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IEA Solar Heating and Cooling Programme 

 
 
The International Energy Agency (IEA) is an autonomous body within the framework of the 
Organization for Economic Co-operation and Development (OECD) based in Paris.  Established in 
1974 after the first “oil shock,” the IEA is committed to carrying out a comprehensive program of 
energy cooperation among its members and the Commission of the European Communities.   
 
The IEA provides a legal framework, through IEA Implementing Agreements such as the Solar 
Heating and Cooling Agreement, for international collaboration in energy technology research and 
development (R&D) and deployment.  This IEA experience has proved that such collaboration 
contributes significantly to faster technological progress, while reducing costs; to eliminating 
technological risks and duplication of efforts; and to creating numerous other benefits, such as swifter 
expansion of the knowledge base and easier harmonization of standards. 
 
The Solar Heating and Cooling Programme was one of the first IEA Implementing Agreements to be 
established.  Since 1977, its members have been collaborating to advance active solar and passive 
solar and their application in buildings and other areas, such as agriculture and industry.  Current 
members are: 
 
Australia   Finland    Portugal 
Austria    France    Spain 
Belgium   Italy    Sweden 
Canada    Mexico    Switzerland 
Denmark   Netherlands   United States 
European Commission  New Zealand   
Germany   Norway    
 
A total of 39 Tasks have been initiated, 30 of which have been completed.  Each Task is managed by 
an Operating Agent from one of the participating countries.  Overall control of the program rests with 
an Executive Committee comprised of one representative from each contracting party to the 
Implementing Agreement.  In addition to the Task work, a number of special activities—Memorandum 
of Understanding with solar thermal trade organizations, statistics collection and analysis, conferences 
and workshops—have been undertaken. 
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The Tasks of the IEA Solar Heating and Cooling Programme, both underway and completed are as 
follows: 
 
Current Tasks: 
Task 32  Advanced Storage Concepts for Solar and Low Energy Buildings  
Task 33  Solar Heat for Industrial Processes 
Task 34  Testing and Validation of Building Energy Simulation Tools 
Task 35   PV/Thermal Solar Systems 
Task 36 Solar Resource Knowledge Management 
Task 37 Advanced Housing Renovation with Solar & Conservation 
Task 38 Solar Assisted Cooling Systems 
Task 39 Polymeric Materials for Solar Thermal Applications 
 
Completed Tasks:  
Task 1  Investigation of the Performance of Solar Heating and Cooling Systems 
Task 2  Coordination of Solar Heating and Cooling R&D 
Task 3  Performance Testing of Solar Collectors 
Task 4  Development of an Insolation Handbook and Instrument Package 
Task 5  Use of Existing Meteorological Information for Solar Energy Application 
Task 6  Performance of Solar Systems Using Evacuated Collectors 
Task 7  Central Solar Heating Plants with Seasonal Storage 
Task 8  Passive and Hybrid Solar Low Energy Buildings 
Task 9  Solar Radiation and Pyranometry Studies 
Task 10 Solar Materials R&D 
Task 11 Passive and Hybrid Solar Commercial Buildings 
Task 12 Building Energy Analysis and Design Tools for Solar Applications 
Task 13 Advance Solar Low Energy Buildings 
Task 14 Advance Active Solar Energy Systems 
Task 16 Photovoltaics in Buildings 
Task 17 Measuring and Modeling Spectral Radiation 
Task 18 Advanced Glazing and Associated Materials for Solar and Building Applications 
Task 19 Solar Air Systems 
Task 20 Solar Energy in Building Renovation 
Task 21 Daylight in Buildings 
Task 23  Optimization of Solar Energy Use in Large Buildings 
Task 22 Building Energy Analysis Tools 
Task 24 Solar Procurement 
Task 25 Solar Assisted Air Conditioning of Buildings 
Task 26 Solar Combisystems 
Task 28  Solar Sustainable Housing 
Task 27  Performance of Solar Facade Components 
Task 29  Solar Crop Drying 
Task 31  Daylighting Buildings in the 21st Century 
 
Completed Working Groups: 
CSHPSS, ISOLDE, Materials in Solar Thermal Collectors, and the Evaluation of Task 13 Houses 
  
To find Solar Heating and Cooling Programme publications and learn more about the Programme visit  
www.iea-shc.org or contact the SHC Executive Secretary, Pamela Murphy, e-mail: 
pmurphy@MorseAssociatesInc.com
 
September 2007
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What is IEA SHC Task 32  
“Advanced Storage Concepts for solar and low energy buildings” ? 
 
 
The main goal of this Task is to investigate new or advanced solutions for storing heat in 
systems providing heating or cooling for low energy buildings. 
 
The first objective is to contribute to the development of advanced storage solutions in 
thermal solar systems for buildings that lead to high solar fraction up to 100% in a typical 
45N latitude climate. 
 
The second objective is to propose advanced storage solutions for other heating or cooling 
technologies than solar, for example systems based on current compression and absorption 
heat pumps or new heat pumps based on the storage material itself. 
 
Applications that are included in the scope of this task include: 
 

1. new buildings designed for low energy consumption  
2. buildings retrofitted for low energy consumption. 

 
The ambition of the Task is not to develop new storage systems independent of a system 
application. The focus is on the integration of advanced storage concepts in a thermal 
system for low energy housing. This provides both a framework and a goal to develop new 
technologies. 
 
