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Abstract: Solar water heating system is the efficient application of solar energy in the
industrial and residential purposes. The thermal energy storage is required to store the excess
energy comes in the summer season, and it can be used when sunshine is not available.
Thermal energy storage system incorporating phase change materials (PCM) are used to store
the excess energy as latent heat. Because latent heat storage is one of the effective method of
storing thermal energy. The use of phase change materials in solar domestic hot water system
would improve the performance of the system due to it’s high energy storage density and
isothermal operation. Phase change materials also improve the thermal stratification of energy
storage tanks. Many articles reveal that the performance of stratified tanks is better than the
performance of fully mixed tanks. It is important to identify the parameters needed to
characterize the stratification of solar domestic hot water tanks to improve its performance.
This  paper  reviews  some  of  the  important  PCMs,  the  use  of  PCMs  and  the  parameters  to
characterize the stratification and to improve the performance in solar water heating systems.
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1. Introduction.

The solar energy option has been opted as one of the outstanding alternative energy sources for
fulfilling future energy needs. Solar water heating is one of the assets of the direct use of solar energy, and it is
an alternative thermal application from an economic standpoint. There is  a variety of developments in recent
years to improve the functionality of solar household hot water systems [1]. Depends on the heat transfer
mechanisms inside the storage systems, solar household hot water system  can be divided into two parts. (i.e.,)
Single phase natural (or) forced circulation systems and two phases thermosyphon energy storage systems. The
hot water is used for domestic purposes or for meeting the needs of the industries and commercial
establishments. Domestic, commercial and industrial buildings often have a hot water requirement at around
60oC and bathing, boundary and cleaning operations in the household sector need it at about 50oC [2]. PCM’s
with melting range 50oC-60oC can be used in the solar water heating system to meet hot water demands in
buildings. Since the thermal conditions of PCM’s are small, several methods exist to enhance the transfer of
heat. Latent heat storages with higher energy densities are more alternative for small storage. The primary
motive of the present paper is to discuss the utilization of phase change materials in Solar water heating system
and improvements made in the Thermo syphon water heaters using PCM.

2. Phase change materials.

Every  phase  change  thermal  energy  storage  system requires  a  suitable  PCM for  solar  energy  storage
application. Avoiding the problems of super cooling, phase separation and stability over a long period of use are
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important  criteria  for  successful  application of  the PCM [3].  PCMs store the energy when a material  changes
from  solid to  liquid state and release the energy from the liquid state to solid state. The temperature of PCM
increases as they absorb solar energy like conventional storage materials. PCMs absorb large amounts of heat
without getting hotter unlike conventional storage materials during phase change process. PCM solidifies and
releasing its stored heat when the atmospheric temperature around the PCM falls down. There are significant
numbers of organic and inorganic phase change materials that meet the required thermodynamic and kinetic
criteria. However, many cannot be used due to the problems of chemical stability, toxicity, corrosion, volume
change, availability at reasonable cost, etc.

2.1 Types of PCM’s.

The categories of PCM’s are Salt hydrates, Paraffins, Nonparaffin organic and Inorganic compounds
and eutectics.

2.1.1 Salt hydrates.

Salt hydrates are opted because of their high latent heat storage density. Salt hydrates such as sodium
sulphate decahydrate and calcium chloride hexahydrate have suitable phase change temperatures for space
heating applications.

2.1.2 Paraffins.

These materials are used as PCMs due to their availability in large temperature range and high heat of
fusion. Only technical grade paraffins could be used as PCMs in latent heat storage applications. Paraffins have
suitable nucleating properties and congruent melting.

2.1.3 Non – Paraffin organic solids.

Non–paraffin natural solids are the highest category of candidate materials for latent heat storage. High
heat of fusion and Inflammability, varying levels of toxicity, Low thermal conductivity, Instability at high
temperatures  and  Low flash  points  are  some  characteristics  of  these  organic  materials.  Full  ranges  of  PCMs
have been investigated, including paraffin wax, salt hydrates, and nonparaffin organic compounds [4].

2.1.4 Inorganic compounds and eutectics.

Apart from many natural salt hydrates, there are many inorganic compounds, which undergo solid,
liquid phase transformation with high latent heat of fusion at high temperatures. Also Apart from pure
compounds, eutectics of organic compounds can be used to obtain the required melting point. It is possible to
get a fixed melting or freezing point eutectic mixture of organic salts. The main uses for PCMs are when space
availability is less in thermal storage units in direct gain or sun space passive solar systems. Now-a-days phase
change materials are used in solar domestic hot water heating or passive solar space heating systems.

