physicochemical properties of the composites were estimated by using differential scanning 
calorimetry (DSC) coupled with thermo-gravimetric analysis (TGA). The observations indicate 
that there has been a significant improvement in the thermal conductivity of erythritol 
supplemented with NaCl. Further, thermal behaviour of the material indicates that it is suitable 
for steam cooking applications. Furthermore, mathematical models based on the experimental 
observations can be potentially utilized for further studies of erythritol-NaCl composites. 

Keywords: composites; latent heat storage; mathematical modelling; steam cooking; thermal 
conductivity.

 
ORIGINAL SCIENTIFIC PAPER 

UDC:  616‑073.66:(547.427.1+ 

 661.833`032.1) 

Hem. Ind. 76 (1) 5-18 (2022) 

 

Available on-line at the Journal web address: http://www.ache.org.rs/HI/  

1. INTRODUCTION  

Parabolic trough collectors (PTCs) find applications in cooking using solar energy and have potential benefits in 

elimination of green house gases (GHGs) [1-4]. Thermal energy storage (TES) systems when integrated with such 

PTCs [5-8] can be a potential technology for steam cooking over 24 h. Phase change materials (PCMs) can serve as 

potential TES media for this application owing to their latent heat storage [9]. PCMs store and release energy by virtue 

of their latent heat of phase transition without any significant temperature change, so that PCMs can store higher heat 

amounts than the sensible TES systems [10]. To be specific, organic PCMs exhibit stable melting and solidification 

cycles [11] at a broad spectrum of phase transition temperatures [12], possess significant latent heat of phase transition 

[13], are non-toxic [14], do not exhibit supercooling [13-15] and resistant to corrosion [16]. It has been identified that 

such organic PCMs when integrated with steam cooking systems can convert the complete steam cooking process to 

rely on renewable energy sources and, further, the higher latent heat of fusion of such materials will reduce the system 

size, since the higher latent heat of phase transition, the lower will be the quantity of PCM required. Among the various 

organic PCMs, erythritol ((2R,3S)-butane-1,2,3,4-tetrol [17]), as a PCM, gains importance. Erythritol (C4H10O4) is a sugar 

alcohol [18] that can be suitable for medium temperature applications [19] as well as for solar TES applications owing 

to its high volume latent heat of 502.9 J cm-3 [20]. Next, from a steam cooking perspective, a PCM will be suitable for 

steam generation only if its melting temperature lies between 110-130 oC, so that the output steam can be maintained 

at a minimum of 100 oC. When erythritol is considered, it has a satisfactory latent heat of fusion values [21] and a melting 

point [22] suitable for the application. Furthermore, since erythritol is a food additive [23], it is conveniently safe to use 

in operation for steam cooking. 

Still, it has been noted that a drawback of organic PCMs is in lower thermal conductivities, which can result in higher 

thermal resistances [24-26]. High thermal resistances would hinder the heat transfer through the material, resulting in 
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longer charging times. Charging time is the time required for the material to heat from its ambient temperature to the 

desired temperature (post-melting). Erythritol, being an organic PCM, does not present an exception exhibiting low 

thermal conductivity [27,28]. For example, in an experimental study on erythritol as a PCM filling annular space of a 

shell-and-tube unit (between the cylinders of 45 mm OD and 100 mm ID and height of 900 mm), it was observed that 

approximately 12 h was needed for erythritol to completely charge [29]. Hence thermal conductivity improvement is 

required as the PCM should be charged within daytime, as the charging process is dependent on solar PTCs. In this 

direction, addition of high thermal conductivity additives to the base PCM has been reported as one of the promising 

methods [30]. In such a way phase change composites (PCCs) are obtained. For improvement the erythritol thermal 

conductivity different additives were investigated such as expanded graphite [27], percolated aluminium filler [31], 

modified carbon nanotubes [28], vermiculate with graphite [32], spherical graphite [33], and nickel nanoparticles [33]. 

Researchers have also synthesized PCCs based on erythritol by addition of copper, aluminium, SiO2, and TiO2 

nanoparticles individually, which led to significant improvements in the thermal conductivity [34]. However, all of the 

aforementioned additives require at least to some extent specialized chemical preparation and processing techniques, 

and hence a readily available additive will be less complex in the PCC synthesis as well as more economical.  