The Subtasks are: 
Subtask A: Evaluation and Dissemination  
Subtask B: Chemical and Sorption 
Subtask C: Phase Change Materials 
Subtask D: Water tank solutions 
 
 
Duration  
July 2003 - December 2007. 
www.iea-shc.org look for Task32 
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 IEA SHC Task 32  Subtask C 
“Storage with Phase Change Materials” 
 
 
This report is part of Subtask C of the Task 32 of the Solar Heating and Cooling Programme 
of the International Energy Agency dealing with solutions of storage based on phase change 
materials or “PCMs”. 
 
The topic of PCM is not completely new for solar energy storage but the way Task 32 has 
handled it is new. From material to system and simulation, the process was application 
oriented: a solar combisystem has a target. Can PCM storage do better than water tanks ? 
 
PCM could also be used to reduce the cycling of boilers in a small volume tank. This new 
idea was also investigated in Task 32 in a project bringing more insight on the usefulness of 
PCMs in storing heat and power. 
 
This report screens many Phase Change Materials and analyze the current knowledge of the 
fundamentals associated with PCM behaviour. It is a deep survey of PCM written by 
european experts in the field of storage for solar heat. It provides also a large list of 
references. 
This work was a basic work for Task 32 in order to select suitable materials for storing solar 
heat around 50 to 80C. 
 
The Operating Agent would like to thank the authors of this document for their implication in 
the search of future storage solutions for solar thermal energy, the key to a solar future for 
the heating and cooling of our buildings. 
 
 
Jean-Christophe Hadorn 
Operating Agent of IEA SHC Task 32 
For  the Swiss Federal Office of Energy 
 
BASE Consultants SA - Geneva 
jchadorn@baseconsultants.com
 
 
 

NOTICE: 
The Solar Heating and Cooling Programme, also known as the Programme to Develop and Test Solar 
Heating and Cooling Systems, functions within a framework created by the International Energy 
Agency (IEA). Views, findings and publications of the Solar Heating and Cooling Programme do not 
necessarily represent the views or policies of the IEA Secretariat or of all its individual member 
countries. 
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1 INTRODUCTION 
 
The thermal energy absorbed by a material when changing its phase at a constant 
temperature is called ‘latent heat’. For practical applications, materials that exhibit low 
volume changes are used, for example, solid-to-liquid and some special solid-to-solid phase 
change materials are applicable.  
 
The commonly used phase change materials for technical applications are: paraffins 
(organic), salt hydrates (inorganic) and fatty acids (organic) (See Figure 1). For cooling 
applications, it is also possible to use ice storage. 
 
Latent heat storage offers a significant advantage if the application needs temperature cycles 
closely around the melting point, since in those cases the corresponding storage density of 
water is small. In liquid or solid state the specific heat capacity is lower for most PCM 
materials compared to water.  
 
Possible Applications in Solar Buildings for PCM are 

• Cold storage for solar assisted cooling applications (PCT around 5 -18°C) 
• PCM (Micro-Capsules) incorporated in wall material (PCT around 22°C) 
• Heating storage for Solar Energy and longer running time of boilers (PCT around 

60°C) 
• Hot storage for Solar Assisted Air Conditioning (PCT around 80°C) 

 
In all cases, heat must be transferred between the phase change material and the fluid cycle 
(charging, discharging). Different techniques are used, including: 

• Direct contact between phase change material and heat transfer fluid: this needs 
materials that are chemically stable for long periods of direct contact and the 
solidification of PCM occur in small particles, securing sufficient heat transfer during 
subsequent melting. 

• Macroscopic-capsules: this is the most frequently used encapsulation method. The 
most common approach is to use a plastic module, which is chemically neutral with 
respect to both the phase change material and the heat transfer fluid. The modules 
typically have a diameter of some centimetres.  

• Micro-encapsulation: this is a relatively new technique in which the PCM is 
encapsulated in a small shell of polymer materials with a diameter of some 
micrometres (in the moment only for paraffins). A large heat-exchange surface results 
and the powder- like spheres can be integrated into many construction materials or 
used as aquaeous pumpable slurry. Plasters incorporating micro-encapsulated PCM 
are on the market since 2004. PC;-slurries are still under development. 

 
The main advantages of phase change storage in comparison to conventional water storage 
techniques are: 

• Higher thermal energy storage capacity (smaller storages) than sensible energy 
storage, at least if only small useful temperature differences can be achieved. 

• Relatively constant temperature during charging and discharging. 
• Burner cycles for the back-up heat generation unit and therefore their CO and HC 

emissions can be reduced. 
 
The main disadvantages of phase change storage are: 
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• Higher investment cost, in most cases, compared to water storage. 
• In many cases, the peak power during discharge is limited due to limited heat 

conduction in the solid state of PCM. This is the main limit determining the acceptable 
size for the storage modules. 

• Limited experience with long-term operation (after many thousand cycles). 
• Risks of loss of stability of the solution and deterioration of the encapsulation 

material. 
 
In the following the characteristics of PCM materials are described on more detail.  
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2 STATE OF THE ART OF PHASE CHANGE MATERIALS  

2.1 Classification 
 

In 1983 Abhat [49] gave a useful classification of the substances used for thermal energy 
storage, shown in Figure 1. 
 
Among the most thorough references related with phase change materials, one can cite 
Abhat [49], Lane [6,50], Kenisarin [36], Dincer and Rosen [1], Zalba et al. [2], and Farid [4]. 
These contain a complete review of the types of material which have been used, their 
classification, characteristics, advantages and disadvantages and the various experimental 
techniques used to determine the behaviour of these materials in melting and solidification. 
 

