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I 
 

Abstract  
Utilizing Phase Change Materials (PCM) for Latent Thermal Energy Storage (LTES) 

applications have previously been extensively researched as a measure to reduce greenhouse 

gas emissions from energy consumption. In order to make use of the waste heat from industrial 

processes for LTES purposes, a new demand emerged for PCMs capable of phase change in 

mid-temperature ranges of 100 °C - 200 °C. This higher temperature requirement made most 

of the previously studied material inapplicable as they had much lower melting and 

solidification temperatures. With this in mind, a new generation of PCMs consisting of Sugar 

Alcohols (SA) has been proposed.  

Erythritol is seen as an especially promising SA with good thermophysical properties for LTES 

purposes. However, it has been shown to suffer from severe supercooling, which makes it 

unreliable in real applications. To eradicate this issue, two additives, Graphene Oxide (GO) and 

Polyvinylpyrrolidone (PVP) at varying mass fractions were mixed with pure erythritol to form 

a composite which was studied using the Temperature-history (T-history) method to determine 

its effectiveness in reducing supercooling. Results show that at its most effective mass fraction, 

GO reduces supercooling by 28 oC and a 31 oC reduction is seen by the addition of PVP. The 

impacts on the duration of crystallization was also documented and analyzed using the same 

method. It was observed that the duration of crystallization was increased with increasing mass 

fractions of the additives. 

Other important properties of the composites were also studied in order to determine the overall 

feasibility for industrial applications. It includes analysis of the storage capacity through latent 

heat, changes in viscosity along with impacts on thermal diffusivity of the composites.  

 

Keywords: Phase Change Material; Latent Thermal Energy Storage; Temperature-history; 

Sugar Alcohols; Supercooling; Duration of crystallization; Crystallization; Solidification. 

 

 

 

 

 

 

 

 

 

  



II 

 

Sammanfattning  
Att använda fasändringsmaterial (PCM) för termisk energilagring i form av latent värme (LTES) 

har tidigare extensivt forskats och undersökts som en lösning för att minska utsläppen av 

växthusgaser från energiförbrukning. För att utnyttja spillvärme från industriella processer för 

LTES-ändamål uppstod en efterfrågan på PCM som ändrar fas i temperaturer mellan 100 °C - 

200 °C. Detta krav på högre temperatur gjorde att de flesta av de tidigare aktuella materialen 

inte kunde tillämpas eftersom de hade mycket lägre smält- och kristalliseringstemperaturer. 

Med detta i åtanke har en ny generation av PCM bestående av sockeralkoholer (SA) föreslagits. 

Erytritol ses som ett särskilt lovande SA med goda egenskaper för LTES-ändamål. Den har 

dock visat sig drabbas av svår underkylning, vilket gör den opålitligt i verkliga tillämpningar. 

För att utrota detta problem blandades två tillsatser, Graphene Oxide (GO) och 

Polyvinylpyrrolidone (PVP) vid olika massfraktioner med ren erytritol för att bilda en komposit 

som studerades med metoden Temperature-history (T-history) för att bestämma dess 

effektivitet på att minska underkylningen. Resultaten visar att GO på sin mest effektiva 

massfraktion minskar underkylningen med 28 oC och tillsats av PVP lyckats minska den med 

som mest 31 oC. Påverkningarna på varaktighet av kristallisering dokumenterades och 

analyserades med samma metod. Det var observerad att varaktigheten av kristallisering ökades 

med ökande massfraktioner av tillsatserna. 

Även andra viktiga egenskaper hos kompositerna studerades för att avgöra rimligheten att 

använda dessa för industriella tillämpningar. Det inkluderar analys av lagringskapaciteten 

genom latent värme, förändringar i viskositet tillsammans med påverkan på kompositernas 

termiska diffusivitet. 

 

Nyckelord: Fasändringsmaterial; Latent Termisk Energilagring; T-history; Sockeralkoholer; 

Underkylning; Varaktighet av kristallisering; Kristallisering; Stelning. 

 

 

 

 

 

 

 

 

 

 

  



III 

 

Acknowledgements  
First and foremost, we would like to express our most sincere gratitude to our supervisor at 

Zhejiang University (ZJU), Xuefeng Shao, for his invaluable guidance, genuine 

encouragement and endless patience throughout the entire preparation process of this thesis. 

We could not have imagined a better supervisor! 

 

We are also grateful to our supervisor at ZJU, Prof. Liwu Fan for giving us the opportunity to 

join his research group and for the numerous constructive discussions. Your insightful ideas 

and kind help are sincerely appreciated. All of his students, and to us - fellow colleagues, at the 

Institute of Thermal Science and Power Systems at ZJU are also gratefully acknowledged for 

being so welcoming and making us feel right at home here in the laboratory. Special thanks to 

Biao Feng for all his help with the measuring instruments.  

 

Dr. Justin Ning-Wei Chiu, our supervisor at Royal Institute of Technology (KTH), is sincerely 

acknowledged for his sharp and concrete advice and know-how on the many specific technical 

issues arisen during the duration of the experimental work.  

 

The huge effort put in by Prof. Zitao Yu at ZJU and Prof. Andrew Martin at KTH in making 

this thesis collaboration between KTH and ZJU a possibility is deeply appreciated by us.   

 

It was also a great honor for us to have the Dean of the College of Energy Engineering at ZJU, 

Prof. Xiang Gao, appointed as co-supervisor for this thesis.  

 

Generous financial support received from ZJU is also gratefully acknowledged.   

 

Lastly, both authors would also like to thank each other for a great cooperation and friendship 

during these demanding but fulfilling months.  

 

 

Haoran Teng & Jiacheng Lin  

Summer, 2019  

 

 

 

 

 

  



IV 

 

Preface 

This master thesis is done as the Degree Project in Heat and Power Technology (MJ233X) at 

the Royal Institute of Technology (KTH) written in Zhejiang University (ZJU). This thesis was 

supervised by faculty members from both KTH and ZJU with a total of four supervisors and 

co-supervisors. Due to the challenging, both academically and socially, aspects of such a 

demanding thesis in a foreign country, it was approved by the programme director and course 

responsible for the MJ233X course - Prof. Viktoria Martin - that two students were allowed to 

collaborate on this thesis project under the condition that both authors contributed to the 

outcome and both can be shown to individually achieving the learning objectives of the 

MJ233X course.  

Both authors contributed equally in the creative process towards the completion of this thesis 

and both authors assisted each other throughout the entire experimental and thesis writing 

process. However, the overall responsibility for the completion of individual sets of 

experiments and specific chapters in the thesis was clearly divided amongst the authors.  
The full distribution of responsibility in detail is listed below.  

Haoran Teng:   

Responsible for the completion and analysis of the following experiments:  

➔ T-history - Pure Erythritol (3 samples); Erythritol + PVP - 0.1, 0,5, 1 wt.% (18 samples); 

Erythritol + GO - 0.01, 0,1 wt.% (12 samples) 

➔ Rheological behaviors using Rheometer for PVP  

➔ Latent heat analysis using DSC for PVP 

➔ Thermal diffusivity using flash diffusivity analyzer for PVP  

Responsible for the satisfactory and timely completion of the following chapters of the thesis: 

➔ 1. Introduction  

➔ 2. Literature Review 

➔ 5. Conclusions 

Jiacheng Lin: 

Responsible for the completion and analysis of the following experiments:  

➔ T-history - Pure Erythritol (3 samples); Erythritol + PVP - 2, 3, 6 wt.% (18 samples); 

Erythritol + GO - 0,5, 1 wt.% (12 samples) 

➔ Rheological behaviors using Rheometer for GO  

➔ Latent heat analysis using DSC for GO  

➔ Thermal diffusivity using flash diffusivity analyzer for GO   

Responsible for the satisfactory and timely completion of the following chapters of the thesis: 

➔    3. Methodology  

➔    4. Results & Discussions 

➔    6. Future Work 



V 

 

Abbreviation  
amb    Ambient 

DSC    Differential Scanning Calorimeter  

GO     Graphene Oxide  

LTES    Latent Thermal Energy Storage  

PCM    Phase Change Material  

PVP    Polyvinylpyrrolidone 

SA    Sugar Alcohol  

SDG    Sustainable Development Goal 

TES     Thermal Energy Storage  

T-history    Temperature-history  

  



VI 

 

Nomenclature 
A  Area         [m2] 

𝑎  Containment Limits of Probability Distribution   [-] 

b  Time Constant        [-] 

Bi  Biot Number        [-] 

C & Cp  Specific Heat Capacity      [J/(kgK)] 

F  Fraction of sites on the crystal surface available for attachment [-] 

G  Gibbs Free Energy       [J/mol] 

g  Gravitational Acceleration      [m/s2] 

Gr  Grashof Number       [-] 

h  Specific Enthalpy       [kJ/kg] 

K  Interpolated Heat Transfer Coefficient    [W/K] 

k  Thermal Conductivity       [W/(mK)] 

kB  Boltzmann Constant       [J/K] 

l  Thickness per Molecular Layer     [m] 

Lc  Characteristic Length       [m] 

lsample  Thickness of the sample      [m] 

m  Mass         [kg] 

n  Number of Repeated Independent Observations   [-] 

Q  Heat         [J] 

�̇�  Rate of Heat Transfer       [J/s] 

q  Value of Quantity       [-] 

R  Radius         [m] 

Rc  Ideal Gas Constant       [J/(mol⋅K)] 

s  Experimental Standard Deviation     [-] 

T  Temperature        [oC] 

t  Time         [s] 

U  Heat Transfer Coefficient      [W/(m2K)] 

u  Standard Uncertainty       [-] 

V  Volume        [m3] 



VII 

 

x  Estimate        [-] 

Y  Crystal Growth Rate       [m/s] 

α  Thermal Diffusivity       [m2/s] 

β  Coefficient of Thermal Expansion     [1/K] 

Δ  Difference        [-] 

η  Dynamic Viscosity       [Pa⋅s] 

ν  Kinematic Viscosity       [m2/s] 

ρ  Density        [kg/m3] 

𝜕  Partial Derivative       [-] 

 

 

  



VIII 

 

Table of Contents 
1.Introduction ........................................................................................................................... 1 

1.1 Background ....................................................................................................................... 1 

1.2 Purpose and Motivation .................................................................................................... 2 

1.3 Approach .......................................................................................................................... 2 

1.4 Limitations ........................................................................................................................ 3 

2. Literature Review ................................................................................................................. 4 

2.1 Thermal Energy Storage ................................................................................................... 4 

2.1.1 Overview .................................................................................................................... 4 

2.1.2 Latent Thermal Energy Storage ................................................................................. 4 

2.2 Phase Change Materials (PCMs) ...................................................................................... 5 

2.2.1 Overview .................................................................................................................... 5 

2.2.2 Desirable Properties of PCMs .................................................................................... 8 

2.2.3 Sugar Alcohols ........................................................................................................... 9 

2.3 Previous Studies on Improving Thermophysical Properties of SAs ................................ 9 

2.4 Theoretical Background of Measurement Procedures and Equipment .......................... 11 

2.4.1 T-history Method ..................................................................................................... 11 

2.4.2 DSC Latent Heat Analysis ....................................................................................... 14 

2.4.3 Rheological Behaviors ............................................................................................. 14 

2.4.4 Thermal Diffusivity via Laser Flash Analysis ......................................................... 16 

2.5 Uncertainty Analysis ...................................................................................................... 17 

2.5.1 Type A Standard Uncertainty .................................................................................. 17 

2.5.2 Type B Standard Uncertainty ................................................................................... 17 

2.5.3 Combined Standard Uncertainty .............................................................................. 18 

3. Methodology ....................................................................................................................... 19 

3.1 Materials ......................................................................................................................... 19 

3.2 Experimental set-up and Implementation ....................................................................... 20 

3.2.1 T-history ................................................................................................................... 20 

3.2.2 Differential Scanning Calorimeter ........................................................................... 22 

3.2.3 Rheometer ................................................................................................................ 23 

3.2.4 Flash Diffusivity Analyzer ....................................................................................... 24 

3.3 T-history Calculation ...................................................................................................... 25 

3.3.1 Data Filtering ........................................................................................................... 25 

3.3.1 Determination of Crystallization Duration .............................................................. 27 



IX 

 

4. Results & Discussions ......................................................................................................... 28 

4.1 T-history ......................................................................................................................... 28 

4.1.1 Degree of Supercooling ........................................................................................... 28 

4.1.2 Duration of Crystallization ...................................................................................... 32 

4.2 DSC Analysis ................................................................................................................. 36 

4.3 Rheology ......................................................................................................................... 38 

4.4 Thermal Diffusivity ........................................................................................................ 40 

5. Conclusion ........................................................................................................................... 41 

6. Future work ........................................................................................................................ 42 

References ............................................................................................................................... 43 

Appendix ................................................................................................................................. 48 

 

 

 

 

 

 

  



X 

 

List of Figures  
Figure 1. Different types of TES (Mehling & Cabeza, 2008; Dheep & Sreekumar, 2014). ................................... 4 

Figure 2. Classifications of PCMs (Sharma et al. 2007; Pan, 2013, Kancane et al. 2016). .................................... 6 

Figure 3. Typical melting temperature and melting enthalpy interval for different PCMs (Baetens et al., 2010). 7 

Figure 4. Pros and cons for the different categories of PCMs (Chiu, 2013; Sarbu & Sebarchievici, 2018)........... 7 

Figure 5. Schematic of the relevant temperature points for determination of supercooling using T-history. ...... 13 

Figure 6. Viscosity curve for erythritol (Ery), xylitol (Xyl) and Xyl/Ery (Barrio, et al. 2017). ........................... 16 

Figure 7. Viscosity curve for erythritol (Shao, et al., 2019b). .............................................................................. 16 

Figure 8. Rectangular and triangular probability distributions. ............................................................................ 18 

Figure 9. Pictures of: (a) Hot plate magnetic stirrer, (b) Cooling box and (c) Weighing scale. ........................... 22 