Preliminary literature search shows that physicochemical properties of sodium chloride (NaCl) are convincingly 

appropriate to be used as an additive to erythritol, which has hardly been investigated so far. The key physicochemical 

properties of NaCl are presented in Table 1.  
 

Table 1. Physico-chemical properties of NaCl 

Property Magnitude Reference 

Specific heat, kJ kg-1 K-1  0.88 [35] 

Density, kg m-3 2176 [36] 

Thermal conductivity, W m-1 K-1 6.1 at 30 oC;  3.5 at 140 oC [37] 

Melting temperature, oC 803.4 [38] 

 

Hence, this study commenced with a hypothesis that, addition of NaCl as a higher thermal conductivity material than 

erythritol, will improve the overall thermal conductivity of the resulting PCC. Furthermore, NaCl being non-toxic can be 

conveniently used for steam cooking applications as it will not be harmful if any leaks or accidents occur in the system. 

Therefore, in this study, erythritol-NaCl PCCs were synthesized and experimentally investigated regarding intended 

thermal conductivity improvements. Also, parametric mathematical models were built using the estimated parameters 

to aid researchers to perform numerical studies on erythritol-NaCl PCCs.  

2. MATERIALS AND METHODS 

2. 1. Study design 

This study was conducted in three phases comprising: the synthesis of the erythritol-based PCCs, estimation of key 

physicochemical properties of the synthesized PCCs, and, ultimately, mathematical modelling to map variations in the 

key physicochemical properties as shown in Figure 1. Firstly, a certain quantity of pure erythritol was subjected to 

controlled heating (until complete melting) by using an electric heater followed by cooling such that the melting and 

solidification behavior could be observed. Further, as it was previously reported [39] that pure erythritol undergoes a 

mass loss when heated beyond approximately 220  oC, we have also verified such behavior of the material. Following 

preliminary investigations, erythritol-based PCCs were then synthesized, and the key physicochemical properties were 

estimated experimentally by using differential scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA). The 

obtained results were used to derive mathematical models for deeper interpretation. 
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Figure 1. A schematic representation of the study design adopted in the present work 

2. 2. Synthesis of the PCCs 

Erythritol-NaCl PCCs were synthesized at four different NaCl mass contents: 10, 20, 30 and 40 %. The composition 

was designed so that the obtained composite would exhibit both the latent heat of fusion of pure erythritol as well as 

the high thermal conductivity of NaCl. Analytical grade erythritol with 99 % purity was procured from Shandong Sanyuan 

Biotechnology, China for the synthesis and used without any further chemical and physical processing. Also, industry-

grade NaCl (Baba Chemicals, India) was utilized for the synthesis as commercial and edible grade NaCl are not 

recommended due to possible iodized form. All PCCs were synthesized by adopting the melting method from literature 

[40,41] so that NaCl was added to erythritol in molten state. A detailed schematic presentation of the procedure that 

was adopted for the synthesis of all PCCs is presented in Figure 2. 
 

 
Figure 2. This illustration depicts the synthesis methodology adopted in this current study.  In this procedure a 1000 W hot-plate 
apparatus (Sigma, India) was utilized for heating.  All of the synthesis procedures were carried out at PSG College of Technology and 
for each PCC synthesized, five sets of replicate experimentations were carried out. 
 

2. 3 Estimation of physicochemical properties of the obtained PCCs 

All of the synthesized PCCs were subjected to DSC-TGA experimental analysis. During the DSC-TGA procedure, the 

sample PCC was placed in an aluminium crucible and both materials were subjected to uniform heating, temperature 

development was monitored, and the resulting heat flux magnitudes were recorded. All DSC-TGA experimental analyses 

were performed by using a NETZSCH STA 449F3 STA449F3A-1100-M apparatus (NETZCH, Germany). Uniform heating 

rate of 10 K min-1 was applied in all investigations and all experiments were carried out in an N2 environment. All samples 

were subjected to the analysis up to 300 oC. High-temperature studies were not necessary in the present case since the 

synthesized PCCs are intended for TES applications for steam cooking purposes, and thus will not be subjected to very 

high temperatures. DSC-TGA analyses served to plot the heat flux ( ) and the sample mass in respect to the initial mass 
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(mpcc) as functions of the PCC temperature (T). A sample curve for the heat flux profile recorded for the erythritol sample 

is presented in Figure 3 for illustration.  