Sensible heat

gas - liquid solid - gas

Eutetics
Single temperature

Commercial
grade

Analytical
grade

Paraffins
(alkanes mixtures)

Fatty acids

Mixtures
Temperature interval

organics

Eutetics
Single temperature

Hydrated salts

Mixtures
Temperature interval

inorganics

solid-liquid solid - solid

Latent heat Chemical energy

Materials

 
Figure 1: Classification of energy storage materials [49]. 
 

2.2 Non-commercial/commercial materials 
Many substances have been studied as potential PCMs, but only a few of them are 
commercialised as so. 
 
Tables 1 to 6 present the different substances, eutectics and mixtures (inorganic, organic 
and fatty acids), that have been studied by different researchers for their potential use as 
PCMs. Note that only melting temperatures of 16 to 30ºC have been considered for 
applications in buildings, and melting temperatures of 45 to 70ºC have been considered for 
storage tanks. Some of their thermophysical properties are included (melting point, heat of 
fusion, thermal conductivity and density), although some authors give further information 
(congruent/incongruent melting, volume change, specific heat, etc.).  
 
Table 7 shows a list of the commercial PCMs available in the market with their 
thermophysical properties as given by the companies (melting point, heat of fusion and 
density), and the company that is producing them. 
 
Table 1: Inorganic substances with potential use as PCM  
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Compound Melting 

temperature 
(°C) 

Heat of 
fusion 
(kJ/kg) 

Thermal conductivity 
(W/m·K) 

Density (kg/m3) 

Na2CrO4·10 H2O 18 [51] n.a. n.a. n.a. 
KF·4 H2O 18.5 

[3,8,49,52,53] 
231 
[3,8,49,52] 
 

n.a. 1447 (liquid, 20°C) [49] 
1455 (solid, 18°C) [49] 
1480 [52] 

Mn(NO3)2·6 H2O 25.8 [54] 125.9 [54] n.a. 1738 (liquid, 20°C) [54] 
1728 (liquid, 40°C) [54] 
1795 (solid, 5°C) [54] 

CaCl2·6 H2O 29 [1,55] 
29.2 [53] 
29.6 [52] 
29.7 [3,8,49] 
30 [51] 
29-39 [5] 

190.8 [1,55] 
171 [3,8,49] 
174,4 [5] 
192 [52] 

0.540 (liquid, 38.7°C) 
[1,55] 
0.561 (liquid, 61.2°C) 
[55] 
1.088 (solid, 23°C) [1,55] 

1562 (liquid, 32°C) [1,55]
1496 (liquid) [49] 
1802 (solid, 24°C) [1,55] 
1710 (solid, 25°C) [49] 
1634 [5] 
1620 [52] 

LiNO3·3 H2O 30 [52] 296 [52] n.a. n.a. 
K3PO4·7 H2O 45 [51] n.a. n.a. n.a. 
Zn(NO3)2·4 H2O 45.5 [51] n.a. n.a. n.a. 
Ca(NO3)2·4 H2O 42.7 [53] 

47 [51] 
n.a. n.a. n.a. 

Na2HPO4·7 H2O 48 [53] n.a. n.a. n.a. 
Na2S2O3·5 H2O 48 [49,51-53] 

48-49 [5] 
201 [49] 
209,3 [5] 
187 [52] 

n.a. 1600 (solid) [49] 
1666 [5] 

Zn(NO3)2·2 H2O 54 [51] n.a. n.a. n.a. 
NaOH· H2O 58.0 [53] n.a. n.a. n.a. 
Na(CH3COO)·    
3 H2O 

58 [52,56] 
58.4 [53,57-63] 

264 [57-63] 
226 [52] 

n.a. 1450 [52] 

Cd(NO3)2·4 H2O 59.5 [53] n.a. n.a. n.a. 
Fe(NO3)2·6 H2O 60 [51] n.a. n.a. n.a. 
NaOH 64.3 [52] 227.6 [52] n.a. 1690 [52] 
Na2B4O7·10 H2O 68.1 [53] n.a. n.a. n.a. 
Na3PO4·12 H2O 69 [53] n.a. n.a. n.a. 
Na2P2O7·10 H2O 70 [52] 184 [52]  n.a. 
n.a.: not available or not known at the time of writing 

 
 
 
 
 
 
 
Table 2: Inorganic eutectics with potential use as PCM 
 

Compound Melting 
temperature 

(°C) 

Heat of 
fusion 
(kJ/kg) 

Thermal conductivity 
(W/m·K) 

Density (kg/m3) 

51-55% Cu(NO3)3·6H2O 
+ 45-49% LiNO3·3H2O 

16.5 [36] 250 [36] n.a. n.a. 

45-52% LiNO3·3H2O + 
48-55% Zn(NO3)2·6H2O 

17.2 [36] 220 [36] n.a. n.a. 
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55-65% LiNO3·3H2O + 
35-45% Ni(NO3)2·6H2O 

24.2 [36] 230 [36] n.a. n.a. 

66.6% CaCl2·6 H2O + 
33.3% MgCl2·6 H2O 

25 [52] 127 [52] n.a. 1590 [52] 

45% Ca(NO3)2·6H2O + 
55% Zn(NO3)2·6H2O 

25 [36,49] 130 
[36,49] 

n.a. 1930 [36,49] 

48% CaCl2 + 4.3% NaCl 
+ 0.4% KCl + 47.3% H2O 

26,8 [49,52] 188,0 [52] n.a. 1640 [52] 

67% Ca(NO3)2·4 H2O + 
33% Mg(NO3)2·6 H2O 

30 [36,49] 136 
[36,49] 

n.a. 1670 [36] 

60% Na(CH3COO) ·3 
H2O + 40% CO(NH2)2 

31.5 [36,64] 
30 [65] 

226 
[36,64] 
200.5 [65] 

n.a. n.a. 