3. Investigation on phase change materials.

Form stable fatty acids/ poly methyl methacrylate blends will increase the feasibility of using PCM in
latent heat thermal storage applications like space heating [5]. Thermal cycle tests of a phase change storage
unit has been attended and studied the effect of 1000 thermal cycles [6]. The thermal reliability of salt Hydrated
PCMs having melting temperature between 15oC and 32oC has been reported for repeated thermal cycles by
calculating latent heat of fusion and melting temperature. Thermal cycling test of commercial grade stearic acid,
acetamide and paraffin wax for 300 and 1500 thermal cycles has been performed respectively[8,9]. The thermal
cycling test of a mixture CaCl2.6H2O with some nitrate hydrated Ca (No3).4H2O  and  Mg  (NO3).6H2O or
anhydrous nitrates NH4No3 and  KNo3 has been carried out [10]. The decreasing heat storage capacity of
CH3COONa.3H2O during thermal cycling has been investigeatd and performed calorimetric measurements
[11]. The heats of fusion for palmitic and lauric acid after 120 thermal cycles has been determined [12]. The
thermo physical properties of some saturated fatty acids using the DSC technique has been investigated  after
450 thermal cycles [13]. The solid-liquid phase transition in lauric, palmitic, steraric acid and their binary
systems has been studied [14]. The thermal reliability of stearic acid, palmitic acid, mystric acid and lauric acids
latent heat storage materials has been studied for a number of thermal cycles [15,16]. Sugar alcohol such as
erythritol, mannito and galactitol were able to use as heat storage material [17]. Paraffin is readily available
from many manufactures and is usually less expensive than some salt hydrates. Many works have been carried
out in order to study the thermal characteristics of paraffin during solidification and melting processes [18-23].
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Paraffin is known to be an attractive, chemically stable and nontoxic material without a regular degradation, and
it has high latent heat storage capacities over a narrow temperature range. The reliability of some selected
inorganic and organic phase change materials has been investigated [24]. Paraffin wax  and erythritol has shown
reasonable good thermal reliability in view of changes in latent heat of fusion and melting temperature.
Erythritol has very high storage density; therefore, it can be a promising PCM for higher temperature thermal
energy storage purposes.

4. Solar water heating system with PCM.

In recent years using phase change materials in solar water, heating system is increasing research
attention because it leads improvement in performance over ordinary solar water heating system. A theoretical
model has been developed to predict the transient behavior of the shell and tube storage unit with the PCM
filling the shell side and the heat transfer fluid circulating inside the finned tubes [25]. The performance phase
change material energy storage has been studied for solar water heating system, over the entire heating season
[26]. The heat transfer enhancement in a phase change material (paraffin) was analyzed with and without fins
during the melting and solidification of paraffin [27]. The utilization of granular phase change composites of
small particle diameter [1-3mm] was investigated in latent heat thermal energy storage systems [28]. The
system efficiency of solar collector with PCM was evaluated. Use of vertical fins could be very useful for
applications of PCM modules inside water tanks to increase the heat transfer rate. These PCM modules are used
to store the energy in a reduced volume. The storage system would be more flexible to match the energy
demand [30].  The heat transfer coefficient by natural convection has been calculated for cylindrical modules
containing PCM (sodium acetate trihydrate)  with external vertical fins, were situated in the middle upper part
of  a  cylindrical  water  tank as  shown in Fig 2.  Use of  external  fins  in  PCM modules heat  transfer  rate  to  the
surrounding water. The temperature difference required to achieve a required heat transfer coefficient by natural
convection was also reduced.