 /

 m
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 m
g-1

 

 
 T / °C 

Figure 3. An illustration of the DSC heat flux profile (obtained for erythritol sample) for interpretation 

 

From the heat flux profile, the peaking zone was identified as the phase transition zone [42] and the corresponding 

melting temperatures were recorded. Further, the area under the melting curve (Am) was utilized to estimate the latent 

heat of fusion () of the sample. The mathematical formulation utilized to estimate the latent heat magnitude from the 

DSC observation is presented by the equation (1):  

 = m

δ

δ

A

T

t

 (1) 

The activation energy (Ea)  was estimated by adopting the Coats-Redfurn method by utilizing the TGA thermo-

gram [43]. This method has been adapted from the Arrhenius equation [44-46]. In this method, the first order reaction 

is represented as in equation (2): 


=

− −
− −
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In the equation, α denotes the instantaneous fraction of the sample decomposed, A denotes the frequency factor, 

R is the universal gas constant and ’ is the employed heating rate (in the TGA process). In the Eq. (2), the term 

Ea / 2.3030R was estimated by estimating the slope of the plot of log [-log (1-α)/T2] vs. 1000/T. Then, the activation 

energy (Ea) was estimated by applying the equation (3): 

-Ea/2.303R = Slope (3) 

Thermal conductivities for all compositions were estimated by adopting the thermal resistance methodology. This 

method is based on the fundamental thermal conductivity equation as shown in the equation (4): 

Q = k (T/L) ACS (4) 

This methodology has previously been adopted by several researchers to estimate the thermal conductivity 

magnitudes from the DSC-TGA thermograms [47-49]. In this approach a plot of the differential power in DSC-TGA (ΔP) 

and the programmed temperature (Tpr) was determined, and the slope was equated to the thermal resistance (Rc) by 

adopting the equation (5): 

=


p c

2d

d R

P

T
 (5) 

Further, the thermal conductivity was estimated for each composition by utilising the equation (6):  
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The procedure was performed individually for solid temperature and liquid temperature ranges and ultimately the 

solid phase and liquid phase thermal conductivities were obtained. In the equations, k represents the thermal 

conductivity, Acs represents the cross-sectional area of the material, lh represents the height of the sample when placed 

in the DSC-TGA apparatus. Dimensions of the aluminium crucible equipped was utilised to estimate the dimensional 

parameters required to estimate the thermal resistance Rc. 

Further, the liquid fraction () was estimated by utilizing the model proposed by Beata et al. [50], as presented by 

the equation: 

 =
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were Tms denotes the onset temperature of melting, Tme denotes the completion temperature of melting. Also, the apparent heat 
capacity (C) was estimated independent of the mass by correlating the heat flux (), temperature (T), and time (t), by using the 
equation (8): 

C =  t / T (8) 

For the above correlation, the instantaneous heat flux magnitudes recorded by the DSC-TGA apparatus were utilised 

together with the corresponding instantaneous temperature. Further, the time needed for the sample to reach that 

particular temperature was also recorded and was utilised in the estimation. 

The charging time (tc) expressed per unit mass of the composites was observed in order to estimate the improvement 

of the material functionality by addition of NaCl. In this study, the charging time was discretized into three parts for the 

analysis. The time taken by the PCM/PCC to rise from the ambient temperature to the onset of melting (solidus 

temperature) was termed as solid sensible charging time (tss) and the time taken by the material to change phase 

completely was termed as melting time (tm). In other words, melting time can be considered as the time taken by the 

material to change from the onset melting temperature (Tms) to the end melting temperature (liquidus temperature). 

Further, the time taken by the material to rise from the end melting temperature (Tme) to the desired temperature is 

termed as liquid sensible charging time (tls). The total charging time was estimated by the summation of the afore 

mentioned charging times. Since this study is intended for a TES application in a steam cooking system, in the charging 

time estimation the final temperature was considered to be 140 oC. It is desired for PTCs for steam cooking applications 

to provide steam at a temperature in the range 140-160 oC to charge the PCCs, and hence the temperature was chosen.  