Figure 10. Picture of the DSC set-up. .................................................................................................................. 23 

Figure 11. Picture of the rheometer used.............................................................................................................. 24 

Figure 12. Picture of the flash diffusivity analyzer set-up.................................................................................... 25 

Figure 13. Sample inside the test-tube argued to exhibit the shape of a hemisphere. .......................................... 26 

Figure 14. Heat loss of the reference sample and the corresponding curve-fitted polynomial. ............................ 26 

Figure 15. Illustration of the start and end point of the crystallization process in the graph of specific heat 

against time. .......................................................................................................................................................... 27 

Figure 16. T-history curves of: (a) Pure erythritol, (b) Erythritol enhanced with GO and (c) Erythritol enhanced 

with PVP. S1-S6 indicates the sample 1 to 6. ....................................................................................................... 30 

Figure 17. Degree of supercooling plotted against GO and PVP mass fractions. ................................................ 32 

Figure 18. Percentage reduction of supercooling plotted against GO and PVP mass fractions. .......................... 32 

Figure 19. Specific heat curves of pure erythritol. ............................................................................................... 33 

Figure 20. Specific heat curves of: (a) Erythritol + 0.01% GO, (b) Erythritol + 0.1% GO, (c) Erythritol + 0.5% 

GO and (d) Erythritol + 1% GO. ........................................................................................................................... 34 

Figure 21. Specific heat curves of: (a) Erythritol + 0.1% PVP, (b) Erythritol + 0.5% PVP, (c) Erythritol + 1% 

PVP (d) Erythritol + 2% PVP, (e) Erythritol + 3% PVP and (f) Erythritol + 6% PVP. ........................................ 35 

Figure 22. DSC curve of pure erythritol. .............................................................................................................. 37 

Figure 23. DSC curves of Erythritol/GO composites at different mass percentages. ........................................... 37 

Figure 24. DSC curves of Erythritol/PVP composites at different mass percentages .......................................... 38 

Figure 25. Viscosity against temperature for the different blends. ....................................................................... 39 

Figure 26. Viscosity against mass fraction for the different blends. .................................................................... 39 

  



XI 

 

List of Tables 
Table 1. Specifications of the materials used in this work. .................................................................................. 19 

Table 2. The mean values of the experimentally determined melting temperature (Tm), solidification 

temperature (Ts) and degree of supercooling (ΔTsup) based on 6 samples of each kind. .................................... 30 

Table 3. The mean values of crystallization duration (Δtc, mean) based on 6 samples of each kind at 

corresponding mass fractions. ............................................................................................................................... 35 

Table 4. Thermal diffusivity of the samples at 25 ℃, measured using the laser flash method. ........................... 40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

1.Introduction  

1.1 Background  

Greenhouse gas emissions caused by energy consumption is a significant contributor to climate 

change and global warming (IPCC, 2014; IEA, 2019a). Currently, the global energy use is 

growing rapidly mainly due to the fast growth of developing countries such as China and India. 

During 2018, the global energy consumption increased 2.3% - the largest increase in a decade 

(IEA, 2019b). Energy consumption is projected to increase by around 33% until 2040 compared 

to current levels, and approximately 75% of this overall growth is attributed to energy usage in 

buildings and industries (BP, 2019). However, it is estimated that in Europe alone, over 1.4 

million GWh/year, corresponding to roughly 400 million tons of CO2, can be avoided by more 

extensive usage of energy storage in residential and industrial sectors (Sarbu & Sebarchievici, 

2018). 

In their article, Nejat et al. (2014) showed the importance of energy policy in managing energy 

consumption and in 2016 the Paris Agreement was signed by 175 parties in order to mitigate 

the issue of climate change and adapt to its effects (UNFCCC, 2018). One year earlier, in 2015, 

the 2030 Agenda for Sustainable Development was adopted by all 193 United Nations member 

states with its core being the fulfillment of the 17 different Sustainable Development Goals 

(SDGs). SDG 7 - Affordable and Clean Energy - specifically aims at ensuring access to 

affordable, reliable, sustainable and modern energy for all (UNDP, 2019) 

Thermal Energy Storage (TES) is a promising solution to improve the indoor thermal conditions 

in addition to enhancing the energy efficiency and sustainability of residential buildings and 

industries (Sole et al. 2013). Phase Change Materials (PCMs), which can store and release latent 

heat by shifting its physical state when reaching its specific phase change temperature, is one 

of the three main TES technologies, belonging to what is known as Latent Thermal Energy 

Storage (LTES). There are three typical categories of PCMs: organic, inorganic and eutectic 

mixtures (Drissi et al., 2015). 

PCMs are also utilized for thermal energy storage in many other applications such as in 

electronic components, textiles, insulating coatings, automotive components and building 

materials. (Meirowitz, 2010). Another typical industrial application of PCM is to store heat 

collected by Concentrated Solar Power Plants for a couple of hours (Xu et al., 2015). 

Furthermore, NASA has been actively developing PCM heat exchangers used for maintaining 

critical temperatures inside future spaceships and exploration vehicles (NASA, 2019). 

Sugar Alcohols (SA) are a form of organic PCM seen as having the potential of being an 

attractive option to fulfill the need for medium temperature heat storage in the range of 100 °C 

- 200 °C in order to, among other applications, utilize surplus heat from industrial processes 

(Bayon & Rojas 2017; Barrio et al. 2016). Erythritol (C4H10O4) is a SA characterized by high 

availability, cheap cost and good safety by being non-toxic, non-corrosive and non-flammable 

(Shen et al. 2018).  
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1.2 Purpose and Motivation 

SAs are seen as an extremely promising candidate for utilization in, for instance, waste heat 

recovery of industrial processes (Bayon & Rojas 2017; Barrio et al. 2016). Its potential as a 

suitable PCM has only recently been rediscovered after many years in hibernation since initial 

experimentations during the 1980s, due to the research community focusing on materials with 

lower melting temperatures for use in domestic hot water production along with solar heating 

and cooling (Barrio et al. 2016). However, due to the demand of applications requiring materials 

with higher melting temperatures corresponding to the ones seen in SAs, it is of vital importance 

to fill the gaps within this research area to gain a full understanding of the feasibility and 

implications of utilizing SAs as PCMs.  

The purpose of this thesis is to contribute to this research field by investigating how the degree 

of supercooling and duration of crystallization for the SA erythritol is affected through the 

nucleation triggering technique involving the addition of the following particles in erythritol:   

● The carbon-based Graphene Oxide (GO) 

● The dispersant Polyvinylpyrrolidone (PVP) 

Numerous studies have stated that erythritol suffers excessively from supercooling, meaning 

that it solidifies below its theoretical melting temperature (Jankowski & McCluskey, 2010; 

Adachi et al. 2014; Ona et al. 2001). This is a serious disadvantage for the majority of PCM 

applications as it would require the temperature to decrease well below the melting temperature 

before latent heat can be released, thereby decreasing the systems reliability, efficiency along 

with potentially resulting in system failure (Mehling & Cabeza, 2008; Jankowski & McCluskey, 

2010). Wang et al. (2017) blames the occurrence of supercooling for erythritol on its slow 

crystallization rate. Furthermore, after a comprehensive screening on the performance of 

numerous SA candidates for PCM applications, Shao et al. (2019a) states that before they can 

be considered for real world applications - the severe supercooling and crystallization issues 

seen in them must first be solved. With these in mind it is therefore of high relevance to 

investigate methods aimed at decreasing the degree of supercooling and studying its impact on 

crystallization. The purpose of this thesis is to bridge this research gap in order to obtain an 

overview of these different techniques for analysis and comparison along with setting the 

foundation for future research in this area.  

Erythritol was selected as previous research has listed it as an especially promising SA for PCM 

applications. This is due to the fact that it has a practical melting point of 118°C, making it 

applicable for many mid-temperature industrial and residential applications, high quantity latent 

heat of fusion (340 J/g), high safety, environmentally friendly along with high availability due 

to its usual application as a common artificial sweetener. It has also a reasonable economic cost 

at approximately 0.22€/g (Shao et al., 2018; Adachi et al. 2014; Ona et al. 2001).  

The course of action for achieving the objectives is elaborated below in section 1.3 Approach.  

1.3 Approach  

In the first step, a comprehensive literature review was conducted on the subjects of LTES and 

PCMs with a special focus on SAs. Previous research studying the effects of different 

techniques on the improvements and degradation of thermophysical properties, especially on 
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the ramifications of supercooling and crystallization behaviors, for SAs is compiled and 

presented.  

The Temperature-history (T-history) method was chosen to experimentally determine the 

implications on supercooling and duration of crystallization using the nucleation triggering 

techniques listed above in section 1.2 Purpose and Motivation. The degree of supercooling is 

determined through the difference between the experimental melting temperature of the 

different blends and its nucleation temperature. Programmed using MATLAB, the changes in 

specific heat of the blends was analyzed in order to determine the duration of crystallization 

after determining the applicability of the lumped capacitance method.  

Although the main focus of this thesis is on the supercooling and crystallization effects using 

the T-history method, it is essential that other important thermophysical properties of the 

finished blends are considered in the final analysis in order to ultimately determine the 

feasibility of utilizing the different additives to reduce supercooling and facilitate crystallization.  

With this in mind, the rheological behavior, thermal diffusivity and latent heat of fusion was 

analyzed using the following equipment:  

● Differential Scanning Calorimetry (DSC) - used to measure the latent heat of fusion 

for the separate blends in order to allow for comparison.  

● Rheometer - used to visualize and quantify the difference in viscosity vs temperature 

and viscosity vs shear rate for the different blends. 

● Flash Diffusivity Analyzer - used to analyze and determine the variation in thermal 

diffusivity of the different blends.  

Finally, the importance of these properties in the context of TES is discussed in detail. 

1.4 Limitations 

This thesis focuses solely on studying the possible enhancement of properties on the materials. 

It does not take into consideration other aspects such as environmental impacts and economic 

feasibility of the materials and techniques used.   
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2. Literature Review  

2.1 Thermal Energy Storage  

2.1.1 Overview  

There are three different categorizations of TES - thermochemical, latent and sensible (Chiu 

2013). The phases involved for the different methods are presented below in Figure 1. TES is 

seen as potentially being an effective solution to the inability to match production of renewable 

resources such as solar or cogeneration with consumption through energy storage. It could also 

increase the reliability for supply of energy by functioning as a backup system, especially for 

vital institutions such as computer centers or hospitals where a secure power supply is of critical 

importance (Zhuo & Wang 2014; Chiu 2013). As PCMs are associated with LTES, this form 

of thermal storage will therefore be the focus of this report.  

 

Figure 1. Different types of TES (Mehling & Cabeza, 2008; Dheep & Sreekumar, 2014). 

2.1.2 Latent Thermal Energy Storage  

LTES is considered a promising technology to smoothen fluctuating indoor temperatures by 

increasing the thermal mass of buildings or acting as a passive temperature regulator. Heat 

storage using latent heat has the advantage of a higher storage density compared to sensible 

heat storage thus enabling a much more compact operating temperature interval and smaller 

storage units. Effective utilization of LTES can prove to be both economically beneficial and 

environmentally friendly by reducing the amount of energy consumed. Currently LTES is 

utilized in many different fields including active and passive cooling of electronic devices, solar 

energy utilization and waste heat recovery (Shao et al., 2018; Zalba et al. 2003; Chiu 2013; 

Jesumathy 2018).  
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The process of LTES can be divided into two steps. In the first step, heat is transferred to the 

PCM from a surrounding heat source. The heat can come from a variety of different sources 

such as waste heat from industrial processes or thermal heat from the sun. If the temperature of 

the PCM is allowed to continue to rise, a state will be reached in which the intermolecular forces 

are no longer strong enough to keep the atomic structure together and the material thereby 

undergoes a phase change that occurs at a constant temperature. In this case, the PCM absorbs 

the heat, acting as a heat sink and undergoes a phase change- for example from solid to liquid 

phase. The process implies that the thermal energy of the PCM increases and the heat charged 

is stored as latent heat ready to be released (Mishra et al. 2015).  

The latent heat absorbed is then released to the surroundings during the second step in which 

the temperature of the PCM is greater than that of the heat sink. The heat sink could for example 

be the original heat source or another receiver in the surrounding. Now the PCM acts as a heat 

source and emits the stored heat, thereby decreasing the temperature of the PCM and forcing it 

to undergo a phase change under constant temperature - this time from liquid to solid. The PCM 

can now have the ability to absorb heat once again if the temperature of the surrounding 

increases. Theoretically, these two steps in the process should be able to be repeated cyclically 

for a large number of times, but thermophysical properties such as amount of latent heat losses 

is shown to increase with growing cycles (Mishra et al. 2015; Lee et al. 2014).   

Generally, the term latent heat is used to describe the heat of liquid-vapor, solid-solid and solid-

liquid phase changes. However, LTES and PCM are mainly associated with the last two 

mentioned phase change states (Mehling & Cabeza 2008). From this point onwards in this 

report, the terms PCM and latent heat will solely be referring to solid-liquid phase change.  

2.2 Phase Change Materials (PCMs)  

2.2.1 Overview  

The materials utilized in LTES to store and emit heat is known as PCMs. PCMs absorbs and 

releases latent heat through phase change once reaching its specific phase change temperature 

that is dependent on the type of material used (Drissi et al., 2015). As mentioned previously at 

the end of section 2.1.2 Principle of Energy Storage in TES, of the three phase changes possible 

to store latent heat (liquid-vapor, solid-solid, solid-liquid) - only solid-liquid will be treated in 

this report and all future reference related to phase change will be referring to this specific phase 

change unless explicitly stated otherwise.  

PCMs are typically organized into organic, inorganic and eutectic materials (Drissi et al., 2015). 

An overview of the three different categories along with classes belonging to each category can 

be visualized in Figure 2 below. Paraffin and fatty acids are the most common organic PCMs 

available today, while salt hydrates are the most typical inorganic ones (Chiu, 2013).  