Fig. 1, Experimental setup                                Fig. 2, Instrumentation of the experiments

The effect of using PCM modules in a stratified solar domestic hot water system has been studied.
Three kilograms with 80:20 weight percent ratio mixtures of paraffin and different fatty acid, steric acid,
palmitic acid, myristic acid have been used as phase change material [31]. Graphite was added to the PCM to
increase heat transfer in PCM modules. In the cooling experiments, the average tank water temperature dropped
below the PCM melting temperature in 6-12 hours. The maximum drop was for the paraffin wax and stearic
acid mixture, and the minimum was for the paraffin wax and myristic acid mixture. During the reheating
experiments, it was observed that 3Kg of PCM could increase the temp of 14-36 of water at the upper part of
the tank by 3-4oC. This fact took place in10-15min. It was concluded the paraffin and steric acid mixture gave
the best results to improve the performance of solar domestic hot water system. The modelization of a new
technology where PCM modules are implemented in domestic hot water tank have been studied  to reduce their
size without changing the energy stored [32]. Adding PCM module at the top of the water tank proved to be a
technique that finds high energy storage density [33]. The improvement in thermal performance of a domestic
hot water cylinder was found with encapsulated phase change materials [34].
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Fig. 3, Solar domestic hot water tank and the PCM module used in the experiments.

The feasibility of using PCM in the storage tank of a domestic hot water system has been evaluated
based on the criterion of annual DHW system with PCM in the storage tank was compared with a similar
system without PCM under the same conditions [35]. The thermal characteristics of packed bed containing
spherical capsules, used in a latent heat thermal storage system with a solar heating collector has been studied.
Myristic acid is selected as phase change material (PCM), and water is used as heat transfer fluid (HTF) [36].
There  is  an  enhancement  of  heat  transfer  to  the  PCM when  A Phase  change  slurry  (PCS)  consists  of  small-
encapsulated PCM particles suspended in a carrier fluid A test system [37]. The time variations of the water
temperatures has been studied at the midpoint of the heat storage tank and the outlet of the collector in a
conventional open-loop passive solar water-heating system combined with sodium thiosulfate pentahydrate-
phase change material [38].

6. Stratification and Parameters.

In solar thermal heating systems the stratification is an important phenomenon to improve the
performance of the system. Stratification is the separation of hot and cold water in the thermal energy storage
tank. Hot water can be  stored in the top of the tank and cold water can be stored in the bottom of the tank due
to buoyancy forces. The intermediate layer is called thermocline. However stratification improves the
performance of the thermal energy tanks, it is affected by the factors such as mixing of water due to natural
convection caused by buoyancy forces, inlet jet mixing caused by kinetic energy of  water entering into the tank
and thermal conduction and diffusion within the fluid itself. So it is necessary to characterize the thermal
stratification in the thermal energy storage tanks. Very few of the works that have been reviewed have
attempted to compare the different parameters and come up with the best parameters which evaluate thermal
stratification properly experimentally from a quantitative perspective. The Dimensionless temperature
distributions, Stratification number, Energy efficiency and Exergy efficiency of  a domestic electric hot water
storage tank heve been investigated during Static mode of operation [39]. The Mean residence time,
Dimensionless temperature distributions, Stratification number, Discharging energy efficiency, Discharging
exergy efficiency of  a domestic electric hot water storage tank heve been studied during Dynamic mode of
operation [40]. Stratification was characterized in storage tanks and many parameters, both dimension and
dimensionless, have been defined to characterize the level or probability of stratification [41]. The different
parameters involved in this paper to identify stratification are Richardson Number, MIX number, Ratio H/D,
Peclet number, Reynolds number and Discharging efficiency ratio. parameters such as the temperature
distribution along the height at different time intervals, the charging energy efficiency, the charging exergy
efficiency, the stratification number, the Reynolds number and the Richardson numbers, that characterize
thermal stratification in an oil/pebble-bed TES system [42]. The performance of PCM incorporated
thermosyphon solar water heating system has been examined using the flat plate collector as a heat source [43].

7. Conclusion

The current paper has been reviewed the recent developments in solar water heating systems using
PCM. The information obtained about the types of PCMs have been presented and discussed. This paper also
discussed about the variety of PCMs used in various storage systems with a design modification. The various
PCMs applications also have been discussed. Simply PCM usage will not be a beneficial one in solar water
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heating. Using different combinations of PCMs with design modifications of the system, PCM container and
the solar collector would be a better idea to enhance solar water heating systems.

References

1. ASHRAE, 1999, Hand book of HVAC Applications, Allanta.GA,PP.32,11-32.14.
2. Dharuman .C, Arakeri J.H, Srinivasan .K, Performance evaluation of an integrated solar water heater as

an option for building energy conservation, Energy and buildings. 2006;38:214-9.
3. Anant Shukla, Buddin.D, Sawhney. R.L., Thermal cycling test of few selected inorganic and organic

phase change  materials, Renewable energy. 33 (2008) 2606-2614.
4. Cabeza .L .F, Svensson .G, Hiebler .S, Mehling .H, Thermal performance of sodium acetate trihydrate

thickened with different materials as phase change energy storage material, Apply thermal Engineering.
2003;23;1697-704.

