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Abstract 

Binary mixtures based on commercial grade fatty acids i.e. 

palmitic acid (PA),stearic acid (SA) and acetamide (AC), that 

normally used as a solid-liquid phase change material (PCM) 

for thermal energy storage (TES)applications. Therefore, 

series of binary mixtures, i.e., PA-SA with weight percentages 

of (05/95, 10/90, 15/85, 20/80, 25/75, 30/70, 35/65, 40/60, 

45/55, 50/50, 55/45, 60/40, 63/35, 70/30, 75,25, 80/20, 85/15, 

90/10and 95/05), PA-AC and SA-AC developed with weight 

percentages of (10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 

70/30, 80/20 and 90/10). Differential Scanning Calorimetry 

(DSC) is used to find the melting temperature and latent heat 

of fusion of the developed binary mixtures. The results 

showed that the melting temperatures of the binary mixtures 

were lie in the range of about 55–70oC along with 125–200 

kJ/kg latent heat of fusion range, therefore it is fairly 

acceptable to suggest these mixtures for the solar drying 

applications. 

Keywords: Phase change materials; Energy storage; Fatty 

acids; Latent heat storage  

 

INTRODUCTION 

Drying is a necessary procedure in the conservation of 

agricultural and marine products such as vegetables, fruits, 

chili, cocoa, coffee, tea, fish, and seaweed. Usually, crop 

drying has been dried under the open sun drying conditions 

and accomplished by means of burning fossil fuels and wood 

in chambers. Therefore, the environment is going to pollute 

due to the burning of the fossil fuels and henceforth many 

environmental issues came out globally. Other many problems 

such as labor-intensive, time-consuming, requiring huge open 

space area, and in additiona lot of dependent on the 

availability of solar radiation are regular (Prakash and Kumar 

2014; Fudholi et al. 2015; Kant et al. 2016a).  

Solar energy is environmentally friendly and abundantly 

available at the whole part of the earth. Solar-drying based 

technology offers an alternative approach which can process 

the vegetables and fruits in clean, dirt free, hygienic and 

sanitary conditions to national and international standards 

with zero energy costs. The drying technology saves a lot of 

energy during the process, occupies a smaller amount of area 

and generally improves the quality of the product. Further, 

due to the use of the solar drying technologies, environmental 

problems related to fossil fuel burning can also be reduced 

(Sharma et al. 2009a).   

As solar energy is intermittent by its nature; however, there is 

no sunshine availability during the night time. Its total 

available value is seasonal and is also dependent on the 

meteorological conditions at the locations. Irregularity is the 

major retarding issue for extensive solar energy utilization for 

any type of the applications. Of course, the reliability of solar 

energy can be improved by storing its portion when it is in the 

surplus of the load and using the stored energy whenever it’s 

required. Therefore, energy storage is required and playing an 

important role to TES systems, which depends generally on 

solar energy (A.Abhat 1983). It manages temporal 

mismatches between the load and the intermittent or 

unpredictable energy source, thus improving the system 

performance and effectiveness. Solar radiation cannot be 

stored as such; therefore, a storage device is needed, which 

should be fulfilled with the PCMs to store the available 

thermal energy during the process and can be reversed back 

whenever it’s required (Sharma et al. 2009b). 

Latent heat storage (LHS) in a PCM is extremely attractive for 

solar drying (Kant et al. 2016b); because of its high energy 

storage density and its isothermal nature during the phase 

change. In addition, PCM is an option to rationalize the high 

cost and power utilization in a TES. As electrical energy costs 

is rising gradually and the desire for better load management, 

TES systems with PCMs has made great progress in recent 

past years (Abhat 1983; Zalba et al. 2003; Khudhair and Farid 

2004; Sharma et al. 2009b).However, the high cost of the 

PCMs is the biggest drawback, which restricts their use in 

TES system. In recent times, a lot of inorganic and organic 

PCMs and their mixtures have been studied for impregnating 

into TES systems (Tunçbilek et al. 2005; Alkan and Sari 

2008; Karaipekli and Sari 2008). The basic materials of fatty 

acids are derivative from the ordinary vegetable and animal 

sources, which assured a frequent supply even though the lack 

of fuel sources (Feldman et al. 1989; Cedeño et al. 2001; 

Chuah et al. 2006). In general, only small volume changes 

found during melting or solidification in fatty acids. 