 



6 

 

 

Figure 2. Classifications of PCMs (Sharma et al. 2007; Pan, 2013, Kancane et al. 2016). 

PCMs doesn't always phase change under completely constant temperature. On the contrary, it 

usually operates within a specific temperature range depending on the type of material. The 

amount of energy stored under this process is the sum of latent and sensible heat as shown 

below in Equation (1) (Chui, 2013). The change in thermal energy for the material, Q [J], is 

proportional to the difference between the initial temperature T1 [K] and the final temperature 

T2 [K], the specific heat capacity of the material C [J/(kgK)] and its mass m [kg]. Here, 

Δhphase_change [kJ/kg] is the specific enthalpy difference between the two different phases. 

Specifically, for solid-liquid phase change, this is known as latent heat of fusion (Sundberg, 

2006). 

𝑄 = ∫ (𝑚 ∙ 𝐶)𝑑𝑇

𝑇2

𝑇1

+ 𝑚∆ℎ𝑝ℎ𝑎𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (1) 

Over the past decade or so, researchers have investigated thousands of different materials for 

their compatibility as an efficient PCM. Overview of different classes of PCM and its typical 

melting enthalpy and temperature range is shown below in Figure 3. A trend that can be 

observed is that the higher the melting temperature, the higher the enthalpy. The fact that 

materials within the same class behaves similarly is due to the influence molecular effects has 

on melting enthalpy and melting temperatures (Mehling & Cabeza 2008; Pan 2013). 
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Figure 3. Typical melting temperature and melting enthalpy interval for different PCMs (Baetens et al., 2010). 

Below in Figure 4 is a list of advantages and disadvantages for the three different categories of 

PCM. Organic materials have the advantage of not having much phase segregation and have 

the ability to self-nucleate, meaning that for the most part no supercooling occurs i.e. the 

majority of organic materials freezes at the melting point and not below. Inorganic materials 

have higher volumetric storage density and thermal conductivity (although still extremely low 

at 0.6 W/(mK) if set side by side to materials such as copper at 380 W/(mK) or stainless steel 

2240 W/(mK)) compared to organic materials. Furthermore, inorganic materials are non-

flammable, making them applicable for power stations and buildings due to regulations against 

usage of flammable materials. Eutectic mixtures have the advantage of sharp melting points 

along with high volumetric storage density. However, there are currently not many eutectic 

materials leading to limited availability for actual implementation (Chiu, 2013).  

 

Figure 4. Pros and cons for the different categories of PCMs (Chiu, 2013; Sarbu & Sebarchievici, 2018). 
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2.2.2 Desirable Properties of PCMs 

In this section, the properties and requirements sought after in PCMs for applications in LTES 

is presented below and elaborated (Sharma et al. 2007; Pan 2013; Mehling & Cabeza 2008; 

Chiu 2013; Baetens et al. 2010). 

❏ As little supercooling as possible - The ability for PCM to solidify at approximately 

the same temperature as its melting point would enable it to operate within a smaller 

temperature range.  

❏ Sufficient crystallization rate - From a kinetic point of view, a short duration of 

crystallization is desired in order to take advantage of all the properties and possibilities 

of PCMs.  

❏ Large phase transition enthalpy - Can be expressed both in volumetric or weight basis. 

A large latent heat of fusion is advantageous, especially on a volume basis, as it means 

high storage density and thereby minimizes the physical size requirement of the heat 

storage.  

❏ High thermal conductivity - Would enable fast absorption and discharging of the 

energy storage. For low thermal conductivity materials such as PCM, modifications on 

the material and addition of additives such as different nanoparticles have been shown 

to help increase thermal conductivity.  

❏ Suitable phase change temperature - The operating temperature range for the specific 

cooling or heating application should within the melting/freezing temperature of PCMs 

for phase change to be able to take place.  

❏ Cycling stability - The transition from solid to liquid should be reversible for up to a 

large number of times depending on the application. Advantageous for no phase 

separation or decomposition to occur during the phase transitions.  

❏ Low vapor pressure - This ensures a low equilibrium vapor pressure during phase 

transition, implying that there would be less requirements on the mechanical stability 

along with tightness of the heat storage container.   

❏ Small volume change during phase transition - Similar advantages as having low 

vapor pressure. A small shift in volume would reduce the complexity of the storage 

through reduced requirements on the mechanical stability and tightness of the 

containment.  

❏ Compatibility with other materials - This would reduce the degradation of the 

containers used for storage of PCMs. Furthermore, this property would protect the 

surrounding materials in case the PCM leaks.  

❏ Good long-term chemical stability - Good chemical stability within the operating 

temperature range would increase the lifetime of PCM.  

❏ Other favorable chemical aspects - Regulations, especially in the building and 

industrial sector demand PCMs to be non-flammable. Other favorable chemical 

properties include non-toxicity, non-explosivity and recyclable.     

❏ Favorable economic aspects - Abundancy and high availability along with being cost 

effective is also an important aspect to consider when selecting PCMs.  

As can be interpreted in Figure 4, and explicitly stated by and Mehling & Cabeza (2008), it is 

not possible for one specific PCM to fulfill all the desirable criteria listed above, so in reality 

there is always a trade-off between the different parameters and the weight assigned on the 

importance of each property always depends on the specific application. It is also essential to 
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take into consideration that the properties listed above are on general terms for TES systems. 

However, certain applications can require the PCM to have completely opposite desirable 

properties than the ones listed above. Exencotech AB, a Swedish company, utilizes PCMs to 

produce electricity from low temperature wastewater and in this specific case PCMs with low 

heat of fusion and large volume expansion would be the most optimal choice (Pan, 2013).  

2.2.3 Sugar Alcohols  

Common PCMs used today such as paraffin or salt hydrates are mainly utilized in order to 

increase the energy efficiency and thermal comfort in buildings with operating temperature of 

below 100 °C (Sole et al. 2014). However, there is now an increasing demand and interest in 

developing a new generation PCMs which can be used for heat storage applications at medium 

temperatures in the range of 100 °C - 200 °C. Since organic Rankine cycles takes place in this 

temperature range, such PCMs could potentially enable the storage of waste heat from industrial 

processes along with solar process heat. Therefore, developing a suitable PCM for this specific 

temperature interval is seen as a highly relevant direction for research (Bayon & Rojas 2017; 

Barrio et al. 2016).  

Recently, SA, also known as polyalcohol, have been proposed as the new generation of PCMs 

with the potential of fulfilling the demand for material suitable for medium temperature heat 

storage (Zhang, 2017). The potential for SAs as PCMs was first proposed as early as 1981 by 

Guex et al. on the utilization of the SA xylitol as heat storage material. In 1989 Hormansdorfer 

submitted a patent on the use of SAs for TES. However, it is only recently that the potential of 

SAs has once again regained interest in the research community (Barrio et al. 2016).  

SAs are organic compounds with a melting temperature of 90 °C - 200 °C and has previously 

been extensively studied in pharmaceutical science (Barrio et al. 2016; Sole et al. 2014). As 

byproducts from the food industry, characteristics of SAs include high density, non-toxicity, 

non-flammability, non-corrosivity and being relatively cheap to produce with some produced 

at a cost of less than one Euro/kg. SAs are also seen as being an environmentally friendly option 

as it is bio-based. However, unlike most organic materials, SAs suffers from supercooling (Shao 

et al., 2018; Zhang, 2017; Mehling & Cabeza 2008).  

There is also interest in developing eutectic mixtures composing of SAs which can be used in 

low heat applications with temperatures well below 100 °C, such as solar and district heating 

(Barrio et al. 2016). However, such compounds have been shown to experience severe issues 

associated with crystallization and has been questioned as a viable option (Shao et al., 2018).  

2.3 Previous Studies on Improving Thermophysical 

Properties of SAs 

Nucleation is the initial process of the random formation of a new thermodynamic phase 

(Encyclopædia Britannica, 2014; Okolieocha et al., 2015). In other words, this process indicates 

the time it needs before the new phase starts to appear.  A number of studies (Shao et al., 2019a; 

Shao et al., 2018; Godin et al., 2017; Jankowski & McCluskey, 2010) have indicated that pure 

SAs suffer from strong supercooling behavior, difficulty with nucleation triggering along with 

unacceptably low thermal conductivity for practical heat storage applications. Taking this fact 

into account, there has been numerous studies aimed at improving the thermophysical 
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properties of SAs by mixing additives to the SA of concern in order to create an additive/SA 

composite (Guo et al. 2017; Lee et al. 2014; Shen et al. 2018; Salyan & Suresh, 2018; Salyan 

et al. 2018).  

The thermophysical properties of SA-based PCMs has also been proven to be improved by 

impregnating porous materials with SAs (Oya et al. 2012; Sagara et al. 2014; Nomura et al. 

2009; Shin et al. 2016). The general trend in regard to conclusions for these studies is that the 

thermal conductivity and issues of supercooling and rate of crystallization has been improved 

by the above-mentioned methods. However, this simultaneously causes the latent heat of the 

composite to be decreased and introduces the problem of phase separation between the SA and 

additive with increasing cycles.  

Studies specifically focusing on improving crystallization rate and nucleation triggering of SAs 

suffering from supercooling has also been carried out, and several techniques to accelerate the 

crystallization process has been evaluated in previous research.  

It has been reported that the crystallization rate of SAs such as erythritol and xylitol is 

accelerated with additives through spontaneous nucleation (Seppälä et al. 2010; Zeng et al. 

2017). The addition of CNT and low melting alloy into the SA D-Mannitol was proven to be 

very effective in increasing the rate of crystallization compared to pure D-Mannitol (Salyan & 

Suresh, 2018; Salyan et al. 2018). Additives such as silver bromide and aluminum phosphate 

has shown to successfully decrease the degree of supercooling for erythritol. The success of 

this method is due to the reduction in nucleation energy barrier with the presence of additional 

solid surfaces from the additives (Jankowski & McCluskey, 2010). Another way to initiate 

nucleation of the supercooled material is to add stable crystal structure from the same material 

into the supercooled SA-melt during the cool-down process - a technique known as seeding. 

This approach was done for the SA xylitol, and although it did succeed in triggering its 

crystallization, the initiation of crystallization is found to be too local and the rate of the 

subsequent crystallization too slow for applications at the scale of storage systems (Wang et al., 

2017; Salyan & Suresh, 2018; Beaupere et al., 2018; Godin et al., 2017).  

There has also been research into active techniques using some form of external energy 

(mechanical or electrical) input to directly induce nucleation and/or enhancing the 

crystallization process. In a report by Duquesne et al. (2019), an air lift reactor was used for 

bubble stirring to good effect in enhancing the nucleation triggering of xylitol. Other studies 

have also determined mechanical agitation using a mixer and bubble agitation to be feasible 

methods to encourage crystallization. However, the intrusiveness of mechanical agitation 

complicates the system design and implies higher cost. Bubble agitation is on the other hand 

considered to be a low intrusive technique that is both easy to implement and cost effective 

(Godin et al., 2017; Duquesne et al., 2019). Ultrasonication during the cooling process has also 

been shown to activate the crystallization process of SA, and its ultrasonic irradiation effect has 

been shown to eliminate the supercooling of erythritol (Adachi et al., 2014). Furthermore, 

according to Jankowski & Mccluskey (2010), the degree of supercooling of erythritol can be 

both decreased made less erratic by introducing electric current into the supercooled melt via 

electrodes. 

Although the mechanism of supercooling is still not fully understood, poor nucleation and slow 

rate of crystallization is believed to be the main source for supercooling seen in erythritol (Wang 

et al., 2017). In the same study, Wang et al. (2017) successfully suppressed the supercooling 
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behavior of erythritol by providing nucleating and thickening agents into the microencapsulated 

erythritol. Another approach suggested in literature that could simultaneously initiate 

crystallization and decrease the degree of supercooling is the implementation of a cold point in 

the storage, a technique known as cold finger (Chiu, 2013).  

Dispersants has been shown to successfully reduce the degree of supercooling in water and 

paraffin slurries (Matsumoto et al., 2013; Hagelstein & Gschwander, 2017). However, the effect 

that dispersants potentially has on supercooling and crystallization rate of SAs has not yet been 

researched although dispersants such as PVP and triethanolamine has previously applied to SAs 

and been determined to increase the suspension stability of SAs enhanced with the nano-titania 

(Luo, 2015).  

2.4 Theoretical Background of Measurement Procedures 

and Equipment  

2.4.1 T-history Method 

The T-history method was first introduced by Zhang & Jiang in 1999. This method, which 

proved to be revolutionary in the field of thermal property analysis for PCMs, is based upon the 

assumption of the applicability of the lumped capacitance method (Zhang & Jiang, 1999; Sole 

et al. 2013). Therefore, it is important to know whether the conditions of lumped capacitance 

method is fulfilled before the data analysis. The following sections provide a description of the 

theory and concepts that are important for this work. 

2.4.1.1 Lumped system analysis 

During heat transfer process, the interior temperatures of bodies that behave like a “lump” 

remain uniform at all times. Therefore, the temperature variation of these bodies can be 

considered to be only depending on time, i.e. “T(t)”. The temperature variation “T(t)” of a 

lumped body which initially has a uniform interior temperature “T0” when the body exchanges 

heat with its environment can be described, according to Cengel (2004), as  

𝑇(𝑡) − 𝑇𝑎𝑚𝑏

𝑇0 − 𝑇𝑎𝑚𝑏
= 𝑒−𝑏𝑡 (2) 

Where b is the time constant and is calculated by the following 

𝑏 =
ℎ𝐴𝑠

𝜌𝑉𝐶𝑝
 (3) 

Where  h = Heat transfer coefficient of the body [W/(m2K)] 

  As = Surface area of the body [m2] 

  ρ = Density of the body [kg/m3] 

  V = Volume of the body [m3] 

  Cp = Specific heat [J/(kgK)] 
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A criterion for the applicability of the lumped capacitance method is that the system of 

concern has to have a small Biot number, defined in Equation (4) below, during the heat 

transfer process, is generally less than or equal to 0.1. 