2. 4. Mathematical modelling of the estimated parameters 

Mathematical modelling of the estimated parameters for the PCMs and PCCs was performed in order to get an 

insight into the material behaviour at a holistic level. The Stefan’s condition for PCM mathematical modelling provides 

scope for individual parametric modelling of latent heat of fusion (), solid-phase thermal conductivity (ks) and liquid 

phase thermal conductivity (kl). The Stefan’s condition is presented by the equation (9) [24]: 

 = −
    

    
    

s l

s

δ δd ( )

d δ δ

T TS t
k

t t t
 (9) 

In the present study, parametric mathematical modelling of , ks and kl was performed by using the Gauss-Newton 

iterative algorithm and asymptomatic regression models were applied for modelling. The general form for asympto-

matic regression models (concave and convex) is presented as:  

f(x) =  1 –  2 e-
 3m (10) 

where 1, 2 and 3 represent asymptotic regression constants and m represents the content of NaCl in the composition.  
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3. RESULTS AND DISCUSSION 

3. 1. Preliminary investigations of erythritol 

Erythritol, when subjected to controlled heating was observed to thermally behave similarly to smart materials. 

When erythritol was heated, physical changes were absent up to 120 oC during which time the heat transfer was carried 

out completely by conduction. Beyond this temperature, there was a slight phase change near the bottom of the beaker, 

followed by considerable development in the melting front thereon. Further, during the phase change, motion of the 

solid and the liquid phases was observed due to the density difference, which indicates the convective heat transfer 

during the melting process. Change of color was not observed during the study. Upon completion of melting, erythritol 

appeared to be a viscous, clearly transparent liquid. Next, the liquid was allowed to naturally cool and after solidification, 

clear crystallite formation was observed. During solidification, the layer of the fluid facing the mouth of the beaker (in 

contact with air) and that in contact with the glass beaker were the first to solidify after which the solidification pattern 

spread out to the other parts of the material. Even though this preliminary investigation has provided an insight into 

the behaviour of the material; this investigation could not provide an accurate measurement of the melting temperature 

as the study was performed by using a conventional thermometer. The photographs of the melting and crystallization 

phenomena have been provided in the Supplementary material (Fig. S-1). But despite the shortcomings, heat absorption 

and heat releasing phenomena of the material have been well observed and this has paved the way for further intricate 

analysis.  

3. 2. Variation in the physicochemical parameters of the PCCs 

By the TGA analysis, mass losses of erythritol and all synthesized PCCs upon heating were determined. The plot of 

the sample mass in respect to the initial mass (mpcc) vs. temperature is presented in Figure 4(a). It can be observed that 

all investigated materials behave similarly. Initiation of the significant the mass loss was only near 220 oC. If the TGA 

plot is intricately observed, it can be noticed that erythritol shows lower mass stability than its derivative PCCs. At 300 oC, 

it can be observed that there is only 20% of the residual mass of erythritol, whereas nearly 60 % residual mass for the 

40 % NaCl material. For the materials with 10 and 20 % NaCl, the mass residual was 40 % , while for the 30 % NaCl 

material, it was nearly 25 %. The PCC with 20 % NaCl showed a profile with a sharp, though statistically insignificant 

drop (2.7 %) in the mass during the initial stages of heating.  

The thermal degradation temperature (Td) of the PCCs is presented in Figure 4(b) while the heat flux in Figure 4(c). 

A steady decrease in the heat flux during the initial stages of heating can be observed for all materials, followed by a 

steep descent and minimum and then another steady region. The largest minimum heat flux value was determined for 

erythritol while the lowest for the PCC with 40 % NaCl. In all cases, the melting zone lies between 110 and 140 oC. The 

area of the peak flux was evaluated and the latent heats of fusion were estimated according to the Eq. (1). The 

differential (T/t) was experimentally recorded. The results are presented in Figure 4(d) showing that the latent heat 

of fusion decreases with the increase in the NaCl content in the PCC. From the heat flux graph, the onset of melting 

temperature (Tms), peak melting temperature (Tmp), and the end melting temperature (Tme) were estimated (Fig. 4(e)). 

It can be observed that the addition of NaCl has not imposed any significant change in the melting range. Nevertheless, 

the fact that the magnitudes of Tms for compositions of 20-40 % NaCl are lower than those for 0 and 10 % NaCl, the 

decrease has been considered insignificant as the difference between the highest and the lowest Tms magnitude is only 

5.2 %. The highest Tms magnitude has been reported for 10 % NaCl (120.3 oC) case and the lowest magnitude has been 

reported for 40 % NaCl case (114 oC). 