61.5% Mg(NO3)2·6 H2O + 
38.5% NH4NO3 

52 [55] 125.5 [55] 0.494 (liquid, 65.0°C) 
[55] 
0.515 (liquid, 88.0°C) 
[55] 
0.552 (solid, 36.0°C) [55] 

1515 (liquid, 65°C) [55] 
1596 (solid, 20°C) [55] 

58.7% Mg(NO3)·6 H2O + 
41.3% MgCl2·6 H2O 

59 [55] 
58 [52] 
59.1 [36,49] 

132.2 [55] 
132 [52] 
144 
[36,49] 

0.510 (liquid, 65.0°C) 
[55] 
0.565 (liquid, 85.0°C) 
[55] 
0.678 (solid, 38.0°C) [55] 
0.678 (solid, 53.0°C) [55] 

1550 (liquid, 50°C) [55] 
1630 (solid, 24°C) [55] 
1680 (solid) [36,49] 

53% Mg(NO3)2·6 H2O + 
47% Al(NO3)2·9 H2O 

61 [36,49] 148 
[36,49] 

n.a. 1850 [36] 

% in weight  
n.a.: not available or not known at the time of writing 

 
 
Table 3: Non-eutectic mixtures of inorganic substances with potential use as PCM 

Compound Melting 
temperature 

(°C) 

Heat of fusion 
(kJ/kg) 

Thermal conductivity 
(W/m·K) 

Density (kg/m3) 

Mg(NO3)2·6 H2O / 
Mg(NO3)2·2 H2O 

55.5 [51] n.a. n.a. n.a. 

80% Mg(NO3)·6 H2O + 
20% MgCl2·6 H2O 

60 [66] 
 

150 [66] n.a. n.a. 

% in weight  
n.a.: not available or not known at the time of writing 

 
 
 
Table 4: Organic eutectics with potential use as PCM 

Compound Melting 
temperature 

(°C) 

Heat of fusion 
(kJ/kg) 

Thermal conductivity 
(W/m·K) 

Density (kg/m3) 

37.5% urea + 63.5% 
Acetamide 

53 [49] n.a. n.a. n.a. 

67.1% naphthalene + 
32.9% benzoic acid 

67 [55] 123.4 [55] 0.136 (liquid, 78.5°C) 
[55] 
0.130 (liquid, 100°C) [55] 
0.282 (solid, 38°C) [55] 

n.a. 
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0.257 (solid, 52°C) [55] 
% in weight  
n.a.: not available or not known at the time of writing 

 

Table 5: Organic substances with potential use as PCM 
Compound Melting 

temperature 
(°C) 

Heat of 
fusion 
(kJ/kg) 

Thermal conductivity 
(W/m·K) 

Density (kg/m3) 

Dimethyl-sulfoxide 
(DMS) 

16,5 [67] 85.7 [67] n.a. 1009 (solid and liquid) 
[67] 

Paraffin C16-C18 20-22 [9] 152 [9] n.a. n.a. 
Polyglycol E600 22 [1,55] 127.2 [1,55] 0.189 (liquid, 38.6°C) [1,55] 

0.187 (liquid, 67.0°C) [55] 
1126 (liquid, 25°C) [1,55] 
1232 (solid, 4°C) [1,55] 

Paraffin C13-C24 22-24 [49] 189 [49] 0.21 (solid) [49] 760 (liquid, 70°C) [49] 
900 (solid, 20°C) [49] 

1-dodecanol 26 [8] 
17.5-23.3 [3] 

200 [8] 
188.8 [3] 

n.a. n.a. 

Paraffin C18 28 [49] 
27.5 [68] 
22.5-26.2 [3] 

244 [49] 
243.5 [68] 
205.1 [3] 

0.148 (liquid, 40°C) [68] 
0.15 (solid) [49] 
0.358 (solid, 25°C) [68] 

774 (liquid, 70°C) [49] 
814 (solid, 20°C) [49] 

Paraffin C20-C33 48-50 [49] 189 [49] 0.21 (solid) [49] 769 (liquid, 70°C) [49] 
912 (solid, 20°C) [49] 

Paraffin C22-C45 58-60 [49] 189 [49] 0.21 (solid) [49] 795 (liquid, 70°C) [49] 
920 (solid, 20°C) [49] 

Paraffin wax 64 [1,55] 173.6 [1,55] 
266 [52] 

0.167 (liquid, 63.5°C) [1,55] 
0.346 (solid, 33.6°C) [1,55] 
0.339 (solid, 45.7°C) [55] 

790 (liquid, 65°C) [1,55] 
916 (solid, 24°C) [1,55] 

Polyglycol E6000 66 [1,55] 190.0 [1,55] n.a. 1085 (liquid, 70°C) [1,55] 
1212 (solid, 25°C) [1,55] 

Paraffin C21-C50 66-68 [49] 189 [49] 0.21 (solid) [49] 830 (liquid, 70°C) [49] 
930 (solid, 20°C) [49] 

n.a.: not available or not known at the time of writing 
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Table 6: Fatty acids with potential use as PCM 
Compound Melting 

temperature 
(°C) 

Heat of 
fusion 
(kJ/kg) 

Thermal conductivity 
(W/m·K) 

Density (kg/m3) 

Propyl palmiate 10 [8] 
16-19 [3] 

186 [8] n.a. n.a. 