5. Cemil Alkan, Ahmet Sari, fatty acid/poly (methyl methacrylate)(PMMA) blends  as form-stable phase
change materials for latent heat thermal energy storage, Solar energy. 82 (2008) 118-124.

6. Tiny  KC,  Giannakakas  PN,  Gibert  SG,  Durability  of  latent  heat  storage  tabe  sheet,  Solar  Energy.
1987;39(2);79-85.

7. Fernanda PG, Salt hydrate used for latent heat storage; corrosion metals and reliability of thermal
performance, Solar Energy. 1988;41(2):193-7.

8. Sharma SD, Buddhi D, Sawhney RL, Accelerated thermal cycle test of latent heat storage materials,
Solar Energy. 1999;66(6):483-90.

9. Sharma  A,  Sharm  SD,  Buddhi  D,  Accelerated  thermal  cycle  test  of  automobile,  stearic  acid   and
paraffin wax for solar thermal latent heat storage applications, Energy convers. manage.
2002;43(14):1923-30.

10. Kimura H.Junjiro K, Mixtures of calcium chloride hexa hydrate with salt hydrate or anhydrous salts as
latent heat storage materials, Energy convers. manage. 1988;28(3):197-200.

11. Wada.T, Yamamoto R, Matsuo Y, Heat storage capacity of sodium acitate trihydrate during thermal
cycling, Sol. energy engineering. 1988;120.

12. Abhat A, Malatidis NA, Heat of fusion storage materials for low temperature applications. In: Millhone
JP,  editor,  Heat  of  fusion storage materials  for  low temperature Willis  E.H.  new energy conservation
technologies and their commercialization 1.Berlin, FRG: Springer; 1981.

13. Hasan.A, Sayigh AAM, Some fatty acids as phase change thermal energy storage materials, Renew
energy. 1994;4:69-76.

14. Zhang JJ, Zhang JL, He S M, WuKZ, Liu X D, Thermal studies on the solid, liquid phase transion in
binary systems of  fatty  acids. thermochim  acta ; 369:157-60 .

15. Sari .A,  Thermal characteristics of a eutectic mixture of mysistic and palmitic acids as phase change
materials for heating applications, Applied  thermal engineering.  2002;23;1005-17.

16. Sari  .A,  Thermal  reliability  test  of  some  fatty  acids  as  PCM  and  used  for  latent  heat  storage
applications, Energy covers. manage. 2003;44;2277-87.

17. Hoermansdoerfer  .G.US patent 4,795,580(1989).
18. Cho .K, Choi .S.H, Thermal characteristics of paraffin in spherical capsule while freezing and melting

process, Heat mass transfer. 2000;48;3183-96.
19. Hang  .Y,  Xin-Shin  .G,  Preparation  of  the  polyethylene  paraffin  compound  as  a  form  stable  solid  to

liquid phase material, Solar energy material sol. Cells 2000;64:37-44.
20. He .B, Setterwall .F, Technical grade paraffin waxes as PCM for cool thermal storage and cool storage

systems capital cost estimation, Energy conv. manage. 2002;43:1709-23.
21. Sari .A, Form stable paraffin wax / high density polyethylene composites as solid, liquid phase change

materials for thermal energy storage: preparation and thermal properties, Energy conv. manage.
2004;45:2033-42.

22. Trp A, An experimental and numerical investigation of heat transfer during technical grade paraffin
melting and solidification in a shell-and-tube latent thermal energy storage unit, Solar energy.
2005;79(6): 648-60.

23. Kakiuchi .H, Yamazaki .M ,Yabe .M, Chiharas, Terunuma .Y, Sakata .Y, et.al,  A study of ertheritol as
phase change material .In IEA Annex-10-PCM’s and chemical reaction for thermal energy storage 2nd

workshop., Sofia, Bulgaria. 11-13 november 1998.
24. Anant shukia, Buddhi.D, Sawhey .R.L., Thermal cycling test of few selected inorganic and organic

phase change materials. Renewable Energy, 2008 vol. 33, issue 12, 2606-2614.