Activation energies were estimated by adopting Eqs. (2)-(3). The estimated activation energies are presented in the 

Supplementary material (Fig. S-2). All investigated PCCs have shown statistically equivalent activation energies. It should 

be noted that the PCCs with 20 and 30 % NaCl have shown similar magnitudes of both the latent heat of fusion and the 

activation energy. Solid and liquid phase thermal conductivities were calculated by using the Eq. (6). Estimated solid and 

liquid thermal conductivities are presented in Figure 5(a) showing significant increases in magnitudes up to nearly 3 and 

2.5 times, respectively.  
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Figure 4. a - variation in the sample mass in respect to the initial mass (mpcc) vs. T during the TGA analysis; b - variation in the 
thermal degradation temperature (Td) with respect to the mass content of NaCl; c - variation of the instantaneous heat flux () with 
temperature; d - the variation in the latent heat of fusion () with respect to the mass content of NaCl; e - variation in the various 
melting temperatures (Tms, Tmp and Tme) with respect to the mass content of NaCl. Data presents average values of 3 experimental 
repetitions. In the figures, m indicates the content of NaCl in erythritol 

 

Liquid fraction profiles calculated based on experimentally determined temperature values and Eq. (7) are presented 

in Figure 5(b). Apparent heat capacity profiles calculated by using Eq. (8) and experimental values are presented in 

Figure 5(c). The heat capacities showed a sharp increase during the onset of melting and a sharp decrease during the 

end of melting. The T-history was generated by utilizing the equipment logger. As a uniform heating rate was provided 

to the material, the corresponding material temperature was also recorded. Temperature history (T-history) of the 

investigated materials is determined and presented in Figure 5(d). It can be observed that the PCCs exhibited faster 

melting than erythritol. To intricately analyse the T-history phenomenon, a specific temperature zone between 100 to 

130 oC is enlarged (Fig. 5(e)) showing that the increase in NaCl content enhances the temperature increase rate of the 

PCCs. The T-history profile presents the duration of temperature development for one milligram of the sample. Hence 

it can be stated that the addition of NaCl to erythritol reduces the charging time of the obtained PCCs. 
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Figure 5. a - variation of solid thermal conductivity ks and liquid thermal conductivity kl with respect to the quantity of NaCl in 
erythritol; b - variation in liquid fraction () contour with respect to temperature; c - variation of apparent heat capacity (C) with 
temperature; d,e - T-history of the PCC samples. In the figures, m indicates the content of NaCl in erythritol 
 

The total charging time per unit mass of the PCC along with times of separate charging phases is presented in Figure 6.  
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Figure 6. Variation of charging time with respect to the quantity of NaCl in 
the base PCM erythritol. In the figure, m indicates the content of NaCl in 
erythritol  m / wt.% 
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From the figure, it is apparent that the charging time decreases with an increase in the NaCl fraction, and it is 

interesting to further note that the solid sensible time contributes the most to the overall charging time. In the Figure 6, 

tss denotes the solid sensible time, tls denotes the liquid sensible time, tm denotes the melting time and tc denotes the 

charging time. All time components indicate the time for one milligram of the samples. A detailed description on the 

various time components is provided in the Materials and Methods section 

3. 3. Discussion on the thermal behaviour of the PCCs 

The obtained experimental results have been compared to the observed charging times. It can be inferred that the 

solid thermal conductivity plays a major role in the sensible heat transfer in the PCCs. By comparing Figures 5(a) and 6, 

it can be noted that there is a decrease in the solid sensible charging time with a proportional increase in the solid 

thermal conductivity magnitude. Also, it can be observed that although there is a significant increase in the liquid 

thermal conductivity magnitudes, the liquid sensible time has not shown any significant change. This phenomenon is 

due to the basic phase change mechanism that liquid heat transfer is convection-dominated. However, the DSC-TGA 

analysis cannot give information on the convection magnitude. This study was commenced with a hypothesis that the 

addition of a higher thermal conductivity material will decrease the charging time of the resulting PCCs and the 

hypothesis has been validated by using the experimental observations. Table 2 presents the variation in the key 

physicochemical parameters of the PCCs in a more comprehensive way. 
 