Caprylic acid 16 [1,55] 
16.3 [49] 

148.5 [1,55] 
149 [49] 

0.149 (liquid, 38.6°C) 
[1,55] 
0.145 (liquid, 67.7°C) [55] 
0.148 (liquid, 20°C) [49] 

901 (liquid, 30°C) [1,55]
862 (liquid, 80°C) [49] 
981 (solid, 13°C) [1,55] 
1033 (solid, 10°C) [49] 

Capric-lauric acid 
(65 mol%-35 mol%) 

18.0 [69] 
17-21 [3] 

148 [69] 
143 [3] 

n.a. n.a. 

Butil stearate 19 [8,36] 
18-23 [3] 

140 [3,8] 
123-200 [70]
200 [36] 

n.a. n.a. 

Capric-lauric acid 
(45%-55%) 

21 [8] 143 [8] n.a. n.a. 

Dimethyl sabacate 21 [36,70] 120-135 [70]
135 [36] 

n.a. n.a. 

Octadecyl 3-
mencaptopropylate 

21 [36] 143 [36] n.a. n.a. 

34% Mistiric acid + 
66% Capric acid 

24 [55] 147.7 [55] 0.164 (liquid, 39.1°C) [55] 
0.154 (liquid, 61.2°C) [55] 

888 (liquid, 25°C) [55] 
1018 (solid, 1°C) [55] 

Octadecyl 
thioglycate 

26 [36] 90 [36] n.a. n.a. 

Vinyl stearate 27-29 [70] 
27 [36] 

122 [36,70] n.a. n.a. 

Myristic acid 49-51 [71] 
54 [49] 
58 [55] 

204.5 [71] 
187 [49] 
186.6 [55] 

n.a. 861 (liquid, 55°C) [55] 
844 (liquid, 80°C) [49] 
990 (solid, 24°C) [55] 

Palmitic acid 64 [1,55] 
61 [72,73] 
63 [49] 

185.4 [1,55] 
203.4 
[72,73] 
187 [49] 

0.162 (liquid, 68.4°C) 
[1,55] 
0.159 (liquid, 80.1°C) [55] 
0.165 (liquid, 80°C) [49] 

850 (liquid, 65°C) [1,55]
847 (liquid, 80°C) [49] 
989 (solid, 24°C) [1,55] 

Stearic acid 69 [1,55] 
60-61 [73,74] 
70 [49] 

202.5 [1,55] 
186.5 
[73,74] 
203 [49] 

0.172 (liquid, 70°C) [49] 848 (liquid, 70°C) [1,55]
965 (solid, 24°C) [1,55] 

% in weight  
n.a.: not available or not known at the time of writing 
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Table 7: Commercial PCMs available in the market 

PCM name Type of 
product 

Melting 
temperature (°C) 

Heat of fusion 
(kJ/kg) 

Density 
(kg/L) 

Source 

RT20 Paraffin 22 172 0.88 Rubitherm GmbH [75] 
ClimSel C 24 n.a. 24 108 1.48 Climator [76] 
RT26  Paraffin 25 131 0.88 Rubitherm GmbH [75] 
STL27 Salt hydrate 27 213 1.09 Mitsubishi Chemical [77] 
AC27 Salt hydrate 27 207 1.47 Cristopia [78] 
RT27 Paraffin 28 179 0.87 Rubitherm GmbH [75] 
TH29 Salt hydrate 29 188 n.a. TEAP [79] 
STL47 Salt hydrate 47 221 1.34 Mitsubishi Chemical [77] 
ClimSel C 48 n.a. 48 227 1.36 Climator [76] 
STL52 Salt hydrate 52 201 1,3 Mitsubishi Chemical [77] 
RT54 Paraffin 55 179 0,90 Rubitherm GmbH [75] 
STL55 Salt hydrate 55 242 1,29 Mitsubishi Chemical [77] 
TH58 n.a. 58 226 n.a. TEAP [79] 
ClimSel C 58 n.a. 58 259 1,46 Climator [76] 
RT65  Paraffin 64 173 0,91 Rubitherm GmbH [75] 
ClimSel C 70 n.a. 70 194 1,7 Climator [76] 

n.a.: not available or not known at the time of writing 

 

2.3 Organic/inorganic materials 
A comparison of the advantages and disadvantages of organic and inorganic materials is 
shown in Table 8. 
 

Table 8: Comparison of organic and inorganic materials for heat storage. 
Organics Inorganics 

Advantages 
- No corrosives  
- Low or none undercooling 
- Chemical and thermal stability 

Advantages 
 
- Greater phase change enthalpy 
- Subcooling1  
 

Disadvantages 
- Lower phase change enthalpy 
- Low thermal conductivity 
- Inflammability 

Disadvantages 
- Subcooling  
- Corrosion 
- Phase separation 
- Phase segregation, lack of thermal stability 

 

1Controlled use of subcooling can be used for achievement of partly heat loss free storage 
solutions for solar combi systems.   
  
Notable among inorganic materials are hydrated salts and their multiple applications in the 
field of solar energy storage [1,6]. In chapter 1 of Lane [50] there is an extensive review of 
phase change materials and especially hydrated salts. Chapter 3 of the same work covers 
the different types of encapsulation and their compatibility with different materials.  
 
