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PUBLIC SUMMARY

Thermal energy storage (TES) is a technology that stocks thermal energy by heating or
cooling a storage medium so that the stored energy can be used at a later time for heating
and cooling applications and power generation. TES systems are used particularly in
buildings and in industrial processes. The use of thermal storage, initially, could not
provide effective backup but helped the system to thermally stabilize. Consequently,
thermal storage found use in solar-assisted thermal systems. There are three types of TES
systems, namely, sensible heat storage systems, latent heat storage systems and
thermochemical systems. In sensible heat systems, energy is stored in materials as the
temperature rises, and this stored energy is utilized when it is released during temperature
decrease whereas latent heat storage systems utilize the stored energy during phase change.
There are a wide variety of phase change materials available which melt and solidify at a
broad range of temperatures and are utilized in many applications, such as reducing
building energy consumption, thermal management of electronic devices, enhancing the
performance of various systems like solar dryer, solar water heater etc.
In this thesis, the focus has been on the development of phase change material and its
mathematical modelling. The novel materials developed can be efficiently utilized for
thermal management of buildings, cooling photovoltaic panel, cooling of electronic
devices etc. The effect of phase change material embedded with the photovoltaic panel,
building integrated photovoltaics and building bricks has also been investigated for
effective utilization of solar energy and reduction of cooling load in buildings. Therefore
these studies form a firm basis for effective utilization of phase change materials for
thermal energy storage and utilizing clean energy resources for sustainable development of
the society.
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ABSTRACT

The fast global economic development has led to a rapidly increasing energy demand.
However, conventional fossil fuel energy sources are limited, and their increased usage is
adversely affecting ecology due to the emission of harmful gasses, which are supposed to
be responsible for climate changes and environmental pollution. Currently, thermal energy
storage systems have become one of the necessary means for reducing reliance on the
fossil fuels and contributing to a more efficient environmental friendly energy use by
utilizing waste heat from solar and other energy sources. The latent heat thermal energy
storage is predominantly more attractive than other modes, owing to its ability to offer
high-energy storage density per unit volume or mass in a more or less isothermal process,
i.e., store heat at a constant temperature at a phase-transition temperature of PCM. Thus,
PCMs release large amounts of energy upon freezing in the form of latent heat fusion and
absorb equal amounts of energy from the immediate environment upon melting.
In Chapter 1, the overall introduction of PCM, its desirable properties, application and
recent advancement have been described. In Chapter 2, the characterization techniques of
PCM, the instrument that can be utilized for it and its ASTM standards have been
described. In Chapter 3, the mathematical formulations for the study of PCM and its
application have been described.
The first objective is addressed by developing the binary and ternary mixtures of fatty
acids in Chapter 4. For the development of binary and ternary acids the commercial grade
CA, LA, PA, SA and AC were identified due to their superior properties over many PCMs
such as high latent heat capability, suitable heat transfer characteristics during the melting
and solidification process and low cost. However, the phase change temperatures of these
PCMs do not allow these materials to be employed directly for many thermal energy
storage applications. Hence, the binary and ternary mixtures based on commercial grade
fatty acids (CA, LA, PA, SA and AC) were developed with different weight percentages
and their thermal properties were measured through the DSC method. The PCMs thus
developed can be used for low-temperature thermal energy storage applications and may
easily be made commercially available.
iv

The second object is addressed by developing the mathematical models of PCM
and its application. The mathematical modelling of PCM has been done and with and
without considering convective heat transfer. On the basis of the developed thermal model,
the performance of five different fatty acids has been investigated and results are reported
in terms of melting front, melt fraction, energy storage content in Chapter 5. The effect of
cyclic heating and cooling on PCM has also been investigated in Chapter 6. The constant
and variable heat flux is applied on one wall of the container and heated up to complete
melting of PCM. The analysis has been done on the basis of the obtained results. These
types of studies are very helpful for designing and optimization of PCM container size.
One of the main drawbacks of PCMs is its lower thermal conductivity. Therefore the
mathematical modeling for thermal conductivity enhancement of PCM with nanoparticle
has also been done to investigate the effect of nano particle on thermal conductivity
enhancement in Chapter 7. The mathematical modeling of PCM with three different
application i.e. Standalone PV system, Building Integrated PV Panel and Building Bricks
has also been done. The mathematical modeling of Standalone PV panel with and without
application of PCM has been done in Chapter 8. From the obtained results it was found
that the application of PCM reduces the operating temperature of the PV panel
considerably. The mathematical modeling of air ventilated building integrated photovoltaic
panel has been done in Chapter 9. The air thickness, PCM thickness, the height of BIPV
and air mass flow rate has been optimized on the basis of obtained results. InChapter 10,
the heat transfer study of building brick containing phase change materials has been done.
The effect of different PCM and its quantity has been investigated when PCM is filled in
the cylindrical cavity inside the building bricks.
The summary and future prospectus of the present work is discussed in Chapter 11.
On the basis of the studies presented in this thesis, it can be seen that the PCMs are very
promising technology for effective thermal energy storage. The future studies focus on the
forward osmosis and membrane water desalination with integrated thermal energy storage,
food protection using phase change materials and application of PCM in space satellite.
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CHAPTER 1
INTRODUCTION
The growth of the civilization in general and global economic growth, in particular, has
largely depended on human efforts to efficiently produce, store and convert the energy into
the desired form. This is also true otherwise that the fast global economic development has
led to a rapid increase in energy demand worldwide. Research concerns related to energy
are deep and the subject requires cumulative efforts from several spheres of engineering,
science, and technology. The major energy resources include fossil fuel based energy
sources, however, these are limited, and additionally, their increased usage is adversely
affecting the ecology due to the emission of harmful gasses. Currently, when researchers
around the world are looking for new and renewable energy sources, one of the
complementary tasks is to develop and utilize advanced energy storage devices i.e. to store
energy in suitable forms that can be efficiently converted into the required form. Thermal
energy storage systems, which utilize heat available from solar and other energy sources,
have become one of the essential components for reducing reliance on the fossil fuels and
contributing to a more efficient environmental friendly energy usage. The thermal energy
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storage systems not only reduce the gap between energy supply and demand but also
upsurges the performance and reliability of the systems, and plays an important role in
conserving the energy [1–3]. TES related research is mainly concentrated towards efficient
use of thermal energy, generally, with considerable interest for solar thermal energy, in
industrial as well as domestic building sector. This becomes more relevant owing to the fact
that the energy use in buildings itself accounts for over 40% of primary energy consumption
and most of it is required for heating and cooling purposes. The classification of thermal
energy storage is given in Fig. 1.1.

Fig. 1.1 Different types of thermal storage of solar energy
Thermal energy storage systems can store heat by using latent heat storage or
sensible heat storage or both. This knowledge, ‘to store and release thermal energy
passively’, sensible heat storage has existed for long and has been used too [1]. The larger
volume of material is required to store the same amount of energy in sensible heat storage
as compared to the latent heat storage (LHS) material. Amongst above thermal heat storage
methods, latent heat thermal energy storage is predominantly more attractive than other
modes, owing to its ability to offer high-energy storage density per unit volume or mass in
a more or less isothermal process, i.e., store heat at a constant temperature at a phasetransition temperature of Phase Change Material (PCM). Thus, PCMs release large amounts
of energy upon freezing in the form of latent heat fusion and absorb equal amounts of energy
from the immediate environment upon melting. Number of PCMs have been explored for
different applications [4,5,14,15,6–13]. R&D efforts related to PCM are mainly devoted to
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developing novel cost-efficient materials as required for different temperature ranges as per
the application requirements. However, the last decade has seen serious efforts to enhance
the properties of these PCMs, so as these are more efficient and cost-effective.
Number of PCMs (organic, inorganic and eutectic) are available for a given
temperature range [1,16,17]. A classification of PCMs is given in Fig. 1.2. [1]. As no single
material can have all the required properties for an ideal thermal energy storage media, one
has to use the existing materials and try to make up for the poor physical property by
adequate system design. In the recent past, a number of review articles have been published
dedicated to the development and application of phase change materials [18–20]. Phase
change materials can be used for thermal energy storage, building heating and cooling
application [1,9,11,18] solar drying [10,21–23] cooling of photovoltaic [5,8,24,25],
electronics cooling [26,27], solar greenhouse [6] and various other applications. It is
essential to note here that for their application as latent heat storage materials, these materials
must have certain desirable kinetic, thermodynamic and chemical properties. Furthermore,
economic considerations and easy availability of these materials are also kept in mind. The
desirable properties of PCMs are given in Table 1.1.

Fig. 1.2 Classifications of PCMs
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Table 1.1 Desirable properties of phase change materials
Thermodynamic properties
•Large enthalpy of transition with respect to the volume of the storage unit;
• High change of enthalpy near the temperature of use;
• Phase change temperature fitted to the application;
• The latent heat should be as high as possible to minimize the physical size of
the heat storage;
• High latent heat of fusion per unit mass, so that a lesser amount of material
stores a given amount of energy;
• A melting point in the desired operating temperature range;
• Fixed and clearly determined phase change temperature (freeze/melt point);
• Congruent melting point to avoid segregation;
• Lower change of volume during phase change;
• High density, so that a smaller container volume holds the material
• High thermal conductivity (both liquid and solid phases) would assist in the
charging and discharge of the energy storage high specific heat that provides
additional sensible TES effect and also avoids subcooling.
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Kinetic
Chemical
Physical
•Limited or
• No chemical • Limited
no
decomposition, changes in
undercooling so that the
density to
during the
latent TES
avoid
freezing
system life is
problems
process;
assured;
with the
storage
•Enough
• Nontank;
crystallization corrosiveness
rates.
to construction • High
material;
density with
low-density
• Long-term
variation;
chemical
stability;
• Small units
size;
• Nonpoisonous;
• Low vapor
Non-toxic;
pressure,
• Favourable
phase
equilibrium.

Economic
• Available in
large
quantities;
• Cheap to
make the
system
economically
feasible

1.1. APPLICATION OF PHASE CHANGE MATERIALS
The interest in thermal energy storage by using fatty acid as PCM has risen in recent times
since; they have desired thermodynamic and kinetic criteria for low-temperature latent heat
storage [19] such as solar drying [10], solar desalination etc. [7], thermal regulation of PV
panel [5,8], solar greenhouse [6].
1.1.1. SOLAR DRYING
Solar energy is abundantly and freely available, environmentally clean so it is recognized as
one of the most promising alternative energy resource options. However solar energy is
intermittent in nature, as there is no sun in the night hours. Available Solar energy also
depends on the metrological condition of location and climate. Reliability of solar energy
can be improved by storing its share when it is in excess of the requirement, and using the
same stored energy, whenever needed. Solar energy can be stored by thermal, electrical,
chemical, and mechanical methods [28–30]. System operability and utility of solar dryer can
be enhanced by storing solar energy in the form of thermal energy in thermal energy storage
materials.
Devahastin et al. [31] investigated the feasibility of latent heat storage (LHS) with
paraffin wax as a PCM to store surplus solar energy and discharge it when the energy
availability is inadequate or not available. Heat transfer characteristics, temperature profiles
as well as the effects of the inlet air temperature and velocity on the charge and discharge
periods were investigated. Shanmugam et al. [32] investigated the performance of indirect
forced convection and desiccant integrated solar dryer for drying of green peas and
pineapple slices with and without the reflective mirror. The desiccant material is stable even
after continuous operation for more than a year. The dryer can be used for drying various
agricultural products. It can reduce drying time and improve the quality of the dried product.
A novel indirect solar dryer was used to study the effect of PCMs on drying performance by
Shalaby et al. [33]. The dryer consists of two air heater, PCMs blower and drying chamber.
Solar dryer was tested with and without PCM. The results indicated that PCM smoothed
drying air temperature and also shows that the temperature of the solar dryer with PCM is
higher, 3.5–6.5 oC than the dryer without PCM after 2:00 pm. Shringi et al. [34] carried out
a thermodynamic analysis of indirect solar air heater for drying garlic cloves with PCMs.
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The initial and final moisture content of garlic cloves were 55.5 % (w.b.) and 6.5 % (w.b.)
respectively for 8 hours. The energy efficiency of drying chamber without and with
recirculation of air was varied from 43.06 to 83.73 %, and 3.98 to 14.95 %, respectively,
while the exergy efficiency corresponding to the energy efficiency of the drying process
ranged from 5.01 to 55.30 % and 67.06 to 88.24 %, respectively. Jain and Tiwari [35]
designed and fabricated a solar dryer with PCMs as shown in Fig. 1.3. Dryer contained four
major parts i.e. flat plate collector, packed bed for thermal storage, drying chamber and
natural draft system. This stored energy helped in keeping the drying temperature ranged
between 40-45oC, thus extended the period of drying. Experiments showed the good
performance of the system over the night and the thermal efficiency of the dryer was found
to be 28.2%. Considering the reasonable cost of raw material 20 ₹ kg-1 and price of product
400 ₹ kg-1, the solar dryer was found financially viable with a payback period of 1.5 years.