𝐵𝑖 =
𝑈 ∙ 𝐿𝑐

𝑘
≤ 0.1 (4) 

Where  U = heat transfer coefficient [W/(m2K)] 

  Lc = characteristic length [m] 

  k = thermal conductivity of the body [W/(mK)] 

The characteristic length is defined as the ratio of volume and surface area 

𝐿𝑐 =
𝑉

𝐴𝑠
 (5) 

2.4.1.2 Degree of supercooling  

The supercooling phenomenon is common for many PCM materials where the materials does 

not solidify immediately below the melting temperature but rather starts to crystalize only after 

a temperature well below the melting temperature is reached. This occurrence is explained by 

the lack of nucleus - small solid particles - in the liquid for the crystallization to begin. Only 

when the nucleus reaches a sufficiently large radius will the crystallization process initiate. For 

the nucleus to grow, the material needs to release heat to reach its energetic minimum in order 

to overcome this energetic barrier and for this to happen, temperatures well below the melting 

temperature is sometimes needed, thus causing the supercooling phenomenon seen in certain 

materials (Mehling & Cabeza 2008).    

For the T-history method, the degree of supercooling, ΔTsup, is defined as the experimentally 

determined melting temperature of the material, Tm, subtracted with the solidification 

temperature Ts (Zhang & Jiang, 1999). A graphical overview of the different points is visualized 

below in Figure 5 with pure erythritol as an example. Note that in this work, the term 

solidification and crystallization are used interchangeably. 
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Figure 5. Schematic of the relevant temperature points for determination of supercooling using T-history. 

2.4.1.3 Determination of phase change duration with the aid of specific heat  

In general, the rate of heat transfer through a wall can be determined from (Cengel, 2004) 

�̇� = 𝑈𝐴(𝑇𝑖 − 𝑇𝑜) (6) 

Where U is the overall heat transfer coefficient, A is the heat transfer area and Ti and To are the 

interior and exterior temperature. By modifying the equation above, the rate of heat transfer 

through the tube wall to the reference material at a specific time step “i” can be calculated as: 

�̇�𝑟
𝑖 = 𝑈𝐴𝑠,𝑡𝑢𝑏𝑒(𝑇𝑟

𝑖 − 𝑇𝑎𝑚𝑏) (7) 

This heat transfer rate, with known specific heat capacity of the reference material, can also be 

determined from: 

�̇�𝑟
𝑖 = 𝑚𝑟𝐶𝑃,𝑟

𝑖
𝑑𝑇𝑟

𝑖

𝑑𝑡𝑟
𝑖

 (8) 

𝑑𝑇𝑟
𝑖

𝑑𝑡𝑟
𝑖

≈
∆𝑇𝑟

𝑖

∆𝑡𝑟
𝑖

=
𝑇𝑟

𝑖 − 𝑇𝑟
𝑖+1

𝑡𝑟
𝑖 − 𝑡𝑟

𝑖+1
 (9) 

�̇�𝑟
𝑖 = 𝑚𝑟𝐶𝑃,𝑟

𝑖
∆𝑇𝑟

𝑖

∆𝑡𝑟
𝑖

= 𝑚𝑟𝐶𝑃,𝑟
𝑖

𝑇𝑟
𝑖 − 𝑇𝑟

𝑖+1

𝑡𝑟
𝑖 − 𝑡𝑟

𝑖+1
 (10) 

Based on the Equation (7) above, the calculated heat loss can be curve-fitted with polynomials 

as a function of temperature difference of the sample itself and the ambient, Tr
i - Tamb. Hence, 

the heat loss can for example be described with a 1st degree polynomial coefficients as the 

following: 

�̇�𝑟
𝑖 = 𝐾1(𝑇𝑟

𝑖 − 𝑇𝑎𝑚𝑏) + 𝐾2 (11) 

Since test-tubes of the same type were used, in regard to geometry and material, the same heat 

transfer coefficients K1 and constant K2 can be applied to obtain the heat transferred to the PCM 
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sample (Sandnes & Rekstad, 2006; Chiu & Martin, 2012; Gunasekara et al., 2016). Therefore, 

the energy balance between PCM and its environment, based on a 1st degree curve fitted heat 

loss Equation, can be calculated as the following: 

𝑚𝑃𝐶𝑀𝐶𝑃,𝑃𝐶𝑀
𝑖

∆𝑇𝑃𝐶𝑀
𝑖

∆𝑡𝑃𝐶𝑀
𝑖

= 𝐾1(𝑇𝑃𝐶𝑀,𝑖 − 𝑇𝑎𝑚𝑏) + 𝐾2 (12) 

Rearranging the Equation to get specific heat of the PCM at time step “i”,  

𝐶𝑃,𝑃𝐶𝑀
𝑖 = (𝐾

1
(𝑇𝑃𝐶𝑀,𝑖 − 𝑇𝑎𝑚𝑏) + 𝐾2)

∆𝑡𝑃𝐶𝑀
𝑖

𝑚𝑃𝐶𝑀 ∙ ∆𝑇𝑃𝐶𝑀
𝑖

(13) 

In the studies of Chiu & Martin (2012) and Sandnes & Rekstad (2006), the heat loss can also 

be curve fitted with a 2nd degree polynomial. 

2.4.2 DSC Latent Heat Analysis 

DSC is a thermo analytical technique that measures the heat capacity of a sample as a function 

of temperature by scanning a specific temperature range (Kumar & Krishna, 2013). In addition 

to the sample, an empty reference pan is subjected to the same temperature loads. The two pans 

are heated up inside the DSC under the same heating rate. Additional heat is required to keep 

the sample temperature identical as the reference since the DSC will maintain equal 

temperatures of the reference and sample during a scan (Mehling & Cabeza 2008; Pan 2013).   

The difference in the signal from the sample and reference with the insertion of heat is then 

analyzed by the device and a plot can be obtained with temperature (oC) on x-axis and heat flow 

(mW/mg) on the y-axis. On the plot will be one dip representing the crystallization process and 

a peak corresponding to the melting process. The latent heat of the sample can then be 

determined by measuring the area between the peak and baseline.  

2.4.3 Rheological Behaviors    

Rheology is defined as the study of flow and deformation of materials under applied forces and 

can be measured through a rheometer (Markovic & Visakh, 2017). The term “viscosity” can 

imply two different parameters - kinematic viscosity “𝜈” with the unit m2/s, and dynamic 

viscosity “𝜂” with the units of Pa⋅s. As shown below in Equation (14), these two parameters 

relate to each other through density “𝜌” with all three of these parameters being temperature 

dependent. The rheometer inherently measures the dynamic viscosity of the sample (Roberts, 

et al. 2017).  

𝜈 =
𝜂

𝜌
 (14) 

The dynamic viscosity of a material is considered to be an essential property for its suitability 

for PCM applications as it influences the amount of heat the material is able to store and emit. 

In the Grashof number “Gr” equation shown below in (15), it is indicated that the higher the 

viscosity, the lower the intensity of natural convection, thus reducing the melting rate and 

thereby decreasing the efficiency of the heat storage (Shao, et al., 2019b).  

𝐺𝑟 =
𝑔𝛽𝜌2∆𝑇𝐿𝑐

3

𝜂
 (15) 
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Where  Gr    = Ratio of the buoyancy force to the viscous force acting on the fluid [-] 

  g      = Gravitational acceleration [m/s2] 

  𝛽    = Coefficient of thermal expansion [1/K] 

ρ      = Density [kg/m3] 

  𝛥𝑇 = Temperature difference between surface and bulk [K)] 

  Lc
       = Characteristic length [m] 

  𝜂    = Dynamic viscosity [Pa⋅s] 

 

Furthermore, as shown in Equation (16) below, the rate of crystal growth will tend to decrease 

with increasing viscosity as it slows down the mobility of molecules and hinders the 

rearrangement of crystal lattices. This implies that the latent heat stored in the material cannot 

completely be retrieved during crystallization and therefore reduces the capacity of the heat 

storage (Shao, et al., 2019b).  

𝑌 =
𝐹𝑘𝐵𝑇

3𝜋𝑙2𝜂
[1 − exp (

−∆𝐺𝐶

𝑅𝑐𝑇
)] (16) 

Where  Y     = Crystal growth rate [m/s] 

  F      = Fraction of sites on the crystal surface available for attachment [-] 

  kB      = Boltzmann constant [J/K] 

T      = Absolute temperature for cooling [K] 

  l       = Thickness per molecular layer [m] 

           𝛥𝐺𝑐
    = Free energy between liquid and solid [J/mol] 

  Rc       = Ideal gas constant [J/mol⋅K] 

𝜂      = Dynamic viscosity [Pa⋅s] 

Newtonian fluids are characterized by being independent of shear stress and in which the 

viscosity is constant in time. In order to test the Newtonian nature of the fluid, the “viscosity 

curve” is typically used. In such a curve, the dynamic viscosity is plotted against the shear rate. 

If this function is a straight line, then it can be proven that it is a Newtonian fluid. In previous 

studies, the Newtonian behaviors of certain pure SAs including erythritol, xylitol and 

erythritol/xylitol composite has been confirmed and its corresponding viscosity curves can be 

seen below in Figure 6 (Barrio, et al. 2017). Shao, et al. (2019b) has also proven that erythritol 

behaves as a Newtonian fluid for all shear rates above approximately 5 s-1 and shown in Figure 

7.   
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Figure 6. Viscosity curve for erythritol (Ery), xylitol (Xyl) and Xyl/Ery (Barrio, et al. 2017). 

 

Figure 7. Viscosity curve for erythritol (Shao, et al., 2019b). 

If the viscosity curve is not a constant line, then the fluid is non-Newtonian and shear rate 

dependent. For such rheological measurements there is a need to specify at which shear rate a 

viscosity value was determined, and this viscosity is known as the apparent viscosity.  

2.4.4 Thermal Diffusivity via Laser Flash Analysis  

Thermal diffusivity “𝛼” is a measure describing the rate of temperature spread throughout a 

material. The higher the thermal diffusivity, the faster the heat propagation during shifts in 

temperature. As seen in Equation (17), this property is defined as the thermal conductivity “𝜆” 

divided by the density “𝜌” and specific heat “𝐶𝑝” of the material (Ready, 1997). 

𝛼 =
𝜆

𝜌𝐶𝑝
 (17) 

Thermal diffusivity is most commonly measured through the laser flash method. This method 

is preferred as it is seen as the most accurate while also having advantages such as short 

measurement times and non-destructive for the sample being tested. First a uniform irradiation 

of energy pulse is set on the specimen. This allows for the time-temperature history of the rear 

face of the specimen to recorded from an optical sensor with very fast thermal response. From 

this time-dependent thermogram of the rear face, thermal diffusivity of the specimen can be 

determined from the sample-thickness “lsample” and the time the thermogram takes to reach half 
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of the maximal temperature increase “t1/2” based on Equation (18) below (TA Instruments, 

2014).  

𝛼 = 0.1388
𝑙𝑠𝑎𝑚𝑝𝑙𝑒

2

𝑡1/2
 (18) 

2.5 Uncertainty Analysis 

Lack of knowledge of the measurand is reflected by the uncertainty of the result. The results 

corrected after the known system effects are still estimates of the value of the measurand due 

to the imperfection of the correction and the uncertainties which originates from random effects 

(JCGM, 2008). There are two major categories of uncertainties based on the evaluation methods, 

which are type A and type B uncertainties. 

2.5.1 Type A Standard Uncertainty 

Type A standard uncertainty is defined as the standard uncertainty which is evaluated through 

statistical analysis of repeated measurements (ibid, 2008). The arithmetic mean of “n” repeated 

independent observations xk is generally the best estimation of the expected value of a quantity 

which is under the influence of random effect. The arithmetic mean is given as the following 

�̅� =
1

𝑛
∑ 𝑞𝑘

𝑛

𝑘=1

 (19) 

The individual observations differ from each other due to the influence of random effects. The 

experimental standard deviation, which describes the amount of variation or dispersion between 

the observations is given by  

𝑠(𝑞𝑘) = √
1

𝑛 − 1
∑(𝑞𝑗 − �̅�)

2
𝑛

𝑗=1

 (20) 

Experimental standard deviation of the mean can be obtained through the experimental standard 

deviation described above and is given by 

𝑠(�̅�) =
𝑠(𝑞𝑘)

√𝑛
 (21) 

The type A standard uncertainty of the estimate “xi”, which is the average of the input quantity 

obtained through “n” repeated independent observations, is evaluated in the same way as in 

Equation 21. 

𝑢(𝑥𝑖) = 𝑠(�̅�) (22) 

2.5.2 Type B Standard Uncertainty 

Type B standard uncertainty is the uncertainty evaluated by other means than statistical analysis 

of repeated measurements through scientific judgement based on the existing available 

information such as specifications, previous measurement data, previous experiences, 

certificates, etc.  
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A type of probability distribution is usually assumed when evaluating the type B standard 

uncertainty. The commonly used probability distributions are rectangular/uniform and 

triangular distributions when evaluating type B uncertainty (shown in Figure 8 below). 

 

Figure 8. Rectangular and triangular probability distributions. 

Both probability distributions are applicable when the containment limits ±a is known. They 

both gained their popularity due to the simplicity to obtain the uncertainty (Castrup, 2007).  