Table 2. Variations in parameters (in comparison to those of pure erythritol) 

mNaCl / wt.% Increase of ks, % Increase of kl, % Decrease of , % Decrease of tc, % 

10 9 6 1 36 

20 58 23 14 37 

30 100 82 14 37 

40 173 156 37 41 
 

The current experimental observations indicate a decrease in the latent heat with the increase in the thermal 

conductivity, which conforms to several literature reports. For instance, a study on nanoparticle dispersed in a PCM has 

shown the latent heat variation for the PCCs before and after addition of nanoparticles [51]. Also, it has been observed 

that the latent heat of phase transition decreases with the addition of a high thermal conductivity material in many 

systems studied in literature such as: eicosane - silver nanoparticle PCC, octadecane-CuO nanoparticles PCC, 1-do-

decanol-graphite nanoparticles PCC, RT22-graphene nanoparticle PCC, etc. Similarly, in another research it was reported 

that addition of graphene nanoparticles to pure erythritol, there was a decrease in the latent heat with the increase in 

the thermal conductivity [41].  

The observed heat flux profiles can be utilized as an indication of the trend of the latent heat of fusion. It can be 

observed from Figure 5(c), that the highest heat flux peak was achieved for erythritol (having the highest latent heat) 

while the lowest peak was observed for the PCC with 40 % NaCl (having the lowest latent heat). Hence, the heat flux 

curve can be presented as a comparative model to infer whether there is a decreasing or an increasing trend in the 

latent heat. However, computations have to be made to estimate the exact magnitude of the latent heat of fusion. Also, 

it was observed that the thermal degradation temperature (td) for all the composites is nearly 220 oC. From the TES 

application perspective, the maximal application temperature will be 140 oC and hence all the investigated PCCs are 

suitable for this use. Further, the estimated activation energy for all of the cases conforms to the limits of activation 

energy for sugar alcohols [52]. It has been observed that the magnitudes of the key physicochemical parameters 

estimated for erythritol conform to several literature sources, as shown in Table 3.  
 

Table 3. Comparison of parameters for erythritol determined experimentally in the present study with literature reports. 

Parameter Current Study Literature reports Reference 

ks / W m-1 K-1
 0.798 0.733 [53] 

kl / W m-1 K-1 0.357 0.326 [53] 

 / k J kg-1 280.7 284 - 370 [54] 

Tmp
 / oC 121.7 120.39, 120 [29],[41] 
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3. 4. Mathematical modelling of the parameters and discussion 

To aid the solution for a typical Stefan problem, mathematical models were formulated for predictions of latent heat 

of fusion, solid thermal conductivity and liquid thermal conductivity. The mathematical models are presented by Eqs. 

(10) - (13) and the graphical form of the models is presented in Figure 7. In the equations, m represents wt.% of NaCl in 

the material. 

 = 289.798 – 10.0862 e0.0598649m (11) 

ks = 0.387994 + 0.375957 e0.03905574m (12) 

kl = 0.294262 +0.0435885 e0.0659759m (13) 
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Figure 7. a - graphical form of the latent heat of fusion model; b - residuals for the latent heat of fusion model; c -  graphical form of 
the solid thermal conductivity model. ; d - residuals for the solid thermal conductivity model; e -  graphical form of the liquid thermal 
conductivity model; f -  residuals for the liquid thermal conductivity model. In the figures, residuals indicate the difference between 
the observed value and the fitted value. Further, observation order indicates the index of the input wt.% magnitude of NaCl. Since 
there are 5 compositions, five observation orders were reported. Furthermore, CI represents the Confidence Interval and PI 
represents the Prediction Interval for the regressions. m indicates the content of NaCl in erythritol 

 