A significant number of authors have based their work on organic materials such as alkanes, 
waxes or paraffins [35,80-85]. Within organic materials, there is a class called MCPAM 
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(Phase change materials made up of molecular alloys), formed by alkane-based alloys which 
have the advantage of being thermoadjustable [86], that is, they allow alterations to the 
phase change temperature through their composition. There is abundant information on this 
subject in the literature [86-96]. 
 
As far as concerns the storage temperature or phase change, the heat transfer in 
accumulators can be improved choosing the PCM in such a way that its phase change 
temperature optimises the thermal gradient with respect to the substance with which the heat 
is being exchanged (Farid [35], Hassan [97], Stub [98]). For example, with paraffins and 
alkanes it is possible to vary the number of carbon atoms or form different molecular alloys, 
which allows a practically continuous variation of the phase change temperature within 
certain ranges. 
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3 Thermophysical properties 
 
It can be concluded from the information compiled that the main characteristics required of 
phase change materials are those indicated in Table 9. 
 

Table 9: Important characteristics of energy storage materials. 
Thermal  

properties 
Physical  

properties 
Chemical 
properties 

Economic 
properties 

 
Phase change 

temperature fitted to 
application 

 
High change of 
enthalpy near 

temperature of use 
 

High thermal 
conductivity in both 

liquid and solid 
phases (although not 

always) 
 

 
Low density 

variation 
 
 

High density 
 
 
 

Small or no 
subcooling1 

 

 
Stability 

 
 
 

No phase separation 
 
 
 

Compatibility with container 
materials 

 
Non toxic, non flammable, 

non polluting 

 
Cheap and 
abundant 

 

1Controlled use of subcooling can be used for achievement of partly heat loss free storage 
solutions for solar combi systems.   

 

3.1 Thermophysical properties determination 
Speyer [99] gave a good overview of the thermal analysis methods in general, but also 
Eckert et al. [100] and should be mentioned. Naumann and Emons [53] and others [19,101] 
focussed their studies on thermal analysis methods for PCMs.  
 

As is mentioned in Gibbs [104], there is considerable uncertainty about the property values 
provided by manufacturers (who give values of pure substances) and it is therefore advisable 
to use DSC (Differential Scanning Calorimetry) to obtain more accurate values. 
 
Yinping [105] reviews the above-mentioned conventional methods of PCM property analysis 
and points out their limitations, of which the following stand out: 
 

a) Small quantities of sample are analysed (1-10 mg), although some behaviour of 
the PCMs depends on their quantity. 

b) The analysis instrumentation is complex and expensive. 
c) Phase change cannot be visually observed. 
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Analysis techniques used to study phase 
change are mainly conventional 
calorimetry, differential scanning 
calorimetry (DSC) (Figure 2) and 
differential thermal analysis (DTA). 
Among studies relating to DSC, it is worth 
citing Flaherty [102] for characterisation of 
hydrocarbons and natural waxes, 
Giavarini [103] for characterisation of 
petroleum products and Salyer [80] for 
characterisation of paraffins. Figure 2: DSC of paraffin RT20 

 

Yinping proposes a simple method for determining phase change temperature, undercooling, 
enthalpy, specific heat, and thermal conductivity in solid and liquid phases. Temperature – 
time graphs are drawn and properties evaluated for comparison with the graphs of the other 
known materials are used (usually pure water) as reference. 
 
Marín et al. [106] developed a further evaluation procedure to determine specific heat and 
enthalpy as temperature dependent values. The results obtained are presented in the form of 
enthalpy-temperature curves, and an experimental improvement is proposed (Figures 3 and 
4). 
 

 
Figure 3: Experimental set-up of the T-history 
method 

 
Figure 4: Temperature–time curves for 
PCM and ambient air 

 

Another method for determining thermal conductivity in PCM at temperatures around phase 
change temperature is established in Delaunay [107]. This method is based on analysing 
one-dimensional conduction in a cylinder. Various alternatives are proposed in the literature 
for the enhancement of thermal conductivity such as increasing the heat transfer surface, 
inserting metallic fins (Sadasuke [108]) or adding metallic additives (Bugaje [109]). In Manoo 
[110] there are some interesting charts relating to variations in conductivity, density and 
enthalpy against temperature for some paraffins. 
 

3.2 Long term stability 
 
Insufficient long term stability of the storage materials and containers is a problem that has 
limited widespread use of latent heat stores. This poor stability is due to two factors: poor 
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stability of the materials properties due to thermal cycling, and/or corrosion between the PCM 
and the container.  
 

3.2.1 Stability of the PCM-container system 
A relevant aspect is the useful life of these systems, and the number of cycles they can 
withstand without any degrading of their properties (Figures 5 and 6). Hadjieva [81] uses 
three paraffin mixtures; the lack of effect of the cycles on the properties of paraffin is verified. 
Other authors, such as Gibbs [104], also confirm that neither the cycles nor contact with 
metals degrade the thermal behaviour of paraffin and that they therefore have excellent 
thermal stability. 
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Figure 5: Several cycles of a paraffin 
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Figure 6: One cycle of a paraffin 

 

3.2.2 Corrosion of the materials 
Most references on corrosion tests using salt hydrates were performed with diluted salt 
hydrates, as typically used in the chemical industry, and only a few presented results, usually 
based on observation over experimental set-ups [111,112]. Porisini [113] tested the corrosion 
of four commercially available salt hydrates used as PCMs in 1988. 
 