Additionally, little or no super-cooling has seen within these 

materials during the phase transition, which is also a 

significant advantage over many other PCMs. Generally, fatty 

acids are commercially available in the local market, which 

mostly produced in large amounts of plastics, cosmetics, 

textile and other industries.  

As of now, there be short of commercial contemptible PCMs 

for the solar drying applications. However, in general, the 

higher cost of these materials is the major drawback which 

restrains the utility area of them in TES systems. That is why 
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the use of fatty acids (commercial grade) as form-stable PCM 

will increase their feasibilities with respect to the cheap price 

in TES applications (Sharma et al. 2013; Sharma et al. 2014). 

Amongst the studied fatty acids, the capric acid, lauric acid, 

myristic acid, palmitic acid, stearic acid and acetamide are 

potential, abundant and commercial materials for heat storage 

in TES systems from points of view of melting temperature 

and latent heat of fusion (Abhat 1983; Hasan 1994; Sharma et 

al. 2000; Sari and Kaygusuz 2001; Sari and Kaygusuz 2002). 

On the other hand, the thermal strength or the steadiness of 

thermal performance of a PCM and the compatibility with the 

construction material over a lengthy period-application are 

extremely significant criteria for the successful solar heat 

storage applications (Sharma et al. 2002; Karaipekli and Sari 

2008; Sharma and Shukla 2015). 

The phase change temperatures of a PCM can be easily 

adjusted to a proper temperature by mixing with other 

PCM/additives at a suitable ratio. Appropriate phase change 

temperature and a high melting enthalpy are two essential 

necessities for a PCM to be valid in any type of TES systems. 

Hence, in recent times, several research works were mostly 

centered towards the synthesis of solid-liquid PCMs. The aim 

of this study is to develop low-cost PCMs for solar drying 

applications. Therefore, the binary mixtures based on 

commercial grade fatty acids developed with different mass 

percentages (10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 

80/ 20 and 90/10) and their thermal properties measured 

through the DSC technique. The developed PCMs within the 

present work can use for solar drying applications and would 

be easily available in the industrial market in Asian nation or 

moreover as in alternative countries. 

 

MATERIALS, METHODS AND MEASUREMENT 

TECHNIQUES 

Commercial grade fatty acids (purity >98%) such as PA, SA 

and AC supplied from the Burgoyne Pvt. Ltd. company 

utilized promising PCMs for this study and utilized without 

sanitization. To develop the PCMs, a series of binary 

mixtures, i.e., PA-SA with weight percentages of (05/95, 

10/90, 15/85, 20/80, 25/75, 30/70, 35/65, 40/60, 45/55, 50/50, 

55/45, 60/40, 63/35, 70/30, 75,25, 80/20, 85/15, 90/10and 

95/05), PA-AC and SA-AC developed with weight 

percentages of (10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 

70/30, 80/20 and 90/10) as also specified in authors group 

previous research work (Sharma et al. 2013; Sharma et al. 

2014). Thirty-seven samples (100 g each) formed by mixing 

in a melted state, kept at room temperature for one hour. A 

semi-analytical digital balance (accuracy ±0.0001 g) 

additionally used to quantify the weight of the developed 

samples (g). 

In this research work, thermal properties of the samples 

measured by employing a DSC 4000 PerkinElmer model 

instrument at 2oC min-1 under a constant stream of nitrogen at 

a rate of flow of 20 ml min-1. The largest deviation in heat 

content measurements was ±2% and also the largest deviation 

in temperature measurements was ±0.1oC as additionally 

reported within the previous research work (Sharma et al. 

2013; Sharma et al. 2014). Thermal properties i.e. melting 

temperature (Tm), freezing temperature (Tf), latent heat of 

fusion (λm) and crystallization (λf) of fatty acids procured 

from market measured by DSC for heating/cooling 

applications and information provided by the manufacturer are 

given in Table 1.  