Fig. 1.3 Schematic view of flat plate absorber with the thermal storage natural
convective solar crop dryer [35]
Sain et al. [36] carried out a study on the natural convection type solar dryer with
latent heat storage. The dryer was tested under full load and no-load condition. The full load
performance of the system was estimated with Ginger. The Ginger dehydrated from
moisture content (w.b.) of 74 % to 3 % in 24 hours. The typical daily drying efficiency was
found to be 12.4 %. Throughout the no-load test, the collector efficiency varied in the range
of 53% to 96 % and full load test in the range of 40 to 55 % and backup period 2 hours. The
overall thermal efficiency of the solar dryer was found to be 22.7 %. Dina et al. [37] carried
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out an experimental study to test the effectiveness of continuous solar dryer combined with
desiccant thermal energy storage for drying cocoa beans. Two types of desiccant, CaCl2 as
absorbent and molecular sieve 13× (Na86 [(AlO2)86. (SiO2)106].264H2O) as adsorbent,
were tested and it showed that during sunshine hours the maximum temperature of the drying
chamber varied from 40 oC to 54 oC that is higher than 9-12 oC from ambient temperature.
The Drying times for intermittent direct sun drying, solar dryer integrated with an adsorbent,
and solar dryer integrated with absorbent were 55 h, 41 h, and 30 h, respectively. Çakmak
and Yıldız [38] carried out an experimental evaluation for drying kinetics of seeded grapes.
The developed drying system contains expanded-surface solar air collector to achieve high
heat transfer and turbulence effect, a solar air collector with the PCM to perform the drying
process even after the sunset and drying room with swirl element to give the swirl effect to
air flow in the drying room. The experiment was performed simultaneously under natural
flow and dryer with swirl flow and without swirl flow at three different air velocities. The
obtained moisture ratio values have been compared to six different moisture ratio models in
the literature. The model having the maximum correlation coefficient (R) and the minimum
Chi-square (χ2) value has been determined as the most relevant one for each seeded grape
drying status.
1.1.2. SOLAR GREENHOUSE
The concept of stored excess energy inside the greenhouse, such as the use of the rock beds
[39] has been developed due to the need of developing heating systems for greenhouse based
on renewable energy sources. Bouadila et al. [40] carried out an experimental study of two
insulated solar greenhouses. The experimental setup consisted of the small chapel-shaped
greenhouse with floor area equal to 14.8 m2 (3.7 m x 4 m) and 3 m of height as shown in
Fig 1.4. The galvanized steel structure fixed to the ground with stones and concrete. The
wall and roof oriented to the south were covered by plexiglass having 3 mm thickness.
Sidewalls and the northern roof were built by sandwich panels with 0.4 m and 0.6 m of
thickness, respectively. The southern wall and roof were having a slope of 30° and 33°
respectively. The greenhouse was equipped with a centrifugal fan controlled by a differential
thermostat. The heating system of the insulated greenhouse with latent heat storage (IGLHS)
was a new Solar Air Heater with Latent Heat Storage Collector (SAHLSC) by means of a
packed bed of spherical capsules as a latent heat storage system [41]. The study was
conducted to estimate night time recovered heat of the SAHLSC in the greenhouse. The
7

solar energy stored in collector during the daytime was supplied at night. Because of this
system, on 23rd of February 2013, the amount of the heat recovered at night time of this
system attains 30% of the total heat energy requirements. The energy stored was equivalent
to 56 % of the daytime total excess heat inside the greenhouse.

Fig. 1.4 Experimental setup (a): Two insulated greenhouse external view (b): Internal
view with latent heat storage solar air heater [41]
1.1.3. BUILDINGS
The application of PCMs in buildings, e.g., Trombe wall, wall-boards, shutters, underfloor
heating systems, ceiling boards or as a part of the building for heating and cooling
applications is well known and has been subject of considerable interest since the first
reported application in the 1940s [11,42]. However, the lack of research has prevented their
use as a common building material. The selection of PCMs to meet building specifications
has received limited attention, although it is one of the most promising applications of
PCMs, however, the principles of LHS can apply to any building material. Because of the
low thermal mass of lightweight building materials, which results in higher heating and
cooling demands. The performance of the building composite PCM will depend on several
factors: the melting point or temperature range of the PCM confined into the composite, the
latent capacity per unit mass of the composite PCM, the preparation method of the composite
PCM, the direction of the wall prepare with the composite PCM, climatic conditions, direct
solar gains, etc. [43].
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1.1.4. WATER DESALINATION
In most of the cases, the direct use of seawater is not possible because it is made up of
different types of salts. Distillation is a recognized thermal process for the purification of
water and prominently water desalination [7]. Most of the conventional water purification
procedures are highly energy consuming and require fossil fuels or electricity for its
operation. Solar energy can be used to produce fresh water directly in a solar still or
indirectly where the thermal energy from a solar energy system is delivered to the solar still.
One way to enhance solar energy utilization is to accumulate the energy throughout sunshine
hours of higher solar incidence for later use of essential needs. Effective storage technologies
are necessary to store energy for twenty-four hours cycles to meet energy demand. Energy
storage would permit the power generation for night periods and will provide support for
matching the generation and demand peaks. Thermal energy storage (TES) comprises the
reversible alteration of enthalpy of storage material. It is especially thermodynamically eyecatching and economically promising technology. Sensible heat storage is associated with
the temperature increase of the storage medium. Solar distillation uses the heat of the sun
directly in a simple piece of equipment to purify water. The tool, commonly termed as solar
still, contains primarily of a shallow basin with a transparent glass cover. Incident solar
radiation heats the water in the basin, causing evaporation. Moisture rises and condenses on
the cover and runs down into a collection rack, leaving behind the minerals, salts and most
other contaminations, including germs. While it can be slightly expensive to build a solar
still that is both efficient and long-lasting, it can produce purified water at a reasonable cost
if it is constructed, operated, and maintained well. The cross-sectional view of a schematic
diagram of cascade solar still with PCM is shown in Fig 1.5.
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Fig. 1.5 Cross-sectional view of a schematic diagram of cascade solar still with PCM
[44]
1.1.5. THERMAL MANAGEMENT OF PHOTOVOLTAIC
PV cells may absorb up to 80% of incident solar radiation, however only a part of it gets
converted to electricity. The conversion efficiency depends mainly upon the PV cell
technology used. The remaining part of solar radiation increases solar cell temperature up to
40 oC above to the atmospheric temperature [45]. This is due to the fact that PV cells
transform a definite range of wavelength of the incident irradiation that contributes to the
direct conversion of light into electricity while the rest is dissipated as heat [46]. The
photoelectric conversion efficiency of commercially available single junction solar cells
ranges between 6 and 25% under optimum operating conditions depending on the
semiconductor material from which the cell is made [47,48]. Various elements affect the
performance of PV modules in outdoor applications. Influences of low irradiance, soiling,
and high operating temperatures contribute towards dramatic degradations in the conversion
efficiency and the technical lifetime of the solar cells [49,50]. PV cells, however, tend to be
affected mostly by high operating temperatures due to irradiance from the sun, especially
concentrated radiation which tends to further elevate the temperature of the PV junction.
The PV cell performance decreases with increasing temperatures, fundamentally owing to
10

increased intrinsic carrier concentrations which tend to increase the dark saturation current
of the p–n junction [46,51]. Reduction in band-gap due to high doping also serves to increase
the intrinsic carrier concentration [46]. The increase in dark saturation current causes the
open-circuit voltage to decrease linearly which for silicon at 300 K corresponds to about 2.3mV/oC [46]. The effect of operating temperature on PV panel power output can be seen
in Fig 1.6.

Fig. 1.6 Inﬂuence of temperature on PV module I–V curve [46]
Different techniques such as air cooling, water cooling, heat pipe cooling, thermoelectric cooling and cooling with phase change materials can be used for regulating the
temperature of the photovoltaic cell. Among the above-discussed techniques cooling with
phase change materials is an effective cooling technique for photovoltaic due to its higher
energy density per unit volume. Huang et al. [52] carried out a numerical simulation study
at 1000 (W/m2) insolation and an ambient temperature of 20 oC, for a system with two ﬁns
immersed in a PCM of melt temperature 32 oC and a PCM container depth of 20 mm. The
temperature on the front surface was preserved under 36.4 oC for 80 min. They found that
to maintain the temperature of the front surface of the PV/PCM system at 25 oC, the
transition temperature of the PCM should be higher than the ambient temperature and lower
than 25 oC. The enhancement in the thermal performance achieved by using metal ﬁns in
the PCM container was found to be signiﬁcant. The ﬁns allow a more uniform temperature
11