 
Recently, Cabeza et al. [114-117] studied 
corrosion resistance of five common metals 
(aluminium, brass, copper, steel and stainless 
steel) in contact with molten salt hydrates (zinc 
nitrate hexahydrate, sodium hydrogen 
phosphate dodecahydrate, calcium chloride 
hexahydrate, sodium carbonate, potassium 
hydrogen carbonate, potassium chloride, 
water, sodium acetate trihydrate, and sodium 
tiosulphate pentahydrate) in an immersion 
corrosion test (Figure 7). 

 
Figure 7: Aluminium treated with a 
salt hydrate. From left to right: before 
treatment, after treatment, and after 
treatment in contact with graphite 

 
Some investigations have been concerned with corrosion of molten salts at high 
temperature. Already in 1980, Heine et al. [118] studied the corrosion performance of six 
molten salts melting between 235 and 857°C versus four metals used at these temperatures. 
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3.2.3 Phase segregation and subcooling problems 
The high storage density of salt hydrate materials is difficult to maintain and usually 
decreases with cycling. This is because most hydrated salts melt congruently with the 
formation of the lower hydrated salt, making the process irreversible and leading to the 
continuous decline in their storage efficiency (Figure 8).  
 
This problem was studied first in the 70s [119-123] using the extra water principle. The extra 
water principle is a method that consists in adding extra water to the salt hydrate so that all 
the anhydrous salt can be dissolved in the water at the melting point, that is, the storage 
medium is a saturated salt solution at the melting point. The storage medium is stirred softly 
while it is cooled or heated. 
 
Segregation can be prevented changing the properties of the salt hydrate with the addition of 
another material that can hinder the heavier phases to sink to the bottom [124]. This can be 
achieved either with gelling or with thickening materials. Gelling means adding a cross-linked 
material (e.g. polymer) to the salt to create a three dimensional network that holds the salt 
hydrate together. Thickening means the addition of a material to the salt hydrate that 
increases the viscosity and hereby holds the salt hydrate together [6]. 
 
Subcooling is another serious problem associated with all hydrated salts. It appears when a 
salt hydrate starts to solidify at a temperature below its congelating temperature (Fig. 9). 
Several approximations have been studied to solve this problem. One is the use of hydrated 
salts in direct contact heat transfer between an immiscible heat transfer fluid and the 
hydrated salt solution [4]. Another solution is the use of nucleators [6,125]. 
 

 
Figure 8: Segregation of a salt 
hydrate 
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Figure 9: Subcooling effect of a salt hydrate 

 

3.2.4 Fire retardation of PCM-treated construction materials 
An article by Salyer [132] reports on reaction to fire and the possible fire-retardant additives 
(organic halogenous compounds) that improve the response to fire of the material. This 
paper covers an important number of applications in the field of heating and cooling, and sets 
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out a review of materials, advantages, disadvantages and characteristics of a series of PCM 
substances applicable to thermal storage in buildings. Of the four possible PCM analysed, 
those with the greatest advantages were of the paraffin type (hydrocarbons; -60 to 80ºC) 
whose origin can be from the polymerisation of ethylene or as a by-product of petroleum.  
 
Banu et al. [133] conducted flammability tests on energy storing wallboard. Comparison of 
the test results with similar data for other building materials indicates the possibility of 
reducing the flammability of energy storing wallboard by incorporation of a flame retardant. 
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4 Encapsulation of the materials 
 
The encapsulation of the PCM has developed interest in several researchers. Advantages 
and disadvantages of different geometries of PCM encapsulation with different materials and 
their compatibility was discussed by Lane [6].  
 
For the use of PCM in buildings applications, an encapsulation of PCM (50-80%) with 
unsaturated polyester matrix (45-10%), and water (5-10%) was studied by Morikama et al. 
[8]. In the same area, Inaba [126] and Lee & Choi [10] propose using the storage substance 
integrated with the building materials without encapsulation (“Shape-stabilised paraffin”: 74% 
paraffin + 26% HDPE [high-density polyethylene]). Structural stability is achieved using high-
density polyethylene which retains the paraffin when in liquid phase. Hawes and Feldman 
[127] have considered the means of PCM incorporation: direct incorporation, immersion and 
encapsulation. The PCM must be encapsulated so that it does not adversely affect the 
function of the construction material. 
 
For many applications, PCMs are microencapsulated, and this has been studied by several 
researchers [18,128,129] and developed by companies like BASF [16,130]. Nevertheless, 
the potential use of microencapsulated PCMs in various thermal control applications is 
limited to some extent by their cost. Hawlader et al. [131] have prepared and compared 
encapsulated paraffin waxes by complex coacervation and spray drying methods, and have 
shown that microcapsules have high energy storage and release capacity, which depends on 
core to coating ratio (Figures 10 and 11). 
 

 
Figure 10: Microencapsulated PCM by 
copolymerization 

 
Figure 11: Microencapsulated PCM 
commercialized by BASF 

 

Commercial companies have found different ways of encapsulating their PCMs. For 
example, Cristopia [78] encapsulates the PCM in nodules (Figure 12). The spherical nodules 
(balls) are blow moulded from a proprietary blend of polyolefins and filled with PCM. A range 
of PCMs allow thermal energy to be stored at temperatures between -33°C and 
+27°C. Rubitherm [75] developed a heat storage granulate in which approx. 35% wt. of a 
phase change material is bound (Figure 13). This product offer the advantage of maintaining 
their macroscopic solid form during phase change.  
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Figure 12: Spherical nodule filled of PCM developed 
by Cristopia 

 
Figure 13: Granulated developed by 
Rubitherm 
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5 Microencapsulated PCM Slurries  

5.1 General Considerations about PCM slurries 
One major drawback of latent thermal energy storage is the low thermal conductivity of the 
materials used as PCM. This circumstance makes heat transfer into / out of a thermal energy 
storage during charging / discharging difficult.  
 