As it is shown, all of the model predictions are within a 95 % confidence level and can be used as a tool to predict 

the behaviour of key physicochemical properties of the PCCs. From an applicability perspective, the models can be 

utilized for an effective system design. While selecting a specific composition of the PCC for the desired application, 

these mathematical models can be utilized to estimate the mass of the PCM/PCC required and thereby aid the system 

sizing. To facilitate optimization and to completely study the holistic behavior of the PCCs, four graphical contour models 

were built using the DSC-TGA observations and the constructed mathematical models (Fig. 8). The models were 

constructed by utilizing the distance method of interpolation and by utilizing a regular mesh for estimation [55]. Since 

a regular mesh and a uniform interpolation method was adopted, 5 observatory data values were sufficient for the 

construction of the models. The contour models plot solid thermal conductivity and liquid thermal conductivity in two 
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dimensions and consider the latent heat of fusion, melting time, the quantity of NaCl and peak melting temperature in 

the third dimension individually. 
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Figure 8. Contour plots of the solid (ks) and liquid (kl) thermal conductivities with respect to different parameters: a - latent heat of 
fusion (); b - melting time (t); c - mass content of NaCl; and d - peak melting temperature (Tmp). In the figures, m indicates the 
content of NaCl in erythritol. 

 

From Figure 8(a), it can be inferred that lower solid thermal conductivity and lower liquid thermal conductivity are 

connected with a higher latent heat of fusion. Also, Figure 8(b) presents the apparent notion that the higher the thermal 

conductivities, the lower will be the charging time. When correlated with the contour from Figure 8(c), it can be inferred 

that the higher quantities of NaCl result in higher magnitudes of thermal conductivity. Figure 8(d) gains attention as it 

presents a unique understanding of the peak melting temperature of the NaCl containing PCCs. Since the peak melting 

temperature (Tmp) was estimated in relation to the solid and thermal conductivities, this visualisation presents an 

understanding from a thermal conductivity perspective. If it is compared with Figure 8(c), it can be noted that this 

behaviour of Tmp is inverse to that of the NaCl mass content behaviour. From a broader perspective, it was discussed earlier 

that the melting temperature was not significantly changed with the addition of NaCl. Despite insignificant magnitude 

changes, this contoured model has provided an insight that the higher the thermal conductivities, the lower will be the 

peak melting temperatures. The built contour plots are valid and reliable as they reflect the DSC-TGA observations.  

4. CONCLUSION 

In summary, this study has experimentally investigated the thermal behaviour of the erythritol-NaCl PCCs. NaCl has 

been identified as a potential additive to erythritol as it significantly improved the thermal conductivity of the 

composites, thereby reducing the charging time. Also, it has been observed that there is an insignificant change in the 

melting temperature and the activation energy of the PCCs with the addition of NaCl. Further, the DSC-TGA based 

approach has been inferred to be effective for thermal investigations of PCMs and PCCs as it is systematic providing 

explicit and implicit estimation of multiple parameters, and hence the methodology is highly recommended for similar 

investigations. The experimental results were shown as reliable by the comparison with literature reports for erythritol 

PCMs. Further, the formulated mathematical models and graphical interpretations find applicability in optimizing the 
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composition and also in the TES system design. From a steam cooking perspective, the synthesized erythritol-PCCs can 

be envisaged as a potential thermal storage medium that does not degrade at the application temperature.   
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(Naučni rad) 

Izvod 

Zbog niske toplotne provodljivosti organskih faznopromenljivih materijala (phase change materials-

PCM), njihova primena u sistemima za skladištenje toplotne energije zahteva korišćenje odgovarajućih 

tehnika radi poboljšanje prenosa toplote. Cilj ove studije je bio poboljšanje toplotne provodljivosti 

eritritola kao faznopromenljivog materijala, korišćenjem natrijum-hlorida (NaCl) kao aditiva, tako da se 

materijal može primeniti za sisteme za kuvanje na pari kada je integrisan sa solarnim paraboličnim 

kolektorima. Eritritol-NaCl smeše su sintetisane metodom topljenja, a ključne fizičko-hemijske osobine 

smeše su određene primenom diferencijalne skenirajuće kalorimetrije (DSC) u kombinaciji sa termo-

gravimetrijskom analizom (TGA). Resultati pokazuju da je došlo do značajnog poboljšanja toplotne 

provodljivosti eritritola sa dodatkom NaCl u odnosu na čist eritritol. Takođe, termičko ponašanje 

materijala ukazuje na to da je pogodan za kuvanje na pari. Razvijeni matematički modeli zasnovani na 

eksperimentalnim rezultatima u ovoj studiji, mogu se potencijalno koristiti za dalja istraživanja 

kompozita eritritol-NaCl.

Ključne reči: kompoziti (smeša); 

skladištenje latentne toplote; 

matematičko modelovanje; kuvanje na 

pari; toplotna provodljivost 
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