distribution within the cooled PV/PCM system. Huang et al. [53] carried out another study
on regulating the temperature of the PV panel by application of phase change materials. Five
different PCMs were selected with melting temperature range of 25±4oC, three insolation
intensities and latent heat of fusion from 140 to 213kJ/kg. The different PCMs were Paraffin
wax (RT20), Eutectic mixture of Capric–Lauric acid (C–L), Eutectic mixture of CapricPalmitic acid (C–P), pure salt hydrate (CaCl2.6H2O), and Commercial blend (SP22).
Comparing PCMs, the best results were obtained with C– P and CaCl2.6H2O that maintained
a maximum of 18 oC temperature reductions at PV front surface for 30 min, while CaCl2
maintained a 10 oC temperature reduction for the longest duration of 5 hours at 1000 W/m2
insolation onto the system. Biwole et al. [24] presented a computational fluid dynamics
(CFD) modelling of PV system integrated with impure phase change materials. All the
simulations were conducted using ambient temperature = 20 oC, external and internal heat
transfer coefficients he = 10 W/m2 K, hi = 5 W/m2 K respectively, constant solar radiation E
= 1000 W/m2 and half melting temperature range ∆T = 0.5 K. Different finned systems and
PCM container geometry were simulated during the parametric study. The simulated
SP/PCM systems allowed maintaining the panel’s temperature under 40oC during 80 min of
constant exposure to radiation of 1000 W/m2. The same temperature was reached by the
panel after only 5 min without the PCM. Aelenei et al. [54] conducted an experimental and
numerical simulation for the study of the performance of the PV/PCM system at elevated
temperature. Experimental and numerical results showed relatively good agreement with
each other. The maximum electrical and thermal efficiency of this BIPV-PCM could reach
10% and 12% respectively. Hasan et al. [55] concluded that life of PV panels increases due
to reduced operating temperature and increased power density is gained for building
integrated PV by the application of PCM at the back side of the panel. Kibra et al. [56]
developed a thermal model to predict the thermal behaviour building integrated photovoltaic
with phase change materials. Finite difference scheme was applied to discretize the energy
balance equation while the fully implicit scheme was applied to discretize the heat balance
in the PCM module. Three different PCMs of different melting temperatures were
investigated. The numerical results were validated with the existing experimental studies.
This study showed that PCM could be quite effective for limiting the temperature rise in the
PV devices and hence increasing the thermal performance up to 5%.
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1.2. ADVANCEMENT IN PHASE CHANGE MATERIALS
Very many different PCMs are available these days, varying from inorganic salts to liquid
metals, and can be applied for diverse applications, such as spacecraft design to domestic
hot water tanks. However, for implementation, the PCM of different categories and for
different applications, share certain characteristics and challenges. Of course, the main
characteristic of all PCMs is that they transit from solid to liquid over the extent of the
operating time. Without this phase transition, the latent heat would not be utilized, and the
energy storage or thermal control would rely solely on sensible heating. These properties of
the PCM need to be enhanced in an optimized manner, so as the PCM become more efficient
and cost-effective. This leads to the optimal combination of thermal conductivity, latent
heat, and specific heat so that the material under consideration could effectively transfer the
heat and can store more thermal energy during phase transition. This could be done either
by adding some additives to PCM or by designing the application, especially the
confinement of PCMs appropriately. Some of the recent studies performed in this direction
are summarised in the following subsections.
1.2.1. THERMAL CONDUCTIVITY ENHANCEMENT
In spite of the great advantages, most PCM’s have a limitation of their own i.e., very low
thermal conductivity [57]. To reduce the thermal energy charging/discharging time of TES
system and temperature difference, enhancing the thermal conductivity of PCM is one of
the ways to improve the effectiveness of the PCM-based TES systems. As a result, a number
of researchers have attempted to increase the performance of TES- PCM, as a priority
research in recent past [58]. This includes the introduction of high conductive metal fins and
fibers in various forms such as fins, honeycomb, wool, and brush, and the addition of
different additives to enhance the thermal conductivity of PCM [59,60]. The thermal
conductivity of PCM can enhance by several methods i.e. insertion of the stationary metallic
structure, the addition of metallic nanoparticle, the addition of carbon additives and
encapsulations.
Biwole et al. [24] used to enhance heat transfer characteristics of PCM using metallic
aluminum fins. The metallic fins enhanced heat transfer in the PCM for the application of
thermal management of PV panel.

A comprehensive numerical investigation was

conducted by Sebti et al. [61] to investigate heat transfer improvement of PCM during the
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melting process in a 2D square cavity through the dispersion of nanoparticles. Copper (Cu)
nanoparticles in various volume fractions were added to paraffin. The governing equations
were solved with variable mesh using a pressure-based finite volume method and enthalpyporosity method to trace the melting interface. The effects of nanoparticle distribution in a
pure fluid and of certain substantial parameters, i.e. nanoparticle volume fraction, cavity
size, and hot wall temperature on the heat transfer, fluid flow features and melting time were
studied. The results were presented in terms of temperature and velocity profiles, isotherms,
streamlines, moving interface position, solid fraction, and dimensionless heat flux. The
suspended nanoparticles caused an increase in thermal conductivity of NEPCM as compared
to conventional PCM, resulting in heat transfer enhancement and an enhanced melting rate.
In addition, the nanofluid heat transfer rate increased and the melting time decreased as the
volume fraction of nanoparticles increased. Mills et al. [62] increased the thermal
conductivity of paraffin wax by saturating porous graphite matrices in paraffin PCM. The
graphite matrices were fabricated by compressing flake graphite that had been soaked in a
bath of sulphuric and nitric acid then heat-treated at 900oC. The properties of the graphite
matrix and paraffin composites were dignified for graphite matrix bulk densities ranging
from 50 g/L to 350 g/L. The properties studied include the thermal conductivity in directions
parallel and perpendicular to the direction of compaction, paraffin mass fraction, and the
latent heat of fusion of the composite samples. The fabrication of micro-encapsulated PCM
is more difficult than macro-encapsulated PCM as its size falls below 1 mm. Though,
microencapsulation results in greater heat transfer rates as compared to that of macroencapsulation [63–65]. This is attributed to a considerably higher surface area to volume
ratio, ability to withstand the change in volume during the phase change process and less
chemical reactivity of PCM with the shell material. The advanced heat transfer rate
consequences in rapid melting and solidification of the micro-encapsulated PCM. For
macro-capsules, the large capsule size results in temperature difference at the PCM core and
boundary. The edge remains solid, however, the core part may still continue in the liquid
form, thus inhibiting the effective heat transfer [66].
1.2.2. ENHANCEMENT IN SPECIFIC HEAT
Improvements in specific heat are desirable in next-generation PCMs, in order to increase
the amount of energy which can be stored during the sensible heating periods of operation.
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Several studies have shown that the improved crystallinity of PCMs in certain mixtures can
also upsurge the specific heat capacity of the material.
Shin et al. [67] carried out a study on the enhancement of specific heat of PCM by
doping silica nano-particles. The specific heat capacity of the Alkali metal chloride salt
eutectics nanofluid was enhanced by 14.5% by doping silica nanoparticles with 20–30 nm
nominal diameters at 1% mass concentration. To explain the unusual enhancement of the
specific heat capacity three independent thermal transport mechanisms were suggested i.e.
(i) higher specific surface energy (compared with bulk material), (ii) additional thermal
storage mechanisms due to interfacial interactions (e.g., such as interfacial thermal
resistance and capacitance) between nanoparticle and the adhering liquid molecules due to
the extremely high specific surface area of the nanoparticle, (iii) the existence of semi-solid
liquid layer adhering to the nanoparticles, which are likely to have enhanced specific heat
capacity due to the smaller intermolecular spacing similar to the nanoparticle lattice structure
on the surface (compared to the higher intermolecular spacing in the bulk liquid). Shin et al.
[68] enhanced specific heat capacity of nanomaterials synthesized by dispersing silica
nanoparticles having particle size 2–20 nm in eutectic mixtures. The specific heat capacity
of the silica nano-composite (solid phase) was enhanced by 38–54% and the specific heat of
the silica nanofluid (liquid phase) was enhanced by 118–124% over that of the pure eutectic.
Shin et al. [69] dispersed SiO2 nanoparticles in eutectic of lithium carbonate and potassium
carbonate (62:38 molar ratio) to obtain a high-temperature nano-composite. Doping 1%
nanoparticles concentration by weight the specific heat was enhanced by 5–15% and the
thermal diffusivity was enhanced by 25–28%, respectively. The corresponding effective
thermal conductivity of the nanocomposite was calculated to be enhanced by 35–45%
compared with that of the undoped (pure) material. Chieruzzi et al. [70] carried out a study
on specific heat enhancement of salt mixture NaNO3- KNO3 (60:40 ratio) by using
nanoparticles. Four different nanoparticles i.e. silica (SiO2), Alumina (Al2O3), Titania
(TiO2) and a mixture of Silica-Alumina (SiO2-Al2O3) in three different weight fraction 0.5,
1.0, and 1.5 wt.% are used in the present study. From the obtained results it was found that
the use of 1 % nanoparticle enhances the specific heat up to 15% to 57% in the solid phase
and of 1% to 22% in the liquid phase. The present study revealed that the addition of silicaalumina nanoparticles has a significant potential for enhancing the thermal storage
characteristics of the NaNO3-KNO3 binary salt.
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1.2.3. ENHANCEMENT IN LATENT HEAT
Warzoha et al. [71] found that the amount of thermal energy that can be harnessed from
multi-wall carbon nanotubes (MWCNT), Al or TiO2 nano-composite PCMs (at 20 vol. %
concentrations) is approximately 15–17% lower than the amount that can be extracted from
the base paraffin during its period of solidification, as expected. However, the amount of
thermal energy that can be harnessed from paraffin in the presence of graphene nanoparticle
networks (15 nm thicknesses, 15 µm diameter, at 20 vol. %) is found to be nearly 11%
greater than for the base paraffin. The phase change enthalpies of Paraffin, Graphene–
paraffin, MWCNT–paraffin, Al–paraffin, TiO2–paraffin were found 278.20, 314.53, 289.50,
282.50, 283.09 kJ/kg respectively. According to the DSC data, the absolute phase change
enthalpies during the melt phase for the MWCNT–paraffin, Al–paraffin, TiO2–paraffin
nano-composites are each 1% greater than the absolute phase change enthalpy of the base
paraffin during the melt phase, which is within the uncertainty of the test method. Thus, the
change in absolute phase change enthalpy of these nanocomposite-PCMs is negligible
relative to the base PCM. Conversely, the absolute phase changes enthalpy of the graphene–
paraffin nano-composite is ~13% greater than that of the base paraffin during the melt phase.
This result is consistent with the maximum enhancement in the absolute phase change
enthalpies achieved by the SWCNT–paraffin nano-composite PCMs. Li et al. [72] carried
out the study to investigate the effect of spongy graphene on the latent heat and thermal
conductivity of the phase change material consisting of docosane and spongy graphene. The
latent heat increased from 256.1 J/g to 262.8 J/g, and the thermal conductivity increased
more than two times in a low graphene concentration of 3 mg/cm3. Zeng et al. [73] carried
out a study to enhance thermal conductivity and phase change enthalpy of 1-Tetradecanol
using silver (Ag) nanowire having 62.73 wt% (about 11.8 vol%). The 1-Tetradecanol with
Ag nanowires showed remarkably high thermal conductivity (1.46 Wm-1K-1) and reasonably
high phase change enthalpy (76.5 Jg-1). The results indicated that Ag nanowires could be
strong candidates for thermal conductivity as well as phase change enthalpy enhancement
of organic PCMs. Table 1.2 represents the summary of research carried out in the recent past
for enhancing the thermal properties of PCMs.
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Table 1.2 Advancement in PCM properties enhancement
THERMAL CONDUCTIVITY ENHANCEMENT
Authors
Agent
Type of Study
Biwole et al. Aluminum Fins
Experimental + Numerical
[24]
using CFD
Kousksou et Wavy surface
Numerical simulation using
al. [74]
CFD
Pakrouh et al. Pin Fin
Numerical simulation using
[75]
CFD
Mustaffar et Expanded metal mesh Numerical simulation using
al. [76]
(EMM)
CFD
Feng et al. Copper foam
Experimental using transient
[77]
hot wire and theoretical

Fan et al. [78]

Nanoparticle

Tasnim et al. Nanoparticle
[79]
Hosseinizadeh Copper Nanoparticles
et al. [80]

Remarks
The rate of melting increased due to the application of fins.

The results showed that the rate of the melting upsurges with the
elevation in the magnitude of the amplitude value of the wavy surface
The optimal case strongly depends on the fin’s number, height,
thickness and also the critical temperature.
The simulation results showed that a properly connecting EMM layers
organized in parallel caused an 81% melting time reduction
A detailed concern was made upon determining in what technique the
contact conditions between the metal foam and the cold wall effect
the freezing process, as well as also discussed about the local thermal
stability concerning the metal foam and the PCM
One, two, three-dimensional The solidification rate was greatly accelerated up to a factor of 34%
numerical simulation using at the maximum loading of 1.0 wt%.
similarity solution
Numerical simulation by The relations were proposed for the dimensional analysis of nanoapplication of the Darcy enhanced Phase change materials.
model
Numerical simulation based The numerical investigation was carried out for three different Stefan
on the finite element method number and volume fraction of nanoparticles with an initial sub(FEM)
cooling of 6oC. The simulation results indicated that the nanoparticles
cause an increase in the thermal conductivity of NEPCM.
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Sebti
[61]

et

al. Copper
nanoparticles

Dhaidan et al.
[81]

Nurten et al.
[82]
Mills et al.
[62]
Alshaer et al.
[83]

Choi
[84]

et

al.