For rectangular distribution, the standard uncertainty is evaluated by 

𝑢(𝑥𝑖) =
𝑎

√3
 (23) 

For triangular distribution, the standard uncertainty is evaluated by 

𝑢(𝑥𝑖) =
𝑎

√3
 (24) 

2.5.3 Combined Standard Uncertainty 

If the measurand “Y” is a function of multiple independent input quantities, the uncorrelated 

combined standard uncertainty of its estimate “y” contributed by these input quantities is 

evaluated by (JCGM, 2008)  

𝑢𝑐(𝑦) = ∑ (
𝜕𝑓

𝜕𝑥𝑖
)

2

𝑢2(𝑥𝑖)

𝑁

𝑖=1

(25) 
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3. Methodology   

3.1 Materials  

In this work, (meso)-erythritol was selected as the SA of concern together with the carbon-

based additive GO and the dispersant PVP. Erythritol (CAS number: 149-32-6) with a purity 

of 99%, molar mass 122.12 g/mol, density 1.45 g/cm3 and melting temperature 121.5 oC was 

used (Aladdin, 2019). However, the melting temperature and crystallization temperature of the 

same SA were tested to be 118.8 oC and 16.9 oC, respectively in a previous work conducted in 

the same laboratory (Shao et al., 2018). From the same previous study, the value of latent heat 

of fusion and crystallization are reported to be 337.7 J/g and 171.3 J/g, respectively. In this 

work, the results were based on the experimentally determined values of melting and 

crystallization temperature of our own experiments.  

GO of an approximate particle diameter of 1-10 μm, specific surface area 10-300 m2/g, density 

0.01-1 g/cm3, approximate length of 3-5 μm, oxygen content 30%-40% and above 99% of the 

material being single layered was used in this work (Gaoxi Technology, 2018). The 

specifications of erythritol and its additives are summarized in Table 1 below. 

PVP (CAS number: 9003-39-8) in the form of powder with a density of 1.69 g/cm3 was the 

dispersant chosen for this study (Macklin, 2014).  

 

Table 1. Specifications of the materials used in this work. 

Sugar-alcohol Purity M 

(g/mol) 

Tm (°C) Tc (°C) ΔHm 

(J/g) 

ΔHc (J/g) 

      Manufacturer Previous study Manufacturer Previous study Previous study 

(Meso)-erythritol 99% 122.12 121.5 118.8 - 16.9 337.7 171.3 

Additive Single 

layer 

Particle diameter (μm) Length (μm) Oxygen 

content 

Specific 

Surface 

area 

(m2/g) 

Density 

(g/cm3) 

GO 

 

PVP 

 

Above 

99% 

       - 

1-10 

 

- 

3-5 

 

- 

30%-40% 

 

- 

10-300 

 

- 

0.01-1 

 

1.69 
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3.2 Experimental set-up and Implementation  

3.2.1 T-history  

3.2.1.1 Reference material - Polydimethylsiloxane silicone oil 

Polydimethylsiloxane silicone oil with relatively stable specific heat values between 1.4 and 

1.6 J/(g⋅oC) across the temperature range of interest, 25 °C to 139 °C (Roberts et al., 2017; 

Clearco, 2015a; Clearco, 2015b; Clearco, 2015c), was used as the reference fluid to investigate 

the heat loss through the quartz-made test tubes. The weight of silicone oil sample was 

determined to be 6.1 g using a weighing scale with 0.1 mg readability (OHAUS, 2006). With 

6.1 g of silicone oil, 1.1 cm of the test-tube was filled, i.e. the height of the liquid surface was 

1.1 cm. Test-tubes made of quartz with 9 cm in height, 3.3 cm inner diameter, 3.6 cm outer 

diameter and 63 ± 1 g of mass, were used to contain the samples. This type of test tube was 

subsequently used for all future experiments presented in this report.   

The test-tube containing polydimethylsiloxane silicone oil was vertically placed inside a 

thermally controlled (with copper particles) container on the hot plate, which was set at 139 oC, 

in order to heat up. When the temperature reached 133 oC ± 1 oC, the test-tube was placed inside 

a box at room temperature of 25 ± 2 oC. The box which was used to restrict possible air current 

and thus eradicate the effect of convection. The sample was allowed to cool down in the box 

until the point in which the temperature started to stabilize. The temperature variation during 

these processes was detected by a T-type thermocouple with an accuracy of ± 0.5 oC and 

recorded on a computer with a time-step of one second. The apparatus set-up for T-history 

experiment is shown in Figure 9 below, where (a) is the hotplate set up, (b) is the cooling box 

and (c) is the weighing scale. Tests on one thermal cycle was conducted for all samples 

mentioned in this study. 

3.2.1.2 (Meso)-Erythritol 

For the investigation of melting and crystallization behaviors of pure erythritol, 6 samples of 

pure erythritol were prepared with the aid of the above-mentioned weighing scale (OHAUS, 

2006). The mass of each sample was considered to be acceptable within the range of 5 ± 0.05 

g. The sample was heated up until 133 oC ± 1 oC after which it was cooled down inside the box 

at room temperature in order for it to solidify.  

3.2.1.3 Erythritol/GO composite 

24 samples of erythritol/GO composite at 4 different mass fractions GO combined with 5 ± 0.5 

g erythritol were prepared. The mass fractions are set as 0.01, 0.1, 0.5 and 1.0 weight percentage 

(wt. %) GO. The mass fraction of GO was not increased further as the volume of the additive, 

due to its low density starting from 0.01 g/cm3 compared to 1.45 g/cm3 for erythritol, proved to 

be larger than that of the liquified erythritol and thus deemed not suitable for further 

experimentation. Two sets of tests consisting of 3 samples each were conducted at each mass 

fraction, i.e. 6 samples for each wt. %. The samples of these two sets of tests were separately 

prepared, meaning that three samples at each mass fraction were created at a time.  

First, 16.5 ± 0.05 g of pure erythritol was prepared in a test-tube. A hot plate with magnetic 

stirring function (IKA, n.d.) was then used to melt the erythritol until it reached 125 oC at which 
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point the GO was inserted into the mixture. The melted mixtures were stirred with a magnetic 

stirrer at 500 rpm for 1 hour. Thereafter, they were ultra-sonicated for 30 min using an ultrasonic 

pulverizer. This was to ensure the GO is homogeneously mixed with the erythritol melt. The 

ultrasonic pulverizer was set at its maximum power of 650 W, and its frequency was fixed at 

20 kHz (Scientz, 2018). The ultrasonic pulverizer can be seen in picture (a) under Figure 9. 

Each prepared composite was then equally distributed into three of the above-mentioned quartz-

made test-tubes, with a small amount of sample stuck to the walls of the original test-tube 

inevitably lost during the pouring process. Therefore, in each of the three test-tube, the final 

weight of erythritol was estimated to be 5 ± 0.5 g. The liquid surface height of each test-tube is 

around 1 cm, which corresponds well with the reference sample of silicone oil.  

3.2.1.4 Erythritol/PVP composite 

Similar to the procedure for erythritol/GO, the preparation process of erythritol/PVP consisted 

in creating 36 samples of the erythritol/PVP composite with the mass fractions of 0.1, 0.5, 1.0, 

2.0, 3.0 and 6.0 wt.%.  

16.5 ± 0.05 g of pure erythritol was prepared in a test-tube. The hot plate magnetic stirrer (IKA, 

n.d.) was then used to melt the erythritol until it reached 125 oC at which point the PVP at the 

above-mentioned wt. % was inserted into the mixture. The melted mixtures were then stirred 

with a magnetic stirrer at 500 rpm for 1 hour. The contents from the beaker was then equally 

distributed into three separate test tubes and heated until 133 oC after which it was moved inside 

the box at room temperature for cool down.  

  

(a)  
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         (b)            (c)  

Figure 9. Pictures of: (a) Hot plate magnetic stirrer, (b) Cooling box and (c) Weighing scale. 

3.2.2 Differential Scanning Calorimeter 

DSC with a temperature accuracy of ± 0.1 oC and enthalpy accuracy of < 1% was used in this 

study to quantify the latent heat of fusion of the studied composites in order to allow for 

comparison between each other (NETZSCH, n.d.). The melting and crystallization 

temperatures were also observed and compared with the corresponding trends obtained from T-

history. The DSC was calibrated using indium. Two samples of each composite weighting 20 

± 5 mg at each respective mass fraction were prepared and put inside aluminum DSC-crucibles 

and covered with a lid (OHAUS, 2006). The heating rate of the DSC was set to 5 K/min with a 

constant stream of high-purity dry nitrogen gas (60 ml/min) purging the measuring cell. The 

upper operating temperature was set at 140 oC, which is approximately 20 oC above the melting 

temperature of erythritol (Shao et al., 2018). The lower limit is determined by the temperature 

at which crystallization occurs. In this study the lower limit was set as either 0 or 20 oC.  

The snapshot in Figure 10 below illustrates the DSC and the cryogenic nitrogen tank used.  
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Figure 10. Picture of the DSC set-up. 

 

3.2.3 Rheometer  

The dynamic viscosity and shear rate (1/s) measurements for the different blends were 

conducted using a stress controlled modular compact rheometer with a cone plate geometry of 

50 mm in diameter with a temperature precision of ± 0.01 oC (Anton Paar, 2019). The gap 

between the two cone plate disks was set to 1 mm and calibrated. In order to confirm whether 

the behavior of erythritol and erythritol/GO/PVP was Newtonian or non-Newtonian, the 

dynamic viscosity of these blends was measured at a shear rates ranging from 0.1 s−1 to 100 

s−1. 

The samples, consisting of pure erythritol and one each of the different wt.% erythritol 

enhanced with GO/PVP, is placed on the bottom plate of the rheometer and heated to 128.8 oC. 

Once heated, the upper parallel plate was lowered and the excess liquid squeezed out was 

removed, thus confining the remaining liquid between the two plates. The dynamic viscosity 

was then measured at temperatures ranging from 103.8 oC to 188.8 oC, thus covering both the 

molten and supercooled liquid stages, with constant shear rate of 100 s−1. Starting at the 

temperature of 128.8 oC, the temperature was increased by steps of 10 ± 0.1 oC until reaching 

188.8 oC, which corresponds to 70 oC over its melting temperature. The temperature was not 

increased further in order to prevent possible volatilization. Thereafter, the temperature was 

lowered to 118.8 oC and decreased by steps of 5 ± 0.1 oC until the complete solidification of 

the material occurs. The final datapoint successfully obtained prior to crystallization was 103.8 
oC for the specific blends involved in this study. The machine error, corresponding to type B 

uncertainty, was given as 1%.  

Both for pure erythritol and composites, the measurements were conducted three times for each 

sample. Finally, the resulting line showing dynamic viscosity against temperature was extracted 
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by obtaining the mean dynamic viscosity value for each temperature of the three tests. Figure 

11 illustrates the device used for viscosity and shear rate measurements.  

 

Figure 11. Picture of the rheometer used. 

 

3.2.4 Flash Diffusivity Analyzer 

The thermal diffusivity of the pure erythritol along with PVP and GO composites were tested 

using a flash diffusivity analyzer, seen in Figure 12, capable of measuring thermal diffusivity 

ranging from 0.1 to 1000 mm2/s and temperatures between -150 oC to 200 oC (TA Instruments, 

2014).  

In order to prepare solid samples required for testing, the composites in its liquid form were 

allowed to solidify inside small containers with a diameter of 25.4 mm. Since the samples were 

all semi-transparent, coatings of silver were applied on the surface along with spraying layer of 

graphite in order to prevent the laser beam from penetrating the samples. The thickness all 

samples was then measured and these data were inserted in the program and set to test 3 times 

repeatedly in room temperature of 25 oC with a voltage of 600V. 
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Figure 12. Picture of the flash diffusivity analyzer set-up. 

3.3 T-history Calculation  

3.3.1 Data Filtering 

As previously mentioned, a reference sample is used to obtain the heat transfer coefficients of 

the tube under the stated lab conditions. Since the liquid surface height of the silicone oil inside 

the test-tube is approximately 1.1 cm high, the heat transfer geometry for the reference sample 

was considered to be a hemisphere (without base) with radius “R”, rather than a cylinder. A 

visual of the height and volume for the sample in proportion to the test-tube is shown in Figure 

13. The corresponding characteristic length for the hemisphere is defined as: 

𝐿𝑐 =
𝑉

𝐴𝑠
=

2
3 𝜋𝑅3

2𝜋𝑅2
=

𝑅

3
 (26) 

The Biot number is then: 

𝐵𝑖 =
𝑈 ∙ 𝑅

𝑘
 (27) 

Value of the Biot number for the reference sample ranges from 0.3 to 0.6, which exceeds the 

threshold of 0.1. While for the erythritol and composite samples the Biot number was smaller, 

it ranges from 0.11 to 0.16. In the study by Sandnes & Rekstad (2006), the T-history method 

was used under the condition of Biot number being 0.3, and the error in temperature distribution 

it results in was deemed to be within an acceptable limit.  



26 

 

Heat loss of the reference sample was calculated from Equation (7) and curve-fitted with a 1st 

degree polynomial as a function of the temperature difference between sample itself and the 

ambient (see Figure 14 below). 

Figure 13. Sample inside the test-tube argued to exhibit the shape of a hemisphere. 

 

Figure 14. Heat loss of the reference sample and the corresponding curve-fitted polynomial. 

Due to identical test-tubes, in terms of material and geometry, were being used for pure 

erythritol and its composites, the same heat transfer coefficients were used for heat loss 

calculations of those samples. Therefore, the heat loss of the composite samples (GO and PVP) 

can be approximated as 

�̇�𝑃𝐶𝑀
𝑖 = 𝐾1(𝑇𝑃𝐶𝑀,𝑖 − 𝑇𝑎𝑚𝑏) + 𝐾2 (28) 

And the specific heat at time-step “i” was calculated by Equation (13). 

However, high resolution of the recorded temperature data resulted in noisy calculated specific 

heat values. In order to reduce the noise, the resolution of the temperature data was lowered by 

data filtering. The data filtering was done by keeping the temperature points for each 0.2 oC (or 

larger) of temperature change. E.g. the sample is being cooled-down, if the temperature at time 
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0 min is 200 oC and the temperature at time 1 min is 199.8 oC, whatever temperature in between 

that has a temperature difference less than 0.2 oC (compared to the temperature at the previous 

time-step) is getting filtered out. The calculated specific heat values for the respective samples 

with respect to time are shown in the 4.1.2 Duration of crystallization section. 

3.3.1 Determination of Crystallization Duration 

Sudden changes in specific heat indicates phase change occurring, in other words, the first 

sudden change in specific heat indicates the start of phase change (shown in Figure 12) and 

stabilization of specific heat values is an indication for the completion of phase change. 