G.Murali et al /Int.J. ChemTech Res.2014-2015,7(4),pp 1802-1807. 1807

25. Maricel  Lacroix,  Study of  the heat  transfer  behavior  of  latent  heat  thermal  energy storage unit  with a
finned tube,  International journal heat mass transfer. vol.36, no .8.PP 2083-2092, 1993.

26. Kaygusuz K, Experimental and theoretical investigation of latent heat for water based solar heating
system, Energy conv. Management. vol. 36,no.5,PP.315-323,1995.

27. Uros stritih, An experimental study of enhanced heat transfer in the rectangular PCM thermal storage,
Int.J.Heat and mass transfer. (2004) 2841-2847.

28. Mohamed Rady, Granular phase change materials for thermal energy storage: experiments and
numerical simulations. appl. Therm. Engg. 29 (2009) 3149-3159.

29. Ahmet Koca, Hakan F. Oztop, Tansel Koyun, Yasin Varol et.al, Energy and exergy analysis of latent
heat storage system with phase, Renewable Energy. 33 (2008) 567–574 change material for a solar
collector.

30. Albert Castell, Cristian Sole, Marc Medrano, Joan Roca,Luisa F. Cabeza, Daniel Garcıa, Natural
convection heat transfer coefficients in phase change material (PCM) modules with external vertical
fins, Applied Thermal Engineering. 28 (2008) 1676–1686.

31. Muhsin Mazman, Luisa F.Cabeza, Harald Mehlingm et al, Utilization of phase change   materials in
solar domestic hot water systems, Renewable Energy. 34(2009)1639-1643.

32. Mnuell Ibanez, Luisa F. Cabeza, cristian sole et al, Modelization of the water tank including a PCM
module, Applied thermal engineering. 26(2006)1328-1333.

33. H.Mehling, L.F cabeza, S.Hippeli, S.Hiebler, PCM module to improve hot water heat stores with
stratification, Renewable energy. 28(2003)699-711.

34. A. de Gracia, E. Oro, Farid M.M., Cabeza L.F., Thermal analysis of including phase change material in
a domestic hot water cylinder, Applied Thermal Engineering. 31 (2011) 3938-3945

35. Ella  Talmatsky,  Abraham kribus,  PCM storage for  solar  DHW: An unfulfilled promise?,  Solar  enery.
82 (2008) 861-869.

36. Shuangmao Wu, Guiyin Fang Xu Liu, Dynamic performances of solar heat storage system with packed
bed using myristic acid as phase change material, Energy and Buildings. 43 (2011) 1091–1096.

37. Huang M.J., Eames P.C., McCormack S., Griffiths P., Hewitt N.J., Microencapsulated phase change
slurries for thermal energy storage in a residential solar energy system, Renewable Energy. 36 (2011)
2932-2939.

38. Suat Canbazoglu, Abdulmuttalip. S, Ahinaslan, Ahmet Ekmekyapar, Y. Gokhan Aksoy, Fatih Akarsu,
Enhancement of solar thermal energy storage performance using sodium thiosulfate pentahydrate of a
conventional solar water-heating system, Energy and Buildings. 37 (2005) 235–242.

39. Jose Fernandez-Seara, Francisco J. Uhia, Jaime Sieres, Experimental analysis of a domestic electric hot
water storage tank.Part I: Static mode of operation, Applied Thermal Engineering. 27 (2007) 129–136.

40. Jose Fernandez-Seara, Francisco J. Uhia, Jaime Sieres, Experimental analysis of a domestic electric hot
water storage tank.Part II: Dynamic mode of operation, Applied Thermal Engineering. 27 (2007) 137–
144.

41. A.  Castell,  M.  Medrano,  C.  Sole,  L.F.  Cabeza,  Dimensionless  numbers  used  to  characterize
stratification in water tanks for discharging at low flow rates, Renewable Energy. 35 (2010) 2192-2199.

42. Ashmore Mawire, Simeon H. Taole, A comparison of experimental thermal stratification parameters for
an oil/pebble-bed thermal energy storage (TES) system while charging, Applied Energy. 88 (2011)
4766–4778.

43. Murali G., Mayailsamy K., Arjunan T.V., An Experimental Study of PCM incorporated Thermosyphon
Solar Water heating System, International Journal of Green Energy. xxx (2014) xxx–xxx(article in
press).

*****