 

Table 1. Thermophysical properties of fatty acids (Sharma et al. 2013; Sharma et al. 2014) 

Fatty 

Acid 

Melting  Range 

(oC) 

*Melting Point 

(oC) 

*Latent heat of 

fusion (kJ/kg) 

*Freezing 

point 

(oC) 

*Latent heat of 

Crystallization (kJ/kg) 

Purity 

(%) 

Cost** 

(USD) 

PA 60-63 64.25 206.11 58.93 208.67 99.0 4.80 

SA 68-69 57.73 180.79 51.70 180.05 99.0 3.35 

AC 78-81 83.58 214.59 44.36 172.72 98.0 6.72 

*Measured through D.S.C. with 2oC scanning heating/cooling rate. 

**Cost (US$) 

 

RESULTS AND DISCUSSION  

A few major hurdles typically faced within the TES systems, 

such as uncertainties regarding the long-term thermal 

performance and the small number of proper PCMs for the 

TES applications. A lot of research has been done in this 

particular direction, however; still, there is a requirement for 

new PCMs developments, which might fulfill the necessities 

of the user and would be easily available in the local 

commercial market. 

A couple of real problems regularly met inside the TES 

frameworks, for example, instabilities with respect to the long 

haul warm execution furthermore the little number of suitable 

PCMs for the TES applications. A ton of examination has 

been done in this specific course, nonetheless; still, there is a 

prerequisite for new PCMs advancements, which may satisfy 

the necessities of the client and would be effectively 

accessible in the nearby business market. 

Three technical grade fatty acids, i.e., PA (Tm = 64.25oC, λm = 

206.11 kJ/kg), SA (Tm = 57.33oC, λm = 180.79 kJ/kg) and AC 

(Tm = 83.58oC, λm = 214.59 kJ/kg) were identified in this 

research work. The DSC heating/cooling curves of PA and 

SA, for the 0th cycle, are given in authors newly published 

research articles (Sharma et al. 2013; Sharma et al. 2014).  

Pure acids are characterized by a single peak within the DSC 

graph that is additionally sharp and well-defined. Samples for 

the present study were developed in the laboratory to observe 
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their onset temperature, melting temperature and latent heat of 

fusion in the course of DSC analysis with a scan rate of 

2oCmin−1 for PA-SA, PA-AC, and SA-AC composition. The 

estimated cost of the PCMs in US$ along with the data 

generated from the DSC curves are also given in Table 2, 

Table 3 and Table 4. 

 

Table 2. Thermal properties of the developed PA-SA eutectic 

S.  

No 
PCM wt. % (PA) wt. % (SA) ^  Tm  Cost** (USD) 

1 PASA-05 5 95 58.97 61.45 160.36 3.42 

2 PASA-10 10 90 55.11 57.70 124.76 3.50 

3 PASA-15 15 85 57.72 59.84 179.57 3.57 

4 PASA-20 20 80 55.06 57.41 176.40 3.64 

5 PASA-25 25 75 56.52 59.20 178.58 3.71 

6 PASA-30 30 70 55.10 57.23 175.72 3.79 

7 PASA-35 35 65 56.74 58.44 194.05 3.86 

8 PASA-40 40 60 52.54 56.60 184.04 3.93 

9 PASA-45 45 55 56.58 58.14 184.14 4.00 

10 PASA-50 50 50 53.14 56.24 175.57 4.08 

11 PASA-55 55 45 54.95 57.25 183.32 4.15 

12 PASA-60 60 40 55.89 57.71 184.28 4.22 

13 PASA-65 65 35 56.97 58.23 181.49 4.29 

14 PASA-70 70 30 55.45 57.41 192.57 4.37 

15 PASA-75 75 25 59.28 60.97 170.09 4.44 

16 PASA-80 80 20 54.32 59.12 176.85 4.51 

17 PASA-85 85 15 60.74 62.23 185.41 4.58 

18 PASA-90 90 10 58.65 61.47 170.63 4.66 

19 PASA-95 95 5 59.87 63.67 196.98 4.73 
*Measured through D.S.C.,  

^ Onset temperature (oC) 

**Cost (US$) 

 

Table 3. Thermal properties of the developed PA-AC binary mixtures 

S. 