Therefore, a threshold value as an indicator for the completion of phase change has to be 

decided. It was decided by taking the average value of specific heat from the time at which the 

PCM is, with confidence, fully crystallized until the end of data recording. This is illustrated 

below in Figure 12 with the average value presented as the blue line. The time at which the 

crystallization process is completed was decided by the first intersection between the calculated 

value of specific heat (the red curve) and the average threshold value after the sudden changes 

in specific heat. This can be justified by the fact that after the completion of phase change, the 

heat gained by PCM from the release of latent heat is suddenly significantly less than the heat 

loss to the surroundings. Therefore, the temperature of PCM decreases exponentially when the 

latent heat of PCM isn’t enough to sustain the plateau temperature and creates a larger 

difference in ΔTPCM and thus smaller value in specific heat (see Equation 13).  However, due 

to the data filtering, there isn’t enough data points of the calculated specific heat value to 

intersect the threshold value. Therefore, the first value of specific heat after the sudden changes 

that falls in the range of ± 5% of the threshold value was considered to be the specific heat of 

completion for crystallization and its corresponding time is the end of crystallization. The start 

point and the end point of crystallization are both illustrated in Figure 15 below. The difference 

in time between the start and end point is thus the duration of crystallization. Selection of the 

MATLAB script used can be seen in Appendix.  

 

Figure 15. Illustration of the start and end point of the crystallization process in the graph of specific heat 

against time. 
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4. Results & Discussions  

4.1 T-history 

4.1.1 Degree of Supercooling  

T-history curves for the 6 samples of pure erythritol tested are shown below in Figure 16a. From 

this graph it can be seen that the different samples coincide well with each other with regard to 

cooling rate and solidification point (Ts). The average solidification temperature of the samples 

was calculated to be 53.7 oC. Using the method for calculation supercooling described under 

section 2.4.1.2 Degree of Supercooling, and having determined experimentally the melting 

temperature of erythritol to be 118.0 oC, the degree of supercooling was calculated to be 64.3 
oC. The same approach was done for each of the 4 different wt. % GO samples seen in Figure 

16b as well as the corresponding ones for PVP seen in Figure 16c.  As seen in these graphs, 

plateau temperature occurs for all samples upon crystallization. This is possibly due to the rate 

of heat gained by the composites from phase change is equal to the rate of heat loss to their 

surroundings. 

Overall, the cooling rate leading to crystallization for the GO and PVP samples show good 

consistency within each mass fraction group. The general trend of decreased degree of 

supercooling can also be observed in comparison to the pure erythritol samples. However, 

variation of solidification temperature is occurring within each mass fraction group with several 

prominent cases. Although the underlying cause for these behaviors cannot be stated with 

absolute certainty, a speculation is the additives are insufficiently dispersed in the samples 

despite the fact that they're being subjected to stirring and ultrasonication under a relatively 

long time. Since the heterogeneous nucleation is triggered by additives acting like nucleation 

centers, the insufficiency of dispersion reduces the amount of nucleation sites at which the 

nucleation can initiate upon. The insufficiency of dispersion is partly due to the tendency of 

spontaneous aggregation of the particles with high surface energy which is attributed to the high 

specific surface area the particles possess, the aggregation phenomenon is especially true for 

nanoparticles. Hence, the difference in the amount of nucleation sites resulted in different rates 

of nucleation, which is proportional to the number of nucleation sites, and therefore resulted in 

different solidification temperatures within the same mass fraction group. However, the 

fluctuation in the solidification temperatures, in other words the effect of supercooling 

reduction within the same mass fraction group might not be solely attributed to the level of 

dispersion, the involvement of random characteristics might also be a factor as reported by Fan 

et al. (2015).  
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         (b) 
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                (c) 

Figure 16. T-history curves of: (a) Pure erythritol, (b) Erythritol enhanced with GO and (c) Erythritol enhanced 

with PVP. S1-S6 indicates the sample 1 to 6. 

The variation in the degree of supercooling with the increment of GO and PVP mass fractions 

are summarized in Table 2. From the results it can be observed that the average degree of 

supercooling is suppressed with the addition of GO and PVP. The most effective decrement of 

supercooling is achieved at 1 wt.% PVP compared to the other PVP mass fractions tested. 

Comparing within the GO group, the mass fraction of 1 wt.% GO is also the most effective one 

for supercooling suppression.  

Table 2. The mean values of the experimentally determined melting temperature (Tm), solidification 

temperature (Ts) and degree of supercooling (ΔTsup) based on 6 samples of each kind. 

 Composite  Tm [oC] Ts [oC] ΔTsup [K] 

Pure Erythritol 118.0 53.7 ± 0.7 64.3 

Erythritol + 0.01 wt.% GO 117.3 61.4 ± 1.2 55.9 

Erythritol + 0.1 wt.% GO 117.1 69.5 ± 4.0 47.6 

Erythritol + 0.5 wt.% GO 117.8 73.7 ± 4.6 44.1 
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Erythritol + 1.0 wt.% GO 116.8 80.6 ± 6.9 36.2 

Erythritol + 0.1 wt.% PVP 117.7 53.2 ± 1.8 64.5 

Erythritol + 0.5 wt.% PVP 116.3 57.4 ± 1.6 58.9 

Erythritol + 1.0 wt.% PVP 116.8 83.2 ± 7.8 33.6 

Erythritol + 2.0 wt.% PVP 116.9 57.7 ± 0.7 59.2 

Erythritol + 3.0 wt.% PVP 116.2 69.9 ± 6.3 47.3 

Erythritol + 6.0 wt.% PVP 116.5 53.8 ± 0.7 62.7 

 

In Figure 17 below, the resulting degree of supercooling for the GO and PVP enhanced 

composites at their respective mass fraction are plotted together to allow for clearer comparison. 

In addition, the supercooling reduction in percentage for GO/PVP composites compared to pure 

erythritol is shown in Figure 18. It can be seen that the addition of GO proves to be more 

effective at the mass fractions of 0.1 and 0.5 wt. % and is showing an upward rising trend in 

the supercooling reduction. However, the critical mass fraction for erythritol/PVP composites 

appears to be at 1 wt. % since it experiences an extreme increase in effectiveness. At this mass 

fraction of PVP, it manages to suppress supercooling slightly beyond what is capable for GO 

at the same mass fraction. The tested mass fractions of PVP above this value still suppresses 

the supercooling phenomenon, although the effect is decreasing with the increment of the mass 

fraction. It is speculated that there are two functionalities of the additives, one is to decrease the 

degree of supercooling, the other one is to hinder the bonds which connect the molecules of 

erythritol upon crystallization to form due to the space in between being occupied by the 

additive. When the mass fraction of PVP is below the critical limit (speculated to be 1 wt. % 

according to the experimental data), the former functionality is dominant. Once the critical mass 

fraction is exceeded, the latter functionality takes over and becomes dominant. Therefore, the 

crystallization occurs at a lower temperature. The same phenomenon couldn’t be observed due 

to the volume of GO was larger than the sugar alcohol when reaching the mass fraction of 1 

wt.%, which made the experiment impractical. 
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Figure 17. Degree of supercooling plotted against GO and PVP mass fractions. 

 

Figure 18. Percentage reduction of supercooling plotted against GO and PVP mass fractions. 

4.1.2 Duration of Crystallization  

Based on the approach presented under section 3.3 T-history Calculation and Data Filtering, 

the graphs for the changes in specific heat for the different samples is shown below in Figures 

19-21. Studying the figure, no correlation seems to exist between the increment of mass fraction 

and specific heat. Furthermore, there is no clear difference in the change of Cp behavior when 

comparing the same mass fractions between the different additives.  
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The Cp values obtained for pure erythritol corresponds well with the corresponding Cp values 

presented for the first melting cycle of the same material in the research paper by Gunasekara 

et al. (2016). Although the reasonableness of the Cp values for the composites are up for debate, 

it can be argued that they should be relatively close to its pure counterpart, an occurrence which 

can be seen in Figures 20 and 21.  

An interesting phenomenon that can be seen from the individual graphs in Figures 19-21 is the 

occurrence of multiple peaks for many samples because theoretically, under ideal conditions, 

there should exist only one peak. One possible explanation could be that the additives were not, 

even after genuine efforts to eradicate this issue, homogeneously mixed with erythritol, thereby 

causing there to be multiple releases of latent heat for individual spots spread throughout the 

sample and consequently causing multiple temperature spikes which sustains over a longer 

period of time. These temperature spikes can be seen when magnifying the corresponding T-

history graphs for the composites. This would explain why the specific heat behavior of pure 

erythritol seen in Figure 19 is shown to be less erratic than for its counterparts containing GO 

and PVP. It is also plausible that the multiple peaks were due to the noise caused by the high 

definition of recorded data and even after noise reduction by data filtering some noise still 

remain. However, a combination of these two speculations is more likely to be the case.  

 

Figure 19. Specific heat curves of pure erythritol. 
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            (a)         (b) 

 

         (c)         (d) 

Figure 20. Specific heat curves of: (a) Erythritol + 0.01% GO, (b) Erythritol + 0.1% GO, (c) Erythritol + 0.5% 

GO and (d) Erythritol + 1% GO. 

 

                (a)           (b) 

 

 

   (c)        (d) 
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        (e)          (f) 

Figure 21. Specific heat curves of: (a) Erythritol + 0.1% PVP, (b) Erythritol + 0.5% PVP, (c) Erythritol + 1% 

PVP (d) Erythritol + 2% PVP, (e) Erythritol + 3% PVP and (f) Erythritol + 6% PVP. 

 

The duration of supercooling was calculated using the graphs shown in Figure 22 above 

together with the method already elaborated under section 3.3.1 Determination of 

crystallization duration. The mean crystallization duration in minutes obtained are listed in 

Table 3. Results show that 0.1 wt.% PVP was the only sample experiencing a shorter 

crystallization duration than that for pure erythritol. Apart from this exception, it is apparent 

that the addition of both GO and PVP increases the crystallization duration. 

Table 3. The mean values of crystallization duration (Δtc, mean) based on 6 samples of each kind at 

corresponding mass fractions. 

Composite   Δtc, mean Composite   Δtc, mean  

Pure Erythritol                                                      4.8 min Erythritol + 0.1 wt.% PVP 3.7 min  

Erythritol + 0.01 wt.% GO 4.5 min Erythritol + 0.5 wt.% PVP 5.7 min 

Erythritol + 0.1 wt.% GO 6.5 min Erythritol + 1.0 wt.% PVP 7.5 min 

Erythritol + 0.5 wt.% GO 7.4 min Erythritol + 2.0 wt.% PVP 6.3 min 

Erythritol + 1.0 wt.% GO 8.4 min Erythritol + 3.0 wt.% PVP 8.1 min 

- - Erythritol + 6.0 wt.% PVP 6.4 min 
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Comparing the crystallization durations shown in Table 3 with its corresponding average degree 

of supercooling seen in Table 2 it can be observed that the more the composite proves to be 

effective in suppressing supercooling, the longer the average duration when removing the 

element of impacts from addition of material, as there is expected to exist a natural increment 

in duration when there is more material involved. Analyzing T-history graphs shown in Figure 

16, this phenomenon can clearly be seen as the composites with high solidification temperatures, 

i.e. most effective to suppress the degree of supercooling, experiences a much longer plateau 

after initial release of heat. This could be due to these samples starting its crystallization sooner 

at a higher temperature, hence less heat is required in order to reach the plateau temperature 

compared to the samples with a lower solidification temperature. More heat is required by the 

samples to sustain the plateau temperature, which resulted in longer duration of crystallization. 

Moreover, in the previous section it was mentioned that the bond-formation upon crystallization 

is hindered to a certain degree due to the space in between the molecules is being occupied by 

the additive, therefore also having the effect of slowing down the crystallization process.  

4.2 DSC Analysis 

The determination of latent heat of fusion (ΔHm) and heat of solidification (ΔHs) for pure 

erythritol and the composites containing different mass percentages of GO and PVP and was 

conducted by analyzing the DSC curves shown below in Figures 22-24.  

Through observing the curves, it is evident that ΔHm for the erythritol/GO composite gradually 

decreases with the increasing mass ratio of the additive GO. From Figure 22 it can be seen that 

the DSC result shows a ΔHm value of 334.9 J/g for pure erythritol. The addition of GO to pure 

erythritol with 0.01, 0.1, 0.5 and 1 wt.% results in a decrease of 7%, 8.7%, 9.4% and 16.0%, 

respectively, in ΔHm as compared to pure erythritol. This result is due to the fact that, unlike 

erythritol, GO does not undergo any phase change and therefore does not contribute to the 

storage latent enthalpy. Other factors that may influence the amount of increment in heat of 

fusion are the particle size of the additives, its physical properties along with the chemical 

interaction between the additives with erythritol. Similarly, the addition of PVP decreases ΔHm 

with 4%, 11.5%, 13.8% and 15.4% with the addition of 0.1, 1, 3 respective 6% mass fraction. 

The Δhc for pure erythritol was found as 165.7 J/g. Interestingly, for this exothermic reaction, 

Δhc was found to increase by 20,2%, 22.5%, 27.9% and 30.2 % respectively for 0.01, 0.1, 0.5 

and 1 wt.% GO additives.  

The changes in the onset melting temperature (Tm,onset) shows no obvious trend between the 

different composites tested with all of them being relatively close to the Tm,onset of pure erythritol 

at 118.9 oC. The fact that the melting temperature remains mostly unchanged suggests that from 

these DSC results, thermal conductivity does not improve much with the increment of additives. 

If thermal conductivity was to improve, then the melting temperature should be expected to 

decrease.  

For the onset crystallization temperature (Tc,onset), results from the DSC curve shows that Tc,onset 

increases with increasing mass ratio of GO up until 1 wt.%, implying that the degree of 

supercooling decreases up until that point - a result which matches the trend obtained from T-

history. The trend from T-history for PVP also corresponds well to the DSC results in which 

Tc,onset  at 1 wt.% PVP is higher than the other ones analyzed.  
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Comparing changes in latent heat for the two mass fractions the samples have in common, i.e. 