Teng et al.
[85]
Yang et al.
[86]

(Cu) Numerical simulation based The effects of nanoparticle distribution in a pure fluid and of certain
on the finite element method substantial parameters, i.e. nanoparticle volume fraction, cavity size,
(FEM)
and hot wall temperature on the heat transfer, fluid flow features and
melting time were studied.
CuO nanoparticle
Finite
Element
Method The experimental and numerical results indicate that the nanoparticle
(FEM)+Experimental
loading has a positive effect on enhancing the thermal conductivity of
the PCM/nanoparticle composite, increasing the temperature of the
composite and enhancing heat transfer rate which causes decrease the
charging time.
Paraffin–nanoExperimental using SEM, For 10% and 20% by weight PNMCs, the thermal conductivities were
magnetite
(Fe3O4) DSC
increased by 48% and 60%, respectively as compared to base paraffin.
(PNMCs)
Graphite matrices
Experimental using SEM, The properties studied include the thermal conductivity in directions
DSC
parallel and perpendicular to the direction of compaction, paraffin
mass fraction, and the latent heat of fusion of the composite samples.
Pure
CF-20, Numerical simulation using a Results reveal that the insertion of RT65/MWCNTs in CF-20 leads to
CF20+RT-65, and CF- CFD code
an 11.5% reduction in the module surface temperature for carbon
20+RT-65/Nano
foam porosities less than 75%. The reduction decreases to 7.8% for a
carbon Tubes
porosity of 88%.
Multi-walled Carbon Experimental using transient Results indicated that the heat transfer rate enhances up to 3.35 times
nanotube,
Graphite, hot-wire method
in the case of Graphite at 5.0 vol. %.
and Graphene
Multi-wall
carbon Experimental using SEM and The addition of MWCNTs reduced the melting onset temperature and
nanotubes (MWCNTs) DSC
increases the solidification onset temperature for paraffin.
Expanded
graphite Experimental using SEM, The results indicated that the prepared MA–PA–SA/EG composite
(EG)
FTIR, TG, DSC
PCM has proper phase change temperature, high latent heat and
thermal conductivity, and good thermal reliability.
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ENHANCEMENT IN SPECIFIC HEAT
Shin et al. [67] Silica nanoparticles

Experimental using SEM, Enhanced specific heat capacity due to the smaller intermolecular
DSC
spacing like the nanoparticle lattice structure on the surface
(compared to the higher intermolecular spacing in the bulk liquid).
Shin et al. [68] Silica nanoparticles
Experimental using DSC
The specific heat capacity of the silica nano-composite (solid phase)
was enhanced by 38–54% and the specific heat of the silica
nanofluid (liquid phase) was enhanced by 118–124% over that of the
pure eutectic.
Shin et al. [69] SiO2 nanoparticles
Experimental using DSC Doping 1% nanoparticles concentration by weight, the specific heat
and laser flash apparatus was enhanced by 5–15% and the thermal diffusivity was enhanced
(LFA)
by 25–28%, respectively.
Chieruzzi et Silica (SiO2), Alumina Experimental using SEM 1 % nanoparticle enhances specific heat ~ 15% to 57% in the solid
al. [70]
(Al2O3), Titania (TiO2) and DSC
phase and 1% to 22% in the liquid phase as compared to base PCM.
and mixture of silicaalumina (SiO2-Al2O3)
ENHANCEMENT IN LATENT HEAT
Warzoha et al. Graphene
Experimental using DSC The amount of thermal energy that can be harnessed from paraffin in
[71]
and thermal containment the presence of graphene nanoparticle networks (15 nm thicknesses,
unit (TCU)
15 µm diameter, at 20 vol. %) is found to be nearly 11% greater than
for the base paraffin.
Li et al. [72]
Spongy graphene
Experimental using FTIR, The latent heat increased from 256.1 J/g to 262.8 J/g, and the thermal
SEM and XRD
conductivity increased more than two times in a low graphene
concentration of 3 mg/cm3.
Zeng et al. Silver (Ag) nanowire
Experimental using DSC The 1-Tetradecanol with Ag nanowires showed remarkably high
[73]
and transient hot wire thermal conductivity (1.46 Wm-1K-1) and reasonably high phase
methods
change enthalpy (76.5 Jg-1).
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1.3. OBJECTIVES OF THE PRESENT WORK
The objective of the present work can be given as follows:
•

Development of binary and ternary mixture of fatty acid that can be utilized for the
thermal energy storage as PCM and measures its thermo physical properties using
DSC.

•

The development of the thermal model to evaluate the performance of different
PCMs with and without nanoparticle and conduct heat transfer study for the melting
and solidification of PCM with constant and variable heating.

•

To develop thermal model of PV panel with and without PCM to investigate the
operating temperature of the PV panel.

•

Conduct heat transfer study of air ventilated PV panel incorporated with PCM for
the optimization of energy generated by BIPV as well as energy extracted by air.

•

Conducted heat transfer study of building brick incorporating PCM to reduce
building cooling load.
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CHAPTER 2
CHARACTERISATION
TECHNIQUES OF LATENT HEAT
STORAGE MATERIALS
Characterization of PCM usually includes quantifying the thermo-physical properties such
as thermal conductivities and heat capacities of the solid and liquid phases, as well as
transition temperatures and latent heat. Furthermore, for PCM experiencing melting over a
range of temperature, enthalpy- temperature function is required too. Characterization is thus
carried out using different samples and experimental devices. For instance, thermal
conductivity and thermal diffusivity can be measured by the hot plate method and the flash
method respectively. Dynamic hot probes methods allow simultaneous determination of
thermal conductivity and capacity. As for specific heat and latent heat, separate and specific
DSC (Differential Scanning Calorimetric) tests are usually used. Transition temperatures are
better determined using DTA (Differential Thermal Analysis) methods and enthalpy21

temperature function estimation requires DSC tests in isothermal step mode [87,88] of the
number of apparatus/tests required for complete characterization, one notices that the tests
based on DTA/DSC devices generally require very small samples (some few millilitres), so
that they become inappropriate for testing heterogeneous materials with large-size
representative volumes. Such a problem could be partially overcome using the T-History
method [89,90] a cheap and easy way for the determination of latent heats and specific heats.
Unfortunately, a T-History method is unable to reliable estimation of transition temperatures
and enthalpy-temperature functions [91].

2.1. CHARACTERIZATION OF PCM
The characterization of PCM’s thermo-physical properties usually involves the
measurement of the properties such as thermal conductivities, density, and viscosity, heat
capacities of the solid and liquid phases, as well as transition temperatures and latent heat.
Furthermore, for PCM undergoing melting over a range of temperature, the enthalpytemperature function is required too. The characterization is thus carried out for different
samples such as composite and encapsulated PCM using different experimental devices. The
thermal conductivity and thermal diffusivity can be measured by the hot plate method and
the flash method respectively. This method allows simultaneous measurement of thermal
conductivity as well as the heat capacity of the PCM. Differential Scanning Calorimetric is
used to measure the latent heat of fusion and specific heat. Transition temperatures of the
PCM are better determined by using Differential Thermal Analysis methods. The
Differential Scanning Calorimeter and Differential Thermal Analysis devices generally
require very small samples (some few milliliters), so that they become inappropriate for
testing heterogeneous materials with large-size representative volumes. FT-IR has been
successfully used to determine the chemical compatibility between the components of
composite PCM i.e. the PCM and the container/supporting material/encapsulation. The
details for the characterization of thermo-physical properties of PCM are presented in this
chapter.

2.2. MATERIAL CHARACTERIZATION STANDARD
As the knowledge of the behaviour of heat storage materials is essential to design an
application it is important to characterize these materials. The important characteristics of
heat storage materials are their heat capacity, the thermal conductivity, the density and
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viscosity all in dependency on temperature. All these parameters are necessary to size
thermal storage or to develop heat exchanger to charge and discharge such storages.
Simulations are also very often used to analyze applications or components of it and their
interaction with the storage material. Such simulations will not be valid if the used material
data is not describing its behaviour inthe correct way, so also for this purpose good and
reliable results from the characterization are needed. There are several characterization
standards for material characterization and some of them listed below [92].
2.2.1 MELTING POINT
Standard test method for melting point covers the determination of the melting point
(cooling curve) of materials. There are several test standard for the determination of the
melting point of PCM which were described by Gschwander et al. [92].
2.2.2. HEAT CAPACITY
Differential scanning calorimetry used for determination of specific heat capacity. The
standards specify methods for determining the specific heat capacity of plastics by
differential scanning calorimetry.
2.2.3. ENTHALPY
The test methods include the determination of temperature and enthalpy of melting and
crystallization by Differential scanning calorimetry.
2.2.4. THERMAL CONDUCTIVITY
These test methods specify a method for the determination of the thermal conductivity and
thermal diffusivity, and hence the specific heat capacity per unit volume, of PCMs. The
experimental arrangement can be designed to match different sample sizes. Measurements
can be made in gaseous and vacuum environments at a range of temperatures and pressures.
2.2.5. DENSITY
The test method for density and relative density (specific gravity) of viscous materials by
Lipkin Bicapillary Pycnometer were described by Gschwander et al. [92]. The test standards
are used to determine the density of crude petroleum and liquid petroleum products.
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2.2.6. VISCOSITY
These test method covers the determination of the coefficient of kinetic friction for a
petroleum wax coating or wax-based hot melt coating when sliding over it. This standard
does not purport to address all of the safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appropriate safety and health practices
and determine the applicability of regulatory limitations prior to use.
2.2.7. THERMAL STABILITY
Standard test method for the thermal stability of chemicals is differential scanning
calorimetry. This test method describes the ascertainment of the presence of enthalpy
changes in a test specimen, using minimum quantities of material, approximates the
temperature at which these enthalpy changes occur and determines their enthalpies (heats)
using differential scanning calorimetry or pressure differential scanning calorimetry.

2.3. PCM CHARACTERIZATION TOOLS
The performance of a thermal energy storage system is directly associated with the phase
transition properties of PCM. It has been pointed out that the data supplied by the producers
could be incorrect, doubtful and incorrectly measured. Therefore, it is essential to make
measurements so as to get the correct phase change properties of PCM. Numerous thermosphysical properties measurement techniques such as Differential Scanning Calorimeter
(DSC), T-history method and Differential Thermal Analysis exists, however, DSC is the
most common practice in one of them and therefore would be extensively discussed.
2.3.1. DIFFERENTIAL SCANNING CALORIMETER
An analytical technique developed by Watson in 1962 named as Differential Scanning
Calorimeter (shown in Fig 2.1), has the ability to directly measure the energy storage
capacity during melting and allow accurate measurement of heat capacity. The temperatures
and heat flow associated with material changes as a function of time are measured in a
controlled environment [93]. The qualitative and quantitative data about physical and
chemical changes measured that involve endothermic or exothermic processes [94].
According to Kuznik et al. [17], the name DSC is very appropriate due to the following
attributes:
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•

Calorimetry: The measurement of the quantity of heat absorbed or released of a sample
with the change in temperature.