No. 

wt. % (PA) wt. % (AC) First Peak Second Peak Cost** (USD) 

 ^  Tm  ^  Tm  

1 10 90 67.11 69.03 69.43 53.26 55.18 45.10 6.38 

2 20 80 53.93 55.39 51.72 - - - 6.05 

3 30 70 52.24 55.03 118.53 - - - 5.71 

4 40 60 53.43 55.48 83.07 71.36 71.52 15.99 5.37 

5 50 50 53.56 55.82 144.01 - - - 5.04 

6 60 40 54.87 55.72 143.98 - - - 4.70 

7 70 30 56.93 59.42 187.03 - - - 4.36 

8 80 20 57.74 59.61 190.34 - - - 4.02 

9 90 10 55.16 58.00 184.79 - - - 3.69 
*Measured through D.S.C.,  

^ Onset temperature (oC) 

**Cost (US$) 
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Table 4. Thermal properties of the developed SA-AC binary mixtures 

S. No wt. % (SA) wt. % (AC) First Peak Second Peak Cost** 

(US$) 

^ Tm  ^ Tm  ** 

1 10 90 64.22 67.80 125.02 - - - 6.53 

2 20 80 68.83 69.86 50.56 39.96 43.24 49.56 6.34 

3 30 70 51.98 53.50 153.37 68.90 69.59 22.51 6.14 

4 40 60 41.50 44.25 72.70 52.99 55.77 16.87 5.95 

5 50 50 42.19 47.81 60.12 59.14 68.01 54.58 5.76 

6 60 40 39.34 46.46 135.53 - - - 5.57 

7 70 30 41.41 55.75 127.38 - - - 5.38 

8 80 20 39.83 48.08 137.60 - - - 5.18 

9 90 10 41.42 46.10 138.28 - - - 4.99 
*Measured through D.S.C.,  

^ Onset temperature (oC) 

**Cost (US$) 

 

It had been hard to discover techniques to guess melting 

temperature and latent heat of fusion in mixtures based on the 

pure fatty acids (Cedeño et al. 2001). It was also observed that 

melting temperature of a mixture of two fatty acids was 

forever lower in the fatty acid (Martinenghi 1950). The 

performance of temperature versus composition in binary 

mixtures of fatty acids, where the existence of minimum 

melting points is seen; it is demonstrated that the approach of 

fatty acid mixtures was entirely non-ideal (Markley 1947). 

The similar trend was found during this research work.   

Generally, nine samples developed with a unique mass 

fraction of PA and SA fatty acids with proper mixing. Taking 

into account these outcomes, it can be clarified that the 

melting temperature of the samples follows a turndown 

behavior with an increase in the concentration of PA within 

the binary mixture. The sample of PA-SA (05/95wt. %) 

indicated 61.45oC melting temperature as well as 160.36 kJ/kg 

as a heat of fusion. On the other hand, the melting temperature 

of PA-SA samples (05/95,10/90, 15/85, 20/80, 25/75, 30/70, 

35/65, 40/60, 45/55, 50/50, 55/45, 60/40, 63/35, 70/30, 75,25, 

80/20, 85/15, 90/10and 95/05) were in between 56.24-

63.67oCtemperature range, whereas the latent heat of fusion 

varies in the range of 124.76-196.98 kJ/kg, that showed that 

these developed binary mixtures can be recommended for 

TES applications.  

As the proportion of PA expanded in the samples from 05wt. 

% to 95wt. %, the melting temperature observed almost in the 

range of56.24- 63.67oC with a reasonable amount of latent 

heat of fusion, that is absolutely similar as desired for solar 

drying applications. It can be seen from the table that onset 

temperature about remains terribly near to the melting 

peak(within 2-5oC temperature difference), that additionally 

shows the sharp behavior of the developed energy storage 

materials throughout the charging mode. Fig. 1 shows the 0th 

heating cycle of PA–SA samples (10/90, 20/80, 30/70, 40/60, 

50/50, 60/40, 70/30, 80/20 and 90/10 wt.%) and it's clearly 

seen that there's solely minor variation within the melting 

temperatures because the weight proportion of PA increased 

from 05wt. % to 80wt. %.  However, once PA weight 

percentage increased from 80 wt. % to 95wt. %, melting 

temperature were higher than the previous samples (05wt. % 

to 70 wt. %), that are the impact on the higher percentage of 

the PA within the binary mixtures. A binary mixture of the 

sample (05/95wt.%) demonstrated61.45oC is melting 

temperature, despite the fact that there is a slight change in the 

phase change temperatures of the sample as compared to the 

other developed binary samples and it is almost near to pure 

PA melting temperature range (60-63oC) because of the high 

mass percentage of the PA in the binary sample. Eutectic 

samples prepared in the laboratory for PA–SA composition to 

find out their melting temperature and latent heat of fusion 

through DSC analysis technique with a scan rate of 2oC min−1 

and data obtained from the DSC curves were also given in 

Table 2. 