0.1 and 1 wt.%, it is seen that addition of GO reduces the latent heat more than PVP.  

 

Figure 22. DSC curve of pure erythritol. 

 

Figure 23. DSC curves of Erythritol/GO composites at different mass percentages. 
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Figure 24. DSC curves of Erythritol/PVP composites at different mass percentages 

4.3 Rheology 

As mentioned previously under section 3.2.3 Rheometer, the dynamic viscosity was measured 

for shear rates ranging from 0.1 s−1 to 100 s−1 in order to determine whether the composites 

showed Newtonian behavior or not. Results showed that for all samples, there was no 

significant changes in dynamic viscosity after approximately 5 - 10 s−1, thus confirming that 

the composites show Newtonian behavior at 100 s−1 - the specific shear rate at which all 

viscosity data was obtained at.        

In Figure 25 below, the viscosity of the composites is plotted against temperature with the 

uncertainty intervals shown taking into account both type A and B uncertainties. There is a 

distinct trend in which the viscosity decreases with increasing temperature. This phenomenon 

is explained by the fact that the higher temperature breaks up the atomic bonds existing in the 

liquid and makes the relative motion of the molecules easier, thus decreasing the viscosity in 

the process.  

Comparing these results with the DSC curves shown in Figures 22-24, it is shown that the 

increase in viscosity correlates with a corresponding decrease in latent heat. This phenomenon, 

suggesting that the latent heat capacity is decreased for composites with high viscosity, can be 

due to the viscosity hindering the crystal growth rate as seen in Equation (16).  
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Figure 25. Viscosity against temperature for the different blends. 

 

The changes in viscosity with the variation of additive mass fraction is plotted below in Figure 

26. The viscosity value at a total of 4 different temperature points were chosen randomly. For 

PVP there exists a clear positive correlation between increment of mass fraction and viscosity. 

However, for GO the correlation is less distinct, leading to the suggestion that the viscosity for 

erythritol/GO composites is not very affected by the addition of GO. This difference between 

erythritol/PVP and erythritol/GO composites might be due to the difference in particle size, 

since the particle size of PVP is larger than GO, thus the more obvious change in viscosity with 

increased mass fraction.  

 

Figure 26. Viscosity against mass fraction for the different blends. 
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4.4 Thermal Diffusivity  
In Table 4 below, the average thermal diffusivity from 3 tests of the materials at 25 oC using 

the laser flash method is shown. All samples tested were solid and round shaped with a diameter 

of 25.4 mm. The diffusivity value for pure erythritol at 0.003 cm2/s can be compared to the 

diffusivity value of 0.0045 ± 0.00018 cm2/s at the same temperature measured through a 

different apparatus in a study by Höhlein et al. (2017).  

The mass fractions of GO and PVP tested was intentionally chosen to contain the smallest 

respectively one of the larger ones in order to obtain an overview of the trends in changes of 

thermal diffusivity with increasing mass fraction for the samples tested. Three consecutive 

testing results of thermal diffusivity at the corresponding mass fractions are shown in Table 4 

below. For GO, it is clear that even the slightest addition manages to increase the thermal 

diffusivity. The thermal diffusivity for 0.1 wt.% PVP decreases somewhat and this along with 

the modest increase seen after 3 wt.% suggests that PVP is far less effective than GO in this 

regard.  

Thermal diffusivity is expected to be higher in the solid state compared to the liquid state. 

Furthermore, these values are quite low when compared to other materials at the same 

temperature such as aluminum with a thermal diffusivity of 0.97 cm2/s and copper at 1.11 cm2/s.  

Table 4. Thermal diffusivity of the samples at 25 ℃, measured using the laser flash method. 

Composite Thermal diffusivity (cm2/s) Average Thermal diffusivity 

[cm2/s] 

Erythritol 0.0030 0.0027 0.0030 0.0029 

Erythritol + 0.01 wt.% GO 0.0041 0.0041 0.0041 0.0041 

Erythritol + 1.0 wt.% GO 0.0107 0.0107 0.0107 0.0107 

Erythritol + 0.1 wt.% PVP 0.0027 0.0025 0.0027 0.0026 

Erythritol + 3 wt.% PVP 0.0043 0.0043 0.0043 0.0043 
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5. Conclusion  
Effects on a number of thermophysical properties by the addition of GO and PVP at varying 

mass fractions into erythritol, seen as a promising SA for utilization in mid-temperature LTES, 

was studied. The T-history method was chosen to study the effects on supercooling and duration 

of crystallization. DSC was used to analyze the changes in latent heat. Rheometer utilized for 

measuring variation in viscosity and finally a flash diffusivity analyzer was used to explore the 

implications on thermal diffusivity of the composites.  

Supercooling decreases with the addition of GO for all of the four mass fractions tested. At 1 

wt.%, the highest concentration GO tested, supercooling was decreased by over 28 oC. On the 

other hand, for PVP, its effectiveness peaked at 1 wt.% at which point it managed to decrease 

supercooling by almost 31 oC, only for the effectiveness to be subdued at higher concentrations 

of 3 wt.% and 6 wt.%.  

The duration of crystallization was determined to increase with increasing amount of additives. 

It can be further concluded that the more effective the composites proved in decreasing 

supercooling, the longer duration of crystallization it experiences.  

From the viewpoint of thermal storage media, addition of PVP is more desirable as compared 

to GO due to a lower reduction in latent heat as compared to GO. Viscosity was shown to 

decrease with increasing temperature. For PVP the viscosity clearly increased with increment 

of mass fraction, while the corresponding trend was not as coherent for GO. Finally, GO is 

clearly more effective in increasing the thermal diffusivity as compared to PVP.  
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6. Future work  
The overall aim of this study is meant to investigate and improve the feasibility of utilizing 

erythritol as a PCM for future mid-temperature energy storage applications. This report 

contributed to a better understanding of what effect PVP and GO, as additives, will have on 

supercooling and crystallization of erythritol. The study also explored the impacts on latent heat, 

viscosity and thermal diffusivity of the composites studied. However, there are still unanswered 

questions with many aspects of the report having the potential to be extended and further 

developed for future studies.       

There was no study into the details of the molecular structures of the composites, therefore what 

contributed to many of the behaviors seen can only be speculated upon and cannot be stated 

with absolute certainty. Using scanning electron microscope to obtain the morphology or 

utilizing molecular dynamic simulations for atomistic modeling could prove decisive in 

determining the underlying mechanisms of the behaviors.  

Furthermore, other properties such as the chemical compatibility between erythritol with 

GO/PVP along with cycle stability was not considered in this report but are important factors 

that cannot be neglected when determining the practical applicability of these composites. The 

density of the materials should also be determined in order to calculate its thermal conductivity. 

Finally, it would also be interesting to combine the method of additives with other nucleating 

techniques such as bubbling or ultrasonication during cooling to compare the combined effects.   
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Appendix 
 

Selection of Matlab script for determining duration of crystallization using the Cp method.  

 

%% Cp method 28.8 C -PURE ERYTHRITOL 

clear all,close all, clc 

format long 

SO=xlsread('Silicone-oil.xlsx'); 

t_so=SO(:,1); 

T_so=SO(:,2); 

T_amb=SO(:,3); 

title('Silicone Oil Cooling') 

plot(t_so,T_so);hold on;grid on 

p=fit(t_so,T_so,'smoothingspline','SmoothingParam',0.6); 

p=p(t_so); 

plot(t_so,p);plot(t_so,T_amb); 

xlabel('Time [min]');ylabel('Temperature'); 

T_so=p; 

m_so=6.1; % mass in gram of the silicone oil 

Cp_so=(1.4+1.6)/2; %Cp of silicone oil 

plot(t_so,T_so);grid on; hold on 

  

k_ery=0.492808824; 

k_so=0.149; %Thermal cond of silicone oil 

R_in=1.5/100; %Inner radius of the tube 

R_out=3.4/2/100;%Outer radius of the tube 

L=9.2/100;%Length/height of the tube 

Lm=1.1/100; %Tube height filled with material 

As=2*pi*R_out*Lm;  

  

%% Silicone oil, heat loss 

for i =1:length(T_so)-1 

   dT_so(i)=T_so(i)-T_so(i+1); 

   dt_so(i)=1; % in second 

   Q_dot_so(i)=(m_so * Cp_so) * (dT_so(i)/dt_so(i));  % [W] 

   DT_so(i)=T_so(i)-T_amb(i); 

end 

  

%% Biot number of Silicone Oil 

for i=1:length(Q_dot_so) 

   U(i)=Q_dot_so(i)/(As*DT_so(i)); 

   Bi(i)=U(i)*R_out/(3*k_so); 

end 

  

figure(2) 

plot(DT_so,Q_dot_so,'o');grid on; hold on 

ylabel('Heat loss [W]'); 

xlabel('T_r_e_f - T_a_m_b [K]') 

  

p1=polyfit(DT_so,Q_dot_so,1); 
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K=polyval(p1,DT_so); 

plot(DT_so,K) 

legend('Original','Interp') 

  

  

%% Cp Pure Ery 

%% S1 

Ery=xlsread('Pure-ery.xlsx'); 

T_pure1=Ery(:,2); 

t_pure=Ery(:,1); 

T_amb=mean(T_amb); 

m_ery=5; %mass of erythritol sample, 5 g 

%% Smoothing 

figure(3) 

plot(t_pure,T_pure1);hold on 

Ind=find(T_pure1==max(T_pure1)); 

  

k=1; 

for i=2:length(t_pure) 

    if  abs(T_pure1(k)-T_pure1(i))<0.2 

       T_pure1(k+1:i)=0; 

    else  

        k=i; 

    end 

end 

t_pure(find(T_pure1==0))=0; 

T_pure1=nonzeros(T_pure1); 

t_pure=nonzeros(t_pure); 

  

%% 

for i=1:length(T_pure1)-1 

   dT_pure1(i)=T_pure1(i)-T_pure1(i+1); 

   dt_pure1(i)=(t_pure(i+1)-t_pure(i))*60; % in second 

      

   DT_pure1(i)=T_pure1(i)-T_amb; 

   Cp1(i)=(p1(1)*DT_pure1(i)+p1(2))*dt_pure1(i)/(m_ery*dT_pure1(i));%-

m_g*Cp_g/m_ery; 

    Q1(i)=(p1(1)*DT_pure1(i)+p1(2))*dt_pure1(i); 

    dh_pure1(i)=Cp1(i)*dT_pure1(i); 

end 

  

for i=1:length(Q1) 

   U1(i)=Q1(i)/(As*DT_pure1(i)); 

   Bi1(i)=U(i)*R_out/(3*k_ery); 

end 

  

figure(5) 

plot(T_pure1(2:end),Cp1) 

title('Cp vs Temp, S1') 

ylabel('Cp');xlabel('Temperature') 

  

dh_pure1=fliplr(dh_pure1); 

for i=1:length(dT_pure1) 
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H(i)=sum(dh_pure1(1:i)); 

end 

  

figure(6) 

plot(flipud(T_pure1(2:end)),H) 

ax1=gca; 

ax1.XColor='r'; 

ax1.YColor='r'; 

ylabel('Enthalpy [J/g]');xlabel('Temperature [°C]') 

  

ax1_pos = ax1.Position; 

ax2 = axes('Position',ax1_pos,... 

    'XAxisLocation','top',... 

    'YAxisLocation','right',... 

    'Color','none'); 

line(t_pure(2:end),fliplr(H),'Parent',ax2,'Color','k') 

ylabel('Enthalpy [J/g]');xlabel('Time [min]') 

  

figure(7) 

plot(t_pure(2:end),Cp1,'r');hold on; grid on 

title('Cp vs Time, S1') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

ind1=find(t_pure>25); 

cc1=mean(Cp1(ind1(1):end)); 

indx1=find(t_pure>15); 

indx1=indx1-1; 

dCp1=Cp1-ones(1,length(Cp1)).*cc1; 

t_p1=t_pure(indx1(1):end); 

tc1=t_p1(find(abs(dCp1(indx1:end))<5*10^-2))-17.8333; 

refline(0,cc1) 

dT_pure1=0;dt_pure1=0;lmtd_pure1=0;Q_dot_pure1=0;dh_pure1=0;H=0; 

  

%% S2 

T_pure2=Ery(:,3); 

t_pure2=Ery(:,1); 

%% Smoothing 

figure(8) 

plot(t_pure2,T_pure2);hold on 

Ind=find(T_pure2==max(T_pure2)); 

  

k=1; 

for i=2:length(t_pure2) 

    if  abs(T_pure2(k)-T_pure2(i))<0.2 

       T_pure2(k+1:i)=0; 

    else  

        k=i; 

    end 

end 

t_pure2(find(T_pure2==0))=0; 

T_pure2=nonzeros(T_pure2); 

t_pure2=nonzeros(t_pure2); 

  

%% 
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for i=1:length(T_pure2)-1 

   dT_pure1(i)=T_pure2(i)-T_pure2(i+1); 

   dt_pure1(i)=(t_pure2(i+1)-t_pure2(i))*60; % in second 

  

   DT_pure1(i)=T_pure2(i)-T_amb; 

   Cp2(i)=(p1(1)*DT_pure1(i)+p1(2))*dt_pure1(i)/(m_ery*dT_pure1(i));    

dh_pure1(i)=Cp2(i)*dT_pure1(i); 

end 

  

figure(10) 

plot(T_pure2(2:end),Cp2) 

title('Cp vs Temp, S2') 

ylabel('Cp [J/(gK)]');xlabel('Temperature') 

  

dh_pure1=fliplr(dh_pure1); 

for i=1:length(dT_pure1) 

H(i)=sum(dh_pure1(1:i)); 

end 

figure(11) 

plot(flipud(T_pure2(2:end)),H) 

ax1=gca; 

ax1.XColor='r'; 

ax1.YColor='r'; 

ylabel('Enthalpy [J/g]');xlabel('Temperature [°C]') 

  

ax1_pos = ax1.Position; 

ax2 = axes('Position',ax1_pos,... 