•

Differential: The measurements have been carried out on the sample with respect to
reference sample with known properties

•

Scanning: Measurement of the thermal excitation with a linear temperature ramp.

Fig. 2.1 DSC analysis protocol (DSC heat flux and power compensating cell from
references [95])
2.3.1.1. Calibration
The purpose of calibration is to reduce any measurement uncertainty by ensuring the
accurateness of the apparatus [94]. For DSC, temperature and heat flow standardizations
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must be done from time to time [94]. Naturally, indium is used as a standardizing material.
Baseline slope and offset calibrations require warming an empty pan through estimated
temperature range in the experiment to obtain precise [94]. Standardization is used to flatten
the baseline and zero the heat flow signal. It is essentials to be pointed out here that the type
of purge gas and flow rate affects calibration. Consequently, nitrogen, which is inert, costeffective, least affected by changes in flow rate due to its low thermal conductivity and
provide good sensitivity is preferred [96]. Furthermore, it removes humidity (if any) and
oxygen from the cell that may have accrued over time [94]. The too slow flow rate may
cause moisture accumulation and early aging of the cell however too fast flow rate may
cause excessive noise. For nitrogen, the preferred flow rate is 50 mL/min [94,96].
2.3.1.2. Sample preparation
Sample preparation includes selecting the appropriate weight and size, type and material and
encapsulation the sample pan [94].
2.3.1.3. Sample weight and size
Larger samples will give higher sensitivity but reduce the resolution. Consequently, the goal
is to achieve heat flow rate in the transition of interest in between 0.1 and 10 mW. Usually,
the sample weight is in between 5 and 20 mg [94]. The sample size must be made as thin as
possible for reproducibility, it should be ensured that the contact between the sample and
the bottom of the pan is good. The powdered samples must be distributed consistently across
the bottom of the pan which will minimize the thermal gradient [94].
2.3.1.4. Sample pan materials and configuration
The selection of pan material and its configuration depends on numerous factors such as
temperature range experienced during the thermal property’s measurement of the sample
and reactivity of the sample with the pan material. In general, Aluminium pans can be used
in the temperature range - 180 to 600 oC. However, if the sample has the ability to react with
aluminum then platinum, copper or gold pans can be opted [94]. As far as the sample pan
configuration is concerned, the pan can be hermatic, non-hermatic or open [94]. However,
hermatic pan (Fig. 2.2) is preferred due to obvious advantages such as better thermal contact,
reduced thermal gradient in the sample, higher internal pressure resistance due to airtight
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seal and preservation of sample for further study [94]. In addition, when contact with cell
atmosphere or the reaction of the sample gas is required; the hermatic pan can be used by
making a pinhole in the lid before sealing. After deciding the sample pan material and
configuration and keeping the sample in the sample pan, both the hermatic and non- hermatic
pan should be sealed with the sample encapsulating press (Fig. 2.3). The sample and
reference pan is then loaded into the DSC cell.

Fig. 2.2 Sample pan and lid set [97].

Fig. 2.3 Sample encapsulating press used to hermetically seal sample pan [97].
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2.3.1.5. DSC cell
Two types of DSC cells are available i.e. heat flux and power compensating. In Heat Flux
DSC, the sample and reference pans sit on the same thermoelectric disc [17,94], which
transfers the heat to these pans [98]. The heat capacity of the sample will cause a temperature
difference between the sample and reference pans [93,99]. This temperature difference leads
to voltage difference which after making adjustments for thermocouple response is
proportional to heat flow [98,99].
2.3.1.6. DSC curve and thermal properties
The thermal properties such as phase change temperature and thermal energy stored in unit
weight can be determined by using commercially available software such as TA Universal
Analysis 2000 [100]. The typical DSC plot is shown in Fig. 2.4. The phase change
temperature is divided into starting, peak and ending temperatures. The starting and ending
temperatures are the temperatures at the intersection of extrapolated baseline and the
tangents to the DSC curve drawn at the inflexion points to the left and right side of the peak
while the peak temperature is the temperature at the peak point of DSC curve. The thermal
heat stored in the unit weight of PCM is obtained by dividing the integrated area between
the baseline and the DSC curve with a temperature rising rate in the DSC test. This value is
calculated automatically by the software [101]. It is worthy to mention here that the user can
choose different types of baselines such as linear, sigmoidal horizontal, sigmoidal tangent
and extrapolated to calculate the thermal energy stored in the unit weight of PCM [100,102].

Fig. 2.4 DSC heating curve
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There are several studies which are based on the DSC characterization of PCM. The
thermos-physical characterization of PCM is mainly done using DSC. The DSC can measure
melting temperature, latent heat of fusion, specific heat. Recently the Sharma et al. [18]
developed a binary mixture of fatty acids as PCM for the application of buildings. The
melting temperature and latent heat of fusion are characterizing using DSC. The study had
been based on the characterization of PCM. The characterized PCM is in the temperature
range of 20–30 oC and a good amount of latent heat of fusion.
2.3.2. CHEMICAL COMPATIBILITY ANALYSIS - FOURIER TRANSFORM
INFRARED SPECTROSCOPY (FTIR)
For PCM based building applications, FT-IR has been successfully used to determine the
chemical compatibility between the components of composite PCM i.e. the PCM and the
container/supporting material/encapsulation. With the invention of world’s first commercial
FT-IR spectrometer (Model FTS-14) in 1969 [103], FT-IR became the preferred method of
spectral analysis. The term FT-IR originates from the fact that it uses Fourier transform, a
diverse and versatile analytical technique, to convert the raw data into an actual spectrum.
Since the infrared spectrum represents the fingerprint of a sample [104] therefore it can be
positively used for qualitative analysis. The major advantage of FT-IR includes fast (Flegett
advantage), improved sensitivity (Jacquinot advantage), mechanical simplicity and selfcalibration (Connes advantage) [105].
2.3.3. THERMAL STABILITY ANALYSIS THERMO-GRAVIMETRIC ANALYSIS
(TGA)
For PCM based applications, the thermal gravimetric analyzer has been used to determine
the thermal stability of the composite PCM. It is an experimental method of thermal analysis
in which the change in weight of a material is observed as a function of temperature or time
while the material is subjected to a controlled temperature program in a controlled
environment [106,107]. Several researchers have used this technique to ensure that the
composite PCM is stable in the working temperature range [108,109]. Also, it is used to
ensure that the components of composite PCM are decomposing separately.
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2.3.4. MEASUREMENT OF THERMAL CONDUCTIVITY OF PCM/COMPOSITE PCM
In order to improve the performance of PCM in terms of heat transfer, it is necessary to
determine the thermal conductivity of the PCM/composite PCM. The thermal conductivity
of a sample can be measured by steady-state and non-steady steady methods [95]. In the
steady state method, the measurements are made when the temperature of the material does
not vary with time, i.e. at the constant signal. Therefore, the signal analysis is simple and
straightforward. In non-steady state method, the measurements are made during the process
of heating up i.e. the signal is studied as a function of time. It can be performed more quickly,
however; in general, the mathematical analysis of the data is more difficult.
The temperature history methods are utilized to determine the melting point, degree
of supercooling, heat fusion, speciﬁc heat and thermal conductivity of several PCM samples
simultaneously. It is especially useful for the selection of lots of candidate PCMs or for the
preparation of new PCM for use in practical systems. Fig. 2.5 represents the experimental
setup for the measurement of thermos-physical properties of PCM. The advantages of this
kind of experimental system are as follows. (i) Using conventional tubes as PCM sample
containers make measurement convenient and mean that the phase-change process of each
sample can be clearly observed. (ii) One can measure several samples during a test (the
number of samples measured in a test run depends upon the number of channels of the data
acquisition system).

Fig. 2.5 Schematic diagram of the experimental setup
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2.3.5. SCANNING ELECTRON MICROSCOPE
A scanning electron microscope (SEM) is a type of electron microscope that produces
images of a sample by scanning it with a focused beam of electrons. The electrons interact
with atoms in the sample, producing various signals that contain information about the
sample's surface topography and composition. The electron beam is generally scanned in
a raster scan pattern, and the beam's position is combined with the detected signal to produce
an image. SEM can achieve resolution better than 1 nanometer. Samples can be observed in
a high vacuum, in low vacuum, in wet conditions (in environmental SEM), and at a wide
range of cryogenic or elevated temperatures.
2.3.6. DIFFERENTIAL THERMAL ANALYSER
Differential thermal analysis, (D.T.A.) is a technique which dates to Le Chatelier and has in
the past yielded valuable information on physical, chemical, and mechanical changes in
substances or systems as they are heated. It has been characteristic of the advances in
instrumentation that many classical procedures have been revived or completely overhauled
to yield new results of unprecedented sensitivity and versatility. Such is the case with the
Du Pont 900 Differential Thermal Analyser [110]. A DTA consists of a sample holder
comprising thermocouples, sample containers, a ceramic or metallic furnace, a temperature
programmer; and a recording system. The basic configuration is the two thermocouples are
connected in a differential arrangement and connected to a high gain low noise differential
amplifier. One thermocouple is placed in an inert material such as Al2O3, while the other is
placed in a sample of the material under study. As the temperature is increased, there will
be a brief deflection of the voltage if the sample is undergoing a phase transition.
2.3.7. RHEOMETER
The Rheometer is a laboratory device which is used to measure the viscosity in which a
liquid, suspension or slurry flows in response to applied forces. It is used for those fluids
which cannot be defined by a single value of viscosity and therefore require more parameters
to be set and measured than is the case for a viscometer. Viscosity is a measure of the
resistance of a fluid which is being deformed by the shear stress. Stress is the measure of
internal force applied to an object. Shear stress is the stress which is applied parallel to the
face of an object or material. In everyday terms, the viscosity is “thickness or internal
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friction”. The viscometer is an instrument used to measure the viscosity of a fluid. It
measures the rheology of the fluid. Rheology is the study of the flow of matter, primarily in
a liquid state. The term Rheometer comes from the Greek word “rheo”, meaning flow, and
Rheometer is a device for ‘measuring flow’.
2.3.8. THERMAL CYCLE STABILITY TEST
The feasibility of employing a latent heat storage material in a thermal system depends on
the life of the storage material, i.e. the melting point and latent heat of fusion of material
should be almost constant with time due to the number of melt/freeze cycles passed. For
latent heat storage, commercial grades PCMs (purity between 95–98%) are preferred due to
their

large-scale

availability

and

cost-effectiveness.

The

thermo-physical

properties/behaviour of commercial grade materials, in general, vary considerably in
comparison to laboratory grade materials (purity more than 99.5%). A thermal system with
latent heat storage material undergoes at least one melt/freeze cycle in a day, which is called
a normal cycle. However, repeated melt/freeze cycle tests may be conducted in the
laboratory with a thermostatic chamber or like test the life cycle of phase change materials.
A thermal cycle was conducted as heating (melting) and a cooling (solidifying) process. The
above procedure was performed consecutively until the amount of the thermal cycle reached
up to desired cycles. Fig. 2.6 shows the schematic diagram of the experimental setup used
for thermal cycle testing in our lab.