Followed by the same methodology as mentioned in the above 

text, binary mixtures of PA and AC with appropriate mixing 

were prepared. DSC curves of samples (10/90, 20/80, 30/70, 

40/60 wt. %) did not get a rapid peak as an outcome of the 

material. The causes for this happening can be both materials 

were not compatible with each other for appropriate mixing, 

therefore within the DSC results two separate peaks were 

shown(D. Feldman 1989; Feldman et al. 1989). The melting 

temperature of PA–AC samples (50/50, 60/40, 70/30, 80/20 

and 90/10 wt.%) were 55.82, 55.72, 59.42, 59.61oC and 58oC, 

respectively. The heat energy was 144.01 kJ/kg, 143.98 kJ/kg, 

187.03 kJ/kg, 190.34 kJ/kg and 184.79 kJ/kg respectively that 

proved that these three developed materials, had adequate 

amount of the latent heat of fusion. As the percentage of PA 

extended inside the binary samples from 50 to 90 wt. %,the 

melting temperature was found within the range of 55–60oC 

and the latent heat of fusion were in the range of 140–200 

kJ/kg that is reasonably comfortable for the TES applications. 

Samples (70/30, 80/20 and 90/10 wt. %) showed the melting 

temperature nearby the 58-60oC, which is rather different than 

the previous range binary mixtures and it is nearly close to 

pure PA (60oC) melting temperature range and It happened 

due to the high mass percentage of the PA within the binary 

sample. The same phenomena was occurred in the sample 

(10/90 wt. %), which melting point was near to the AC 

melting point as it was also expected. The data obtained from 

the DSC curves of the PA-AC binary mixtures are also 

presented in Table 3.  



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 11 (2018) pp. 9460-9467 

© Research India Publications.  http://www.ripublication.com 

9464 

 

Figure 1. DSC curve of PA-SA (10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/ 30, 80/20 and 90/10 wt.%) binary mixture 

for 0th Cycles with a scan rate of 2oCmin−1. 

 

 

Figure 3 .DSC curve of PA-AC (50/50, 60/40, 70/30, 80/20 and 90/10 wt.%) binary mixture for 0th Cycles with a scan 

rate of 2oCmin−1. 
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Figure. 3 DSC curve of PA-AC (90/10 wt.%) binary mixture for 0th heating/cooling cycle with a scan rate of 1◦C min−1, 

2◦C min−1 and 4◦C min−1. 

 

Fig. 2 also shows the 0th heating cycle of PA–AC samples 

(50/50, 60/40, 70/30, 80/20 and 90/10 wt.%) and it is clearly 

seen that there is only minor variation within the melting 

temperatures because the weight percentage of PA increased 

from 50 wt. % to 90 wt. %.   On the other hand, when PA 

weight proportion greater than 60 wt. %,  melting temperature 

were found higher than the previous samples, that is the 

impact on the higher percentage of the PA within the binary 

mixtures. 

Followed by the similar tactic as mentioned in the above text, 

binary mixtures of SA and AC with suitable mixing were 

prepared. The samples SA-AC (10/90 wt. %) showed 67.80oC 

melting point along with 125.02 kJ/kg as latent heat of fusion, 

which shown the impact of the higher percentage of the AC in 

the sample as it also seen in the previous results. The melting 

temperature and latent heat of fusion of the sample is 

reasonably sensible for a lot of TES applications such as solar 

water heating systems, solar drying systems, and solar 

cooking systems. On the other hand, the next three binary 

mixtures (20/80, 30/70, 40/60 and 50/50wt. %)did not get a 

sharp peak because in cooperation these materials were not 

compatible with each other in this prescribed ratio. That is 

why within the DSC results two separate peaks were found, 

that is similar as found within the PA-AC samples (10/90 and 

40/60 wt. %) DSC curves analysis. 