    'XAxisLocation','top',... 

    'YAxisLocation','right',... 

    'Color','none'); 

line(t_pure2(2:end),fliplr(H),'Parent',ax2,'Color','k') 

ylabel('Enthalpy [J/g]');xlabel('Time [min]') 

  

figure(12) 

plot(t_pure2(2:end),Cp2,'r');hold on; grid on 

title('Cp vs Time, S2') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

ind2=find(t_pure2>30); 

cc2=mean(Cp2(ind2:end)); 

indx2=find(t_pure2>16)-1; 

dCp2=Cp2-ones(1,length(Cp2)).*cc2; 

t_p1=t_pure2(indx2(1):end); 

tc2=t_p1(find(abs(dCp2(indx2:end))<5*10^-2))-16.2167; 

  

refline(0,cc2) 

dT_pure1=0;dt_pure1=0;lmtd_pure1=0;Q_dot_pure1=0;dh_pure1=0;H=0; 

  

%% S3 

T_pure3=Ery(:,4); 

t_pure3=Ery(:,1); 

  

%% Smoothing 

figure(13) 
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plot(t_pure3,T_pure3);hold on 

Ind=find(T_pure3==max(T_pure3)); 

  

k=1; 

for i=2:length(t_pure3) 

    if  abs(T_pure3(k)-T_pure3(i))<0.2 

       T_pure3(k+1:i)=0; 

    else  

        k=i; 

    end 

end 

t_pure3(find(T_pure3==0))=0; 

T_pure3=nonzeros(T_pure3); 

t_pure3=nonzeros(t_pure3); 

  

%% 

for i=1:length(T_pure3)-1 

   dT_pure1(i)=T_pure3(i)-T_pure3(i+1); 

   dt_pure1(i)=(t_pure3(i+1)-t_pure3(i))*60; % in second 

  

   DT_pure1(i)=T_pure3(i)-T_amb; 

   Cp3(i)=(p1(1)*DT_pure1(i)+p1(2))*dt_pure1(i)/(m_ery*dT_pure1(i)); 

    dh_pure1(i)=Cp3(i)*dT_pure1(i); 

end 

figure(15) 

plot(T_pure3(2:end),Cp3) 

title('Cp vs Temp, S3') 

ylabel('Cp [J/(gK)]');xlabel('Temperature [°C]') 

  

dh_pure1=fliplr(dh_pure1); 

for i=1:length(dT_pure1) 

H(i)=sum(dh_pure1(1:i)); 

end 

figure(16) 

plot(flipud(T_pure3(2:end)),H,'r');hold on; grid on 

ax1=gca; 

ax1.XColor='r'; 

ax1.YColor='r'; 

ylabel('Enthalpy [J/g]');xlabel('Temperature [°C]') 

  

ax1_pos = ax1.Position; 

ax2 = axes('Position',ax1_pos,... 

    'XAxisLocation','top',... 

    'YAxisLocation','right',... 

    'Color','none'); 

line(t_pure3(2:end),fliplr(H),'Parent',ax2,'Color','k') 

ylabel('Enthalpy [J/g]');xlabel('Time [min]') 

  

  

figure(17) 

plot(t_pure3(2:end),Cp3,'r');hold on; grid on 

  

title('Cp vs Time, S3') 
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ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

ind3=find(t_pure3>30); 

cc3=mean(Cp3(ind3:end)); 

indx3=find(t_pure3>15)-1; 

dCp3=Cp3-ones(1,length(Cp3)).*cc3; 

t_p1=t_pure3(indx3(1):end); 

tc3=t_p1(find(abs(dCp3(indx3:end))<5*10^-2))-17.6667; 

  

refline(0,cc3) 

dT_pure1=0;dt_pure1=0;lmtd_pure1=0;Q_dot_pure1=0;dh_pure1=0;H=0; 

  

  

%% S4 

T_pure4=Ery(:,5); 

t_pure4=Ery(:,1); 

%% Smoothing 

figure(18) 

plot(t_pure4,T_pure4);hold on 

Ind=find(T_pure4==max(T_pure4)); 

  

k=1; 

for i=2:length(t_pure4) 

    if  abs(T_pure4(k)-T_pure4(i))<0.2 

       T_pure4(k+1:i)=0; 

    else  

        k=i; 

    end 

end 

t_pure4(find(T_pure4==0))=0; 

T_pure4=nonzeros(T_pure4); 

t_pure4=nonzeros(t_pure4); 

  

%% 

for i=1:length(T_pure4)-1 

   dT_pure1(i)=T_pure4(i)-T_pure4(i+1); 

   dt_pure1(i)=(t_pure4(i+1)-t_pure4(i))*60; % in second 

  

   DT_pure1(i)=T_pure4(i)-T_amb; 

   Cp4(i)=(p1(1)*DT_pure1(i)+p1(2))*dt_pure1(i)/(m_ery*dT_pure1(i)); 

    dh_pure1(i)=Cp4(i)*dT_pure1(i); 

    end 

figure(19) 

plot(T_pure4(2:end),Cp4) 

title('Cp vs Temp, S4') 

ylabel('Cp [J/(gK)]');xlabel('Temperature') 

  

dh_pure1=fliplr(dh_pure1); 

for i=1:length(dT_pure1) 

H(i)=sum(dh_pure1(1:i)); 

end 

figure(20) 

plot(flipud(T_pure4(2:end)),H) 

ax1=gca; 
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ax1.XColor='r'; 

ax1.YColor='r'; 

ylabel('Enthalpy [J/g]');xlabel('Temperature [°C]') 

  

ax1_pos = ax1.Position; 

ax2 = axes('Position',ax1_pos,... 

    'XAxisLocation','top',... 

    'YAxisLocation','right',... 

    'Color','none'); 

line(t_pure4(2:end),fliplr(H),'Parent',ax2,'Color','k') 

ylabel('Enthalpy [J/g]');xlabel('Time [min]') 

  

figure(21) 

plot(t_pure4(2:end),Cp4,'r');hold on; grid on 

title('Cp vs Time, S4') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

ind4=find(t_pure4>30); 

cc4=mean(Cp4(ind4:end)); 

indx4=find(t_pure4>16)-1; 

dCp4=Cp4-ones(1,length(Cp4)).*cc4; 

t_p1=t_pure4(indx4(1):end); 

tc4=t_p1(find(abs(dCp4(indx4:end))<5*10^-2))-16.3167; 

  

refline(0,cc4) 

dT_pure1=0;dt_pure1=0;lmtd_pure1=0;Q_dot_pure1=0;dh_pure1=0;H=0; 

  

%% S5 

T_pure5=Ery(:,6); 

t_pure5=Ery(:,1); 

%% Smoothing 

figure(22) 

plot(t_pure5,T_pure5);hold on 

Ind=find(T_pure5==max(T_pure5)); 

  

k=1; 

for i=2:length(t_pure5) 

    if  abs(T_pure5(k)-T_pure5(i))<0.2 

       T_pure5(k+1:i)=0; 

    else  

        k=i; 

    end 

end 

t_pure5(find(T_pure5==0))=0; 

T_pure5=nonzeros(T_pure5); 

t_pure5=nonzeros(t_pure5); 

  

%% 

for i=1:length(T_pure5)-1 

   dT_pure1(i)=T_pure5(i)-T_pure5(i+1); 

   dt_pure1(i)=(t_pure5(i+1)-t_pure5(i))*60; % in second 

  

   DT_pure1(i)=T_pure5(i)-T_amb; 
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   Cp5(i)=(p1(1)*DT_pure1(i)+p1(2))*dt_pure1(i)/(m_ery*dT_pure1(i));    

dh_pure1(i)=Cp5(i)*dT_pure1(i); 

    end 

figure(23) 

plot(T_pure5(2:end),Cp5) 

title('Cp vs Temp, S5') 

ylabel('Cp [J/(gK)]');xlabel('Temperature') 

  

dh_pure1=fliplr(dh_pure1); 

for i=1:length(dT_pure1) 

H(i)=sum(dh_pure1(1:i)); 

end 

figure(24) 

plot(flipud(T_pure5(2:end)),H) 

ax1=gca; 

ax1.XColor='r'; 

ax1.YColor='r'; 

ylabel('Enthalpy [J/g]');xlabel('Temperature [°C]') 

  

ax1_pos = ax1.Position; 

ax2 = axes('Position',ax1_pos,... 

    'XAxisLocation','top',... 

    'YAxisLocation','right',... 

    'Color','none'); 

line(t_pure5(2:end),fliplr(H),'Parent',ax2,'Color','k') 

ylabel('Enthalpy [J/g]');xlabel('Time [min]') 

  

figure(25) 

plot(t_pure5(2:end),Cp5,'r');hold on; grid on 

title('Cp vs Time, S5') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

ind5=find(t_pure5>30); 

cc5=mean(Cp5(ind5:end)); 

indx5=find(t_pure5>16)-1; 

dCp5=Cp5-ones(1,length(Cp5)).*cc5; 

t_p1=t_pure5(indx5(1):end); 

tc5=t_p1(find(abs(dCp5(indx5:end))<5*10^-2))-17.45; 

  

refline(0,cc5) 

dT_pure1=0;dt_pure1=0;lmtd_pure1=0;Q_dot_pure1=0;dh_pure1=0;H=0; 

  

%% S6 

T_pure6=Ery(:,7); 

t_pure6=Ery(:,1); 

%% Smoothing 

figure(26) 

plot(t_pure6,T_pure6);hold on 

Ind=find(T_pure6==max(T_pure6)); 

  

k=1; 

for i=2:length(t_pure6) 

    if  abs(T_pure6(k)-T_pure6(i))<0.2 

       T_pure6(k+1:i)=0; 
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    else  

        k=i; 

    end 

end 

t_pure6(find(T_pure6==0))=0; 

T_pure6=nonzeros(T_pure6); 

t_pure6=nonzeros(t_pure6); 

  

%% 

for i=1:length(T_pure6)-1 

   dT_pure1(i)=T_pure6(i)-T_pure6(i+1); 

   dt_pure1(i)=(t_pure6(i+1)-t_pure6(i))*60; % in second 

  

   DT_pure1(i)=T_pure6(i)-T_amb; 

   Cp6(i)=(p1(1)*DT_pure1(i)+p1(2))*dt_pure1(i)/(m_ery*dT_pure1(i)); 

    dh_pure1(i)=Cp6(i)*dT_pure1(i); 

    end 

figure(27) 

plot(T_pure6(2:end),Cp6) 

title('Cp vs Temp, S6') 

ylabel('Cp [J/(gK)]');xlabel('Temperature') 

  

dh_pure1=fliplr(dh_pure1); 

for i=1:length(dT_pure1) 

H(i)=sum(dh_pure1(1:i)); 

end 

figure(11) 

plot(flipud(T_pure6(2:end)),H) 

ax1=gca; 

ax1.XColor='r'; 

ax1.YColor='r'; 

ylabel('Enthalpy [J/g]');xlabel('Temperature [°C]') 

  

ax1_pos = ax1.Position; 

ax2 = axes('Position',ax1_pos,... 

    'XAxisLocation','top',... 

    'YAxisLocation','right',... 

    'Color','none'); 

line(t_pure6(2:end),fliplr(H),'Parent',ax2,'Color','k') 

ylabel('Enthalpy [J/g]');xlabel('Time [min]') 

  

figure(28) 

plot(t_pure6(2:end),Cp6,'r');hold on; grid on 

title('Cp vs Time, S6') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

ind6=find(t_pure6>30); 

cc6=mean(Cp6(ind6:end)); 

indx6=find(t_pure6>16)-1; 

dCp6=Cp6-ones(1,length(Cp6)).*cc6; 

t_p1=t_pure6(indx6(1):end); 

tc6=t_p1(find(abs(dCp6(indx6:end))<5*10^-2))-16.0167; 

  

refline(0,cc6) 
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dT_pure1=0;dt_pure1=0;lmtd_pure1=0;Q_dot_pure1=0;dh_pure1=0;H=0; 

  

t_c=mean([tc1(1) tc2(1) tc3(1) tc4(1) tc5(1) tc6(1)]) 

figure(29) 

  

plot(Ery(:,1),Ery(:,2),'LineWidth',1.2);hold on;grid on 

plot(Ery(:,1),Ery(:,3),'LineWidth',1.2); 

plot(Ery(:,1),Ery(:,4),'LineWidth',1.2); 

plot(Ery(:,1),Ery(:,5),'LineWidth',1.2); 

plot(Ery(:,1),Ery(:,6),'LineWidth',1.2); 

plot(Ery(:,1),Ery(:,7),'LineWidth',1.2); 

  

  

axis([0 40 20 140]); 

title('Pure Erythritol') 

xlabel('Time [min]');ylabel('Temperature [°C]'); 

legend('Sample 1','Sample 2','Sample 3','Sample 4','Sample 5','Sample 6'); 

  

figure(30) 

subplot(3,2,1) 

plot(t_pure(2:end),Cp1,'r');hold on; grid on 

title('Specific heat, Erythritol (S1)') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

subplot(3,2,2) 

plot(t_pure2(2:end),Cp2,'r');grid on 

title('Specific heat, Erythritol (S2)') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

subplot(3,2,3) 

plot(t_pure3(2:end),Cp3,'r');grid on 

title('Specific heat, Erythritol (S3)') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

subplot(3,2,4) 

plot(t_pure4(2:end),Cp4,'r');grid on 

title('Specific heat, Erythritol (S4)') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

subplot(3,2,5) 

plot(t_pure5(2:end),Cp5,'r');grid on 

title('Specific heat, Erythritol (S5)') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 

subplot(3,2,6) 

plot(t_pure6(2:end),Cp6,'r');grid on 

title('Specific heat, Erythritol (S6)') 

ylabel('Cp [J/(gK)]');xlabel('Time [min]') 
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