Fig 2.6 Schematic of thermal stability test setup
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CHAPTER 3
MATHEMATICAL FORMULATION
This chapter presents the mathematical formulation employed for heat and mass transfer
during melting and solidification of PCM and its application. The mathematical
formulations are covered in the following subsections:

3.1. PERFORMANCE EVALUATION OF PCM
The numerical simulation has been conducted for conjugate heat transfer in solid (container
material for this study) and PCMs. The mathematical formulations used for the study are
given in brief for solid as well as during the phase change process. The fundamental law
governing heat transfer is the first law of thermodynamics, commonly referred to as the
principle of conservation of energy. However, internal energy, U, is a rather inconvenient
quantity to measure and use in simulations [111]. For a fluid, the resulting heat equation is:

T   
 T
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(1)

where

S=

(

1

u + (u )
2

)

In deriving equation (1) it is assumed that the mass is always conserved, which means that
the density and the velocity must be related through

 / t +  • (v ) = 0

(2)

According to the Fourier law of heat conduction, the heat flux is proportional to the
temperature gradient. Where k is the thermal conductivity of solid and it can be anisotropic
(that is, it has different values in different directions). Then k becomes a tensor
k xx

k = k yx
 k zx


k xy
k yy
k zy

k xz 

k yz  and the conductive heat flux is given by qi = −
k zz 

k
j

ij

T
. Inserting
x j

equation (2) in equation (1) and ignoring viscous dissipation and pressure work put the heat
equation into a more familiar form

C p

T
+ C p u • T =  • (kT ) + Q
t

(3)

The heat transfer in fluids interface solves this equation for the temperature, T. If the velocity
is set to zero, the equation governing purely conductive heat transfer is obtained

C p

T
+  • (− kT ) = Q
t

(4)

Instead of adding a latent heat L in the energy balance equation when the material reaches
its phase change temperature Tm, it is assumed that the transformation occurs in a
temperature interval between Tm − ΔT/2 and Tm + ΔT/2 [112]. In this interval, the phase of
materials is modeled by a smoothed function θ, representing the fraction of phase before
transition, which is equal to 1 before Tm − ΔT/2 and to 0 after Tm + ΔT/2. The density, ρ, and
the specific enthalpy H are expressed by eq. (5) and eq. (6) respectively:
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 =  solid + (1 −  ) liquid

(5)

H f =  Solid H f liquid + (1 −  )  liquid H f Solid

(6)

Differentiating eq. (6) with respect to temperature, this equality provides the following
relation for the specific heat capacity:

Cp =

1



( 
1

Solid

C p ,liquid +  2  liquidC p , Solid )

(7)

Here, θ1 and θ2 are equal to θ and 1−θ, respectively. The equivalent heat capacity Ceq is the
sum of specific heat capacity and latent heat of fusion and can be expressed by eq. (8):

C eq =

1



( 
1

Solid

C p , Solid +  2  lquidC p , liquid ) + C L (T )

(8)

Where CL(T) can be given as

C L (T ) = L f

d m
dT

(9)

The mass fraction αm is defined from ρsolid, ρliquid and θ according to:

m =

1  2  liquid − 1  solid
2


(10)

As before the phase changes the value of θ2 is zero, therefore, it is equal to −1 ⁄ 2 before
phase change and 1 ⁄ 2 after phase change when the value of θ1 is zero and the distribution
of latent heat CL:

C L (T ) = ( H f liquid − H f Solid )

d m
dT

(11)

In the ideal case, when 1−θ is the Heaviside function (equal to 0 before Tm and to 1 after
Tm), dαm ⁄ dT is the Dirac pulse. Therefore, CL is the enthalpy jump L at temperature Tm that
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is added when we have a pure substance. So that the total heat per unit volume released
during the phase transformation coincides with the latent heat:
Tm +

T
2

Tm +

C

L

(T )dT = L

T
Tm −
2

T
2



T
Tm −
2

d m
dT = L
dT

(12)

The latent heat L can depend on the absolute pressure. It should not depend on the
temperature. Finally, the apparent heat capacity Cp, used in the heat equation, is given by:

Cp =

1



( 
1

Solid

C p ,liquid +  2  liquidC p , Solid ) + C L

(14)

The thermal conductivity of the PCM is given by the following expression:

k = 1k Solid +  2 k e

(15)

where ke is the effective thermal conductivity of PCM in the liquid phase, which considers
of natural convection effect on the heat transfer in the liquid state of PCM. Its expression is
given by the following correlation [113]:

k e = CRan

(16)

where C and n are constant, and Ra is Rayleigh number and expressed by eq. (17)

 liquidC p ,liquidg (Twall − Tm )h 3
k liquid

(17)

where h is the height of the container, υ is kinematic viscosity, g is gravitational constant
and β is thermal expansion coefficient.

3.2. CYCLIC HEATING AND COOLING OF PCM
The effect of cyclic heating and cooling has been studied using conjugate heat transfer in
the solid aluminum wall and in the PCM. It is important to mention that only a twodimensional model is used, and three-dimensional convection is neglected, for the sake of
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avoiding mathematical complexity. Furthermore, the effect of the three-dimensional natural
convection during melting of PCMs is very limited [114] when compared with the whole
melting process, consequently, the two-dimensional simulation can be considered quite
realistically when kept into rectangular enclosures.
3.2.1. HEAT TRANSFER
The heat transfer diffusion equation (Eq. 18) has been applied to the PCM and the aluminum
container. The velocity field u in equation (18) is given by Navier-Stokes equations for
incompressible fluids. The velocity field in the solid state of PCM is nearly equal to zero.
𝜌𝐶𝑝

𝜕𝑇
𝜕𝑡

+ 𝛻. (−𝑘𝛻𝑇) + 𝜌𝐶𝑝 →
𝑢 . 𝛻𝑇 = 0

(18)

The density variation of PCM can be given as
𝜌𝑝𝑐𝑚 (𝑇) = 𝜌𝑠 + (𝜌𝑙 − 𝜌𝑠 ). 𝐵(𝑇)

(19)

where the liquid fraction B, is the function of temperature and can be given by
,
𝑇 < (𝑇𝑚 − 𝛥𝑇)
0
,
𝐵(𝑇) = {(𝑇 − 𝑇𝑚 + 𝛥𝑇)/(2𝛥𝑇) (𝑇𝑚 − 𝛥𝑇) ≤ 𝑇 < (𝑇𝑚 + 𝛥𝑇)
,
𝑇⟩(𝑇𝑚 + 𝛥𝑇)
1

(20)

Eq. (20) shows that B is zero when the PCM is in solid phase and 1 when it is in the liquid
phase. The function B linearly grows from zero to 1 between the two states [24]. The specific
heat of the PCM can be written as:
C p pcm (T ) = C ps + (C p l − C p s ).B(T ) + L f D(T )

(21)

Where Lf is the latent heat of fusion and

(

−𝑇(𝑇−𝑇𝑚 )2
⁄
𝛥𝑇2

𝐷(𝑇) = 𝑒

√𝜋.𝛥𝑇 2

)

(22)

Function D is a smoothed Delta Dirac function which is zero everywhere except in interval
[Tm−T, Tm+T]. It is centred on the melting temperature of PCM and its integral is equal
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to 1. Its main role is to distribute the latent heat equally around the mean melting point. The
thermal conductivity of the PCM depending on its phase is:

k pcm (T ) = ks + (kl − ks ).B(T )

(23)

3.2.2. MASS AND MOMENTUM TRANSFER
It is assumed that the PCM in the liquid phase is a Newtonian fluid. The mass, momentum,
and energy conservation equations were solved concurrently with the heat transfer diffusion
equation. However, to model the phase transition, the momentum conservation equation is
modified as follows:
𝜌

𝜕→
𝑢
𝜕𝑡

→
→
→
+ 𝜌 (𝑢 . 𝛻) →
𝑢 − 𝜇. 𝛻 2 →
𝑢 = −𝛻𝑃 + 𝐹𝑏 + 𝐹𝑎

(24)

Fb is a buoyancy force given by the Boussinesq approximation:
→
𝐹𝑏 = −𝜌𝑙 (1 − 𝛽(𝑇 − 𝑇𝑚 )) →
𝑔

(25)

where β is the thermal expansion coefficient of PCM and g is a gravitational force due to
acceleration. A force Fa is added in Navier-Stokes equations as follows:
→
𝐹𝑎 = −𝐴(𝑇). →
𝑢

(26)

with the expression of A(T) inspired from the Carman–Koseny relation in a porous medium
and the expression of ∇(P) from Darcy’s law as presented in [115] and [116]:
𝐴(𝑇) =

𝐶(1−𝐵(𝑇))2
(𝐵3 (𝑇)+𝑞)

(27)

If we assume that the flow is laminar:
𝛻𝑃 =

−𝐶(1−𝐵(𝑇))2
𝐵3 (𝑇)

.→
𝑢

(29)

The value of C depends on the morphology of the PCM. In this study, C is taken as a constant
value 106 [24] and this value is chosen as in the numerical benchmark [23] with the same
material. Constant q is chosen very low so as to make Eq. (27) effective, even when B(T) is
zero. The significant value of q is fixed at 10−3. As soon as the temperature of the PCM gets
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higher than Tm+∆T, the PCM becomes liquid. Therefore, B is 1 and consequently, A and Fa
are zero. In this situation, the common momentum conservation equation applies. During
the transition state to crystallization, 0 <B(T)< 1. A(T) upsurges accompanied by the melting
process until the added force Fa reaches greater than the convection and diffusion terms in
eq. (24) and the momentum conservation equation becomes analogous to the Darcy law for
fluid flow in a porous medium:

u=−

K



P

(30)

where the permeability K is a function of B(T). When B(T) reduces, the velocity field also
decreases until it becomes zero when the PCM converts completely to the solid state. At that
point, the PCM temperature is lower than Tm-ΔT, and consequently, B is 0. Eq. (27) shows
that the value of A(T) becomes very large. Accordingly, the added force controls all the
terms in the momentum conservation equation. The only solution of the Navier-Stokes
equations is when velocity field is zero (u=0) which resembles a solid medium.

3.3. EFFECT OF NANOPARTICLE ADDITION IN PCM
In the NPCM the heat transfer takes place with the effect of conduction as well as convection
and generation of streamlined due to the density difference in liquid and solid phase. In the
following, we present mathematical formulations used in the simulation. The heat transfer
diffusion equation applies to the NPCM. The transport of nanoparticles and their rejection
by the advancing liquid-solid interface are ignored and it was assumed that the graphene
nanoparticles are homogeneously distributed in the cavity during the melting process. In
fact, the nanoparticles affect only the thermo-physical properties of the PCM. The relations
for thermo-physical properties of multi-component systems contain a volume fraction; the
following relation is used for conversion between the mass fraction and volume fractions of
nanoparticles (Φwt to Φ):

=

where  PCM and

wt  PCM
wt  PCM + (1 − wt )  g

(31)

 g respectively signify the PCM density and the nanoparticles density.