The melting temperature of SA–AC samples (60/40, 70/30, 

80/20 and 90/10 wt. %) were 46.46, 55.75, 48.08 and 46.10oC 

respectively. The heat energy was 135.53 kJ/kg, 127.38 kJ/kg, 

137.60 kJ/kg and 138.28 kJ/kg respectively that proved that 

these three developed materials, have sufficient amount of the 

latent heat of fusion, by which these material can be 

recommended for the TES applications.  As the percentage of 

PA extended inside the binary samples from 60 to 90 wt. %, 

the melting temperature was found within the range of 45–

55oC and the latent heat of fusion were in the range of 125–

140 kJ/kg that is reasonably pleasant for the TES applications. 

The data obtained from the DSC curves of the PA-AC binary 

mixtures are also presented in Table 4. 

Considering the significance of heat flow rate within the DSC 

measurements, diverse heating/cooling scan rate were 

conducted for 0th cycle of PA–AC sample with 90/10 wt.% to 

see the impact of scan rate on the melting temperature and 

latent heat of fusion (Fig. 3). The sample was scanned during 

a cyclic mode with the heating/cooling rate (1, 2 and 4oC min-

1) under a continue constant stream of nitrogen at a flow of 20 

ml min-1 to find out the result of the heating/cooling rate on 

the onset temperature (Sharma et al. 2006; Sharma et al. 

2013).From the figure, obviously, the onset temperature about 
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remains entirely comparative and does not depend upon the 

rate of heating or cooling, in light of the way that the same in 

like manner reported by a few researcher. Since all of the peak 

onset curves in the figure are a digression, the melt onset 

temperature has a small difference which provides a 

characterization freed from scan rate whereas the peak 

temperatures vary with scan rate. Diverse scan rate produces 

different magnitudes of heat flow throughout the melt 

transition. The heat flow versus temperature plot has poorer 

peaks at lower examine rates. It is likewise clear that on the 

grounds that the heating rate decrease, the peak shift in the 

direction of subordinate temperature drastically(Suppes et al. 

2003). 

A cost assessment could not be mentioned because of non-

accessibility of the standard information for the same, 

however, the PCMs developed within the author’s lab is 

reasonably at the cheaper price as compared to existing 

materials for the similar TES applications. The evaluated cost 

for the developed PCMs was found inside the scope of 3–7 

$/kg, which can even be reduced to 3–4 $/kg, once produce in 

large scale. From this point forward, it may be outlined that 

these materials are having an expanded life, reasonable and 

simple to handle and exceptionally easy to revive thermally. 

 

CONCLUSION 

This paper introduces the development of PCMs based on 

fatty acids, i.e. PA–SA, PA–AC and SA-AC with entirely 

different mass percentages for TES applications. Thermal 

properties of those binary mixtures measured through the 

DSC analysis technique showed that, a few developed 

materials properties were found satisfactory with due to 

respect to melting temperatures within the desired temperature 

range (45–60oC), additionally, these samples showed adequate 

quantity of latent heat of fusion (125–200 kJ/kg), that is also 

an additional cause to recommend these materials for the TES 

systems. The most promising mass percentages of PA 

confined into SA and AC were determined as 20–80 wt.%, 

and 50–90 wt.%, respectively. It can also be concluded that if 

PA and SA mixed with the other PCM having lower melting 

temperature than the desired binary mixture can be developed 

for the other thermal applications.  

The scan rate dependent study for 0th cycle of the PA–AC 

(90/10 wt. %) shows a major shift in each transition 

temperature with different heating ramp rates (1, 2 and 4oC 

min-1) that are well-defined peaks in each endothermic and 

exothermic process. The transition temperature of various 

transitions shifts on the way to lower temperature as incline 

rate decreases in heating scans. Because of the 

aforementioned reasons, authors could summarize that the 

further samples will also show the similar performance if 

developed for other TES applications. To watch the 

distinctions in the developed material properties, thermal 

cycle testing up to 600 cycles are as of now underway and 

will convey for production in the proper method of the time. 
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