Much work has been performed by enhancing the conductivity of the PCM by embedding 
structures of material with high thermal conductivity (Velraj et al. [140]; Hamada et al. [159]) 
or to shorten the heat transport distances inside of the PCM by means of highly dispersed 
heat exchangers with low distances between fins or pipes (Domañski et al. [160]). Another 
way is to encapsulate the PCM into containers of different shapes like e.g. plates, cylinders 
or spheres (Arkar et al.[161]; Bruno, Saman [23], CRISTOPIA “nodule” [78] ). These 
container elements should have a high ratio of surface area to volume, or respectively a 
large heat transfer area per volume unit and short transport distances in the PCM itself. This 
results in a container that should be as small as possible. 
 
That’s where the topic of microencapsulated PCMs comes up. PCM containers with a 
diameter of 2-20 µm offer the advantage of excellent surface area/volume ratios and nearly 
infinitely small transport distances. In addition these microcapsules can be dispersed in a 
fluid (mostly water) and then be pumped and used as energy transport media, as a so-called 
PCM slurry (Figure 14).  
 

 
Figure 14: SEM-picture of the dried microcapsules in a PCM slurry (ISE Freiburg) 
 
Concerning calculations, the PCM-slurry can be treated like a homogeneous material 
(Lumped Capacitance Method). This assumption implies that temperature gradients within 
the solid are negligible. This is closely approximated if the resistance to conduction within the 
considered body is small compared with the resistance to heat transfer between the solid 
and its surroundings. The fulfilment of this condition can be analysed by means of the Biot 
number, which should have a value of smaller than 0.1 (Incropera, DeWitt [162]). The Biot 
number is given by the heat transfer coefficient h, the thermal conductivity k and the 
characteristic length Lc, which in this case can be assumed as the radius of a microcapsule. 
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If one calculates the Biot number for a PCM microcapsule he will get a value that is far below 
0.1. This implies that within a microcapsule no conduction and therefore temperature 
gradients have to be considered at all. This should solve the problem of the low conductivity 
of PCM materials. 

5.2 Storage capacity and thermodynamic properties 
Latent thermal energy storage aims at using the latent heat of fusion of phase change 
materials. The relatively large amount of latent heat of the phase transition shall give a higher 
energy storage density compared to the traditional sensible heat storage systems. 
Unfortunately PCMs have a lower sensible heat capacity than water. Therefore, when a 
system is operated with high temperature differences, the advantage of the latent heat is 
reduced due to the lower sensible heat. In such applications water storages are more 
favourable. Figure 15 shows the specific heat capacity of a PCM slurry with a transition 
temperature of about 60°C as a function of temperature. The basis of the figure is a T-history 
measurement (Marin et al., 2002) of a wet slurry probe (50% concentration of microcapsules) 
during cooling, out of which the graphs for different concentrations were generated. The 
slurry used in this measurement has a melting temperature range of about 20 K, a latent heat 
of fusion of about 140 kJ/kg and a sensible heat capacity of about 2.7 kJ/kg.K. Clearly a 
subcooling part can be seen at 52 °C.  
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Figure 15:  specific heat functions of different 
concentrations of the 65°C slurry 

Figure 16:  enthalpy functions of different 
concentrations of the 65°C 
slurry 
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In Figure 16 the enthalpies for different concentrations of the slurry are shown, the zero-point 
of enthalpy was set to 35 °C, where the melting of the PCM sets in.  
 
For high temperature differences of more than 20 K and especially with low concentrations of 
PCM the storage capacity is not much better than for water. Therefore PCM slurries should 
potentially be used in systems that are operated with low temperature differences. The 
concentration of microcapsules should be as high as possible. Figure 17 shows the 
theoretical storage capacities of different slurry concentrations in different temperature 
ranges. 
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Figure 17:  storage capacity enhancement (compared to water) of different concentrations of 

the 60 °C Slurry in different temperature ranges  
 
The viscosity of PCM slurries is strongly dependent on the concentration of microcapsules 
and the temperature of the slurry. Figure 18 shows the viscosity as a function of temperature 
for 3 different concentrations (Egolf [163]. For higher concentrations the viscosity increases 
strongly. For instance a slurry with a concentration of 50 % and a temperature of 20 °C has a 
viscosity of 300 mPa.s. 

 
Figure 18:  dynamic viscosity of a PCM-slurry as a function of concentration and temperature 

(measured at EIVD, Switzerland 2004) 
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6 Conclusions 
This reports summarizes the current knowledge on phase change materials that could be 
suited for storing solar heat in a solar combisystem, where temperatures between 20 and 50 
°C are needed and a storage material able to store between 20 and 80C would be best 
suited. 
 
The report adresses properties of material, types of encapsulation and classification of 
organic and inorganic materials. 
 
The report shows also some limitations of phase change materials such as the heat 
exchange power. 
 
Task 32 investigates in other reports the ability for some PCM to be suited to solar 
combisystems or other heating applications such as reducing the number of cycling of a gas 
boiler. 
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