Note that the weight fraction is the same for both phases, although the volume fractions for
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the liquid and solid phases will change due to the variation of the density of the phase of the
PCM. The density of NPCM is given by:

 NPCM = (1 −  )  PCM + g

(32)

where  g stands for a density of graphene nanoparticles. The modified heat capacity of
NPCM can be written as [117]:
C p NPCM = (1 −  )C p PCM + C p g

(33)

The thermal conductivity due to the addition of nanoparticle (ko) of NPCM was determined
using the model of Maxwell [118]:
ko = k PCM

k g + 2k PCM − 2 (k PCM − k g )
k g + 2k PCM +  (k PCM − k g )

(34)

The thermal conductivity enhancement due to the thermal dispersion of the NPCM is [119]:
kd = 5  104  k( C p ) PCM

BoT
f (T , )
n d p

(35)

where

f (T ,  ) = (2.8217 × 10- 2  + 3.917 ×10-3 )

T
+ (-3.0669× 10- 2  - 3.91123× 10-3 )
Tref

(36)

In the above-given equations, Bo is Boltzmann constant, 1.381×10−23 J/K and dp is the
diameter of nanoparticles. The value of k = 8.4407(100  )-1.07304[119]. The kd accounts
for Brownian motion, which causes the temperature dependence of the thermal conductivity.
The value of correction factor ζ in the Brownian motion term is defined as the same as for
liquid fraction, B(T) in Eq. (20). Accordingly, the effective thermal conductivity of the
colloid is the sum of thermal conductivity due to the Brownian motion of nanoparticle and
stagnant thermal conductivity:

k NPCM = kd + ko
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(37)

It is assumed that the PCM in the liquid phase is a Newtonian fluid. The momentum transfer
and energy conservation equations were solved concurrently with the heat transfer diffusion
equation. However, to model the phase transition, the momentum conservation equation was
modified as follows:
The viscosity of the PCM and nano-particle colloid containing a thinned dispersion of small
rigid spherical particles is specified by Brinkman [120] as:

 NPCM =

 PCM
(1 −  ) 2.5

(38)

3.4. THERMAL RESPONSE OF PV PANEL WITH AND WITHOUT
PCM
3.4.1. PV PANEL WITHOUT PCM
The thermal environment required for the estimation of the PV module's working
temperature is quite intricate. Besides interior procedures occurring in the semiconductor
material during its bombardment by photons, which promote the production of electricity,
the module also releases the non-converted energy in the form of thermal energy through
different heat transfers modes such as convection and radiation. Hence, the overall energy
balance on the module must be considered to estimate the module temperature.
The module temperature is calculated by considering the heat transfer through the module
to the environment. For the simulation work, the PV panel materials are assumed to be
homogeneous and isotropic. The energy balance equation can be written as:

Cmod ule

T
= − qconv (t ) + qrad (t ) − Pout (t )
t

(39)

The heat transfer inside the PV panel takes place by the following the equation

C p

T
+ .(−kT ) = Q
t
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(40)

where Q is heat source and Cp is specific heat capacity of each layer. In eq. (39) Cmodule
represents the heat capacity of PV panel materials which depends on the mass of PV panel.
Since the PV panel is constructed by the composition of different layers hence the lumped
heat capacity can be given by adding heat capacity of each component together which can
be written as:
C mod ule =  A d m  m C m

(41)

where m denotes each layer of materials in the PV panel. The total radiation falling on the
front and back surface of the cell is a function of the intensity of the direct and diffuse
shortwave radiation inputs, and the absorptivity of the cell face. Therefore, total radiation
energy obtained by PV panels is given by:

qrad = qs − (qr + qsky )

(42)

Incident shortwave radiation intensity values were recorded via a Pyranometer on the
building. The Pyranometer does not distinguish between direct and diffuse radiation. The
net shortwave input on the module front surface can be expressed as:

qs = Gmod ule A

(43)

The absorptivity α is a function of absorptive and reflective properties of the encapsulating
glass, laminating material and the absorptivity characteristics of the PV cell material. Let θ,

, ψ and δ respectively be the elevation angle, inclination angle latitude and declination
angle of the PV panel. The equations relating Gmodule, Ghorizontal and Gincident are:
Ghorizontal = Gincident sin 
Gmod ule = Gincident sin(  +  )

 = 90 −  + 
 360
(284 + n )
 = 23.45 sin 
365


Ghorizontal sin(  +  )
Gmod ule =
Sin

(44)

o

The effective radiation leaving the surface depends upon the surface emissivity, the ambient
temperature of sides of PV panel, the operating panel temperature and its angle of
inclination. The radiative heat loss from the front and rear surface of the photovoltaic panel
42

to the sky and ground is also considered while determining the overall thermal response with
time. The net radiative heat loss, qr to the ground is given as:
4
4
q r = FA(TPVback
− Tground
)

(45)

The ground temperature is assumed to be equal to the ambient temperature and it is assumed
that the ambient temperature is the same on all sides of the PV panel. The net radiative heat
loss to the sky is given as:


1.5
= 0.037536  Tamb
+ 0.32  Tamb 

4
4
q sky = FA(TPVfront
− Tsky
)

Tsky

(46)

where ε is the emissivity of PV panel of value 0.91 on its front surface [121], and 0.85 on
its rear surface [122]. σ is Boltzmann constant and F is the view factor. Heat loss from the
PV panel depends on upon the view factor which can be given as follows:

1


 F front− sky = 2 (1 + cos  )


1

F
(
1 − cos  )
front− ground =


2


1
F
(1 + cos( −  ) 
rear − sky =


2


1
 Frear− ground = (1 − cos( −  )
2



(47)

3.4.1.1. Convective heat transfer
Convective heat losses are also considered for PV front and back sides. The convective heat
transfer takes place by two methods, i.e. natural and forced convection. Therefore, the total
heat loss by convection at the surface of the panels is expressed as:

qconv = qn + q f = (h free + h forced ) A(TPV − Tamb )

(48)

where qn and qf are heat losses due to natural and forced convection respectively.
3.4.1.2. Natural convection heat transfer
The expression of heat losses by natural convection is given by Newton’s law of cooling
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qn = h free A(TPV − Tamb )

(49)

The value of hfree of PV panels mainly depends on the angle of inclination, the length of PV
panels and Raleigh number which can be written as [111].
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(50)

where L is the height of PV Panel and RaL is the Raleigh number and the value of RaL is
given by:

Ra L =

g p  2 C p TPV − Tamb L3
k

(51)

In the above equation, the αp is the thermal expansion coefficient of air and given by:
1

𝛼𝑝 = (

𝜕𝜌

)

𝜌 𝜕𝑇𝑃𝑉 𝑝

(52)

3.4.1.3. Forced convection heat transfer
Forced convection plays a major role in determining the thermal response of the PV panel
and a diverse range of values for the hforced coefficient is available in the literature [123].
The expression of heat losses by forced convection is given by Newton’s law of cooling

q f = h forced A(TPV − Tamb )
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(53)

The equations for the heat transfer coefficient h were developed from fundamental heat
transfer theory [111], wind tunnel measurements [124–127], and field measurements [128–
130]. The average forced heat transfer coefficient for the panel is given by [111]:

h forced

 k 0.3387 Pr 1 / 3 Re 1L/ 2
2
L (1 + (0.0468 / Pr) 2 / 3 )1 / 4
=
 k
 2 Pr 1 / 3 (0.037 Re 4L / 5 − 871)
 L

if

Re L  5  10 5

if

Re L  5  10 5

(54)

where Pr is the Prandtl number and Rex the local Reynolds number defined as Re x = U x x / 
, where x is the position along the panel and Ux, the input winds velocity.
3.4.1.4. Power output
The power output of the PV cell can be expressed by the following relation [131]:

Pout = I mVm = (FF)I scVoc = AG

(55)

where Im is current and Vm is Voltage output at maximum power, FF is fill factor, and Isc and
Voc are open circuit current and voltage respectively. Both the open-circuit voltage and the
fill factor decrease substantially with temperature (as the thermally excited electrons begin
to dominate the electrical properties of the semiconductor), while short-circuiting current
increases, but only slightly [132]. Thus, the net effect leads to a linear relation in the form
of:
𝜂 = 𝜂𝑟𝑒𝑓 [1 − 𝛽𝑟𝑒𝑓 (𝑇𝑃𝑉 − 𝑇𝑟𝑒𝑓 )]

(56)

where βref is mainly material property, having a value of about 0.004 K-1 for crystalline
silicon modules [121]. The above equation represents the traditional linear expression for
the PV electrical efficiency [133]. The quantities ηref and βref are given by the PV
manufacturer. Therefore, the total power output of the panel is given by:
𝑃𝑜𝑢𝑡 = 𝜂𝑟𝑒𝑓 [1 − 𝛽𝑟𝑒𝑓 (𝑇𝑃𝑉 − 𝑇𝑟𝑒𝑓 )]𝐴𝐺𝑚𝑜𝑑 𝑢𝑙𝑒
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(57)

3.4.2. PV PANEL WITH PCM
The variation in PV module temperature is calculated by considering the heat transfer taking
place from the module to the environment and energy absorbed by PCM.
3.4.2.1. Within solid parts
In solid parts, i.e. PV panel’s layers, and aluminum container, the heat transfer is governed
by conduction mode only, therefore, the heat transfer diffusion equation is applied to the
solid portions of the system. The diffusion equation is given by eq. (58).

C p

DT
+ .(− kT ) = E + 
Dt

(58)

In equation (58) E represents the interior heat generation within solid parts, ρ, Cp and k are
respectively the density, specific heat and thermal conductivity of each metallic layer; D/Dt
is the Lagrangian derivative and  is the heat added from viscous frictions. Within solid
part, E, ψ is zero and velocity involved in the Lagrangian derivative u is zero. Applying the
above-said conditions, the eq. (58) can be rewritten in the form of:

C p

T
= kT
t

(59)

3.4.2.2. On the PV panel surface
Above the front PV panel surface, we have considered solar radiation, longwave radiation
from the glass surface and convection terms:

− k glass

T
4
4
= (h free + h forced )(Tamb − Tglass) +  glassF (Tsky
− Tglass
) +  glassGmod ule (t )
y

(60)

where h free and h forced respectively signify the heat transfer coefficient for natural and forced
convection as defined in equations (50) and (54), Tamb, Tglass and Tsky are respectively the
ambient, the covering glass surface, and the sky temperature as defined in equation (46), F
is the view factor as defined in equation (47) and Gmod ule is the radiation incident on the PV
module as properly defined in equation (44). The glass cover emissivity
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 glass is taken as

0.91 [121]. On the aluminum plate at the back side of the system, longwave radiation from
aluminum surface and convection terms are accounted with the following equation:

− kalu min um

T
4
= (h free + h forced )(Tamb − Talu min um ) +  alu min um F (Tground
− Talu4 min um )
y

(61)

where Tground and Taluminum correspondingly stand for ground temperature and the aluminum
back surface temperature. The aluminum sheet external surface emissivity

 aluminum was

taken as 0.85 [122]. As reflected in eq. (60) and (61), longwave radiation of the panel front
surface (respectively rear surface) with the surrounding buildings and the ground
(respectively the sky) was neglected.
3.4.2.3. Heat and mass transfer in the PCM
The heat transfer diffusion equation has been applied to the PV panel, PCM, and the
aluminum container that can be given by eq. (18). The velocity field u in equation (18) is
specified by Navier-Stokes equations for incompressible fluids. The density of the PCM can
be modelled using eq. (19). The density of PCM varies linearly in the transition zone
according to the function B(T) which can be given by eq. (20). The specific heat and latent
heat of fusion for the PCM can be modelled using eq. (21). The thermal conductivity of the
PCM depending on its phase can be modelled by eq. (23). It is supposed that the melt PCM
is a Newtonian fluid. The two-dimensional energy conservation, mass and momentum
transfer diffusion equation with the effect of bouncy driven force, solved concurrently. The
mass and momentum transfer equation modified as represented by eq. (24).

3.5. DESIGN AND ANALYSIS OF AIR VENTILATED BIPV WITH
PCM
3.5.1. ON FRONT AND BACK SURFACE
On the PV panel front surface, we have considered short wave, long wave radiation,
convective heat transfer to the environment and it can be expressed as given by eq. (60). On
the concrete wall surface, the natural convection and radiative heat loss to the room are
considered and can be given by the following equations:
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− kc

T
4
= h free (Troom − Tc ) +  c  (Troom
− Tc4 )
y

(62)

where kc thermal conductivity of concrete wall, Troom is room temperature and Tc is concrete
wall surface temperature. The natural convective heat transfer coefficient hfree on PV panel
front surface and concrete wall back surface can be given by the eq. (50). The value of forced
convection heat transfer coefficient hforced on the PV panel front surface due to the wind and
air velocity inside the channel can be given by using the fundamental theory of heat transfer
[111], wind tunnel and field measurements [134]. The value of the average heat transfer
coefficient (hforced) over the PV panel front surface is specified in eq. (54).
3.5.2. WITHIN SOLID PARTS AND PCM
In solid parts, i.e. PV panel’s layers, and concrete wall, the heat transfer is governed by
conduction mode only, therefore, the heat transfer diffusion equation applied to the solid
portions of the system. The diffusion equation is given by eq. (58) [135]. The mathematical
formulations for PCM and its properties are given in section 3.2.
3.5.3. INSIDE AIR CHANNEL
The heat transfer diffusion equation (8) coupled with Navier–Stokes equations for
incompressible fluids are applied in the fluid domain. The velocity field

u

in the Lagrangian

derivative is given by the continuity equation and the momentum conservation equation.
Density variations of the air in the channel are supposed negligible when compared to the
variation of air velocity. Therefore, the continuity equation reads:
𝛻→
𝑢 =0

(63)

The momentum conservation equation reads, in the stationary case as follows:
𝜌

𝜕𝑢
𝜕𝑡

→
+ 𝜌(→
𝑢 𝛻) →
𝑢 = 𝛻. [𝜇(𝛻𝑢 + (𝛻𝑢)𝑇 )] − 𝛻𝑃 + 𝐹

(64)

In the momentum conservation equation, the F represents the buoyancy force which is
neglected in the present study as it affects very less temperature drop in the PV panel. The
channel surface considered as a flat plate and the heat transfer coefficient of the channel
surface is taken as eq. (54). The radiative heat transfer is neglected inside the channel.
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3.5.4. BOUNDARY CONDITIONS
The boundary conditions inside the channel are as follows: the external air temperature Tamb
imposed at the entry of the channel. To achieve numerical convergence with an unknown
exit temperature, a condition on the convective flux was specified at the channel exit.

− kT  n = 0

(65)

Thus, the total heat flux is limited to the convective part:

q  n =   C pTu  n

(66)

A no-slip condition of the fluid on the side plates of the channel was imposed as the dynamic
boundary condition. Therefore, the air velocity equals zero on both sides of the channel. The
room temperature was taken as 25 oC. The initial temperature of the system was taken the
ambient temperature at the initiation of computation.

3.6. HEAT TRANSFER STUDY OF BUILDING BRICK
3.6.1. BRICK FRONT AND BACK SURFACE
On the front surface of the building brick, we have considered the considered convective
heat transfer, short and longwave radiation, which can be expressed mathematically through
the flowing equation:

− k brick

T
4
4
= ho (Tamb − Tbrick ) +  brick Tamb
− Tbrick
+  brickG (t )
x

(

)

(67)

where kbrick is the brick thermal conductivity, ho is forced convective heat transfer coefficient
and its value is taken as 20 W/m2K [136], Tamb is atmospheric temperature, Tbrick is brick
front wall temperature, εbrick emissivity of brick and is value is taken 0.8 [137], σ is the
Stefan-Boltzmann constant and its value is taken as 5.67×10-8 W.m−2.K−4, αbrick is the
absorptivity of building bricks and its value is taken 0.65 [138], G is the incident solar
radiation. Similarly, on the PV panel back surface, the longwave radiation and convective
heat transfer are also considered. The heat transfer on the back side of building bricks can
be represented by the following expression:
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− k brick

T
4
4
= hi (Tindoor − Tbrick ) +  brick Tindoor
− Tbrick
x

(

)

(68)

where hi is the natural convective heat transfer coefficient and Tindoor is the room temperature.
3.6.2. INSIDE THE BRICK
Inside the brick, the heat transfer is governed by pure conduction mode in the brick domain
and convection and conduction mode within the PCM domain. The heat transfer diffusion
equation (18) is applied over the brick and PCM domain. The mathematical modelling of
PCM and its properties are the same as presented in section 3.2.
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Nomenclature
A

area [m2]

Ceq

equivalent heat capacity [J/kg K]

CL

distribution of latent heat [J/kg K]

Cm

specific heat of each component of module [J/kg K]

Cp

specific heat [J/kg K]

Cpg

specific heat of Graphene Nano-particles [J/kg.K]

Cs

module heat capacity [J/kg K]

dm

thickness of module elements [m]

dp

diameter of Nano-particles [m]

E

incident solar radiation [W/m2]

EPV

PV panel energy generation [kJ]

EAir

energy extracted by air [kJ]

F

view factor

Fb

bouncy force [kg.m/s2]

g

gravitational acceleration [m/s2]

G

global solar radiation [W/m2]

Gmodule,

radiation incident on a tilted PV panel [W/m2]

Ghorizontal

solar radiation measured on horizontal surface [W/m2]

Gincident

solar radiation measured perpendicular to the sun [W/m2]
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Hf

specific enthalpy [J/kg K]

hfree

natural convection heat transfer coefficient [W/m2.K]

hforced

forced convection heat transfer coefficient [W/m2.K]

h

heat transfer coefficient [W/(m2K)]

Isc

short circuit current [A]

Im

current at maximum power [A]

H

height [m]

k

Thermal conductivity [W/(mK)]

Lf

latent heat of fusion [J/kg]

L

height of PV panels [m]

n

No of days in year

P

pressure [Pa]

Pm

maximum power output [W]

Pout

power output of PV panels [W]

Pr

prandtl number

q

heat flux [W/m2]

Q

heat sources other than viscous dissipation

qw

heat flux [W/m-2]

qrad

heat transfer by radiation [W/m2]

qconv

heat loss by convection [W/m2]
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qr

radiative heat loss to ground [W/m2]

qsky

heat loss to ambient [W/m2]

qn

heat loss due to natural convection [W/m2]

qconv

convective heat loss to the environment [W/m2]

qs

radiation absorbed by PV panels [W/m2]

qf

heat loss due to forced convection [W/m2]

qrad

radiative heat loss to environment [W/m2]

qw

heat flux [W/m2]

Ra

Raleigh number

Re

Reynolds number

S

Strain-rate tensor

TAir

outlet air maximum temperature [oC]

TPV

PV panel maximum temperature [oC]

Tamb

ambient Temperature [oC]

Tg

glass surface temperature [oC]

t

time [s]

T

temperature [oC]

Troom

room temperature [oC]

Tc

concrete wall surface temperature [oC]

Tm

melting temperature [oC]
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Twall

heated wall temperature [oC]

Tground

ground temperature [oC]

Tref

temperature at Standard Test Condition [oC]

u

velocity [m/s]

v

velocity in y direction [m/s]

Vm

voltage at maximum power [V]

Voc

open circuit voltage [V]

W

width of aluminium cavity [m]

x

distance in x direction [m]

y

distance in y direction [m]

Greek Symbols
ξ

viscous stress tensor

δ

declination angle (o)

∆T

transition Temperature [oC]

ρ

density [kg/m3]

ρm

density of module elements (kg/m3)

ρliquid

density in liquid state

ρsolid

density in solid state

θ

fraction of phase

θ

elevation angle (o)
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α

absorptivity of panels

αm

mass fraction

αp

thermal expansion coefficient of air [1/oC]

µ

dynamic Viscosity [Pa.s]

β

thermal expansion coefficient of PCM [1/oC]

βref

temperature coefficient of solar panel [1/oC]

ɛ

emissivity of surface

η

electrical efficiency of solar panel

ηref

efficiency at Standard Test Condition

Φ

volume fraction of nano-particles

Φw

weight fraction of nano-particles

ψ

latitude of location (o)

σ

Stefan–Boltzmann constant: σ = 5.67E-8 [W/(m2 K4)]



latent heat [J.kg-1]

Subscript
PCM

Phase change materials

NPCM

Nanoparticle Dispersed PCM

Solid

PCM in Solid State

Liquid

PCM in liquid State

s

solid State
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l

liquid State

Acronyms
BIPV

building integrated photovoltaic

PV

photovoltaic panel

STC

standard test conditions

PV/T

photovoltaic thermal

PCM

phase change material

ANOM

analysis of mean
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CHAPTER 4
DEVELOPMENT OF BINARY AND
TERTIARY MIXTURE OF FATTY
ACIDS AS PCMs
The major concern regarding TES systems (such as solar thermal energy storage, central airconditioning systems, energy-efficient buildings, industrial waste heat recovery,
temperature-adapted greenhouses and thermo-regulating fibres) is the limited availability of
suitable PCMs, especially for low-temperature applications, along with their long-term
thermal stability [6]. In last few decades, the subject has received gradually increasing
research attention, however, there is still a large need of developing more commercially
viable efficient PCMs, having a low melting temperature in the range of 15-25oC with the
high latent heat of fusion for the application of biomedical usage, central air condition
systems etc. Such materials should be easily available in the market and cost effective too.
The production cost of binary or ternary fatty acids as PCMs is affected mainly by the
practical compounding conditions and constituent material costs, though these materials
could be high in demand [18,53,139,140].
The phase change temperatures of fatty acids can be adjusted by mixing fatty acids
in suitable proportion. Appropriate phase change temperature and a high latent heat of fusion
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are two essential requirements for the developed mixture to be a useful PCM. Therefore, in
recent times, research work is mainly focused towards the synthesis of solid-liquid PCMs
which could develop high-quality PCM. For the present study, commercial grade CA, LA,
PA, SA, and AC were identified due to their high latent heat capability, suitable heat transfer
characteristics during the melting and solidification process and low cost. However, the
phase changes temperatures of these PCMs does not allow these materials to be employed
directly for many thermal energy storage applications. Hence, the binary and ternary
mixtures based on commercial grade fatty acids (CA, LA, PA, SA, and AC) were developed
with different weight percentages and their thermal properties were measured through the
DSC method. The PCMs thus developed can be used for low-temperature thermal energy
storage applications and may easily be made commercially available.

4.1. MATERIALS AND METHODS
For the present study, commercial grade (purity >98%) CA, LA, PA, SA and AC supplied
from the Burgoyne Pvt. Ltd. Kanpur company were used without sanitization. To develop
novel PCMs, a series of binary and ternary mixtures, i.e., PA-SA with weight percentages
of 05/95, 10/90, 15/85, 20/80, 25/75, 30/70, 35/65, 40/60, 45/55, 50/50, 55/45, 60/40, 63/35,
70/30, 75,25, 80/20, 85/15, 90/10 and 95/05, PA-AC, SA-AC developed with weight
percentages of 10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20 and 90/10 and CALA-SA, CA-PA-SA were prepared with different weight percentages. The materials with
different weight ratios according to the sample were taken in the beaker and heated up to
80oC and kept at the same temperature for 15 minutes for proper mixing. 80 samples (100 g
each) were prepared by mixing in a melted state, retained at room temperature for half an
hour. A semi-analytical digital balance (accuracy ±0.0001 g) was used to weigh up the
samples.

4.2. MEASUREMENT OF LATENT HEAT OF FUSION AND
MELTING TEMPERATURE
The main thermal properties of PCMs are the latent heat of fusion, melting and solidification
temperatures. The DSC method is used for measurement of melting temperature and latent
heat of fusion of fatty acids and their ternary mixtures. In DSC, sample (to be measured) and
reference materials both are heated at a constant rate. The temperature difference between
58

the both is proportional to the variance in heat flow between the two materials and is
recorded in the DSC curve. Thermal properties of the developed ternary mixture were
measured by DSC 4000 supplied by Perkin Elmer at 2◦C min−1 under a continuous stream
of nitrogen with a flow rate of 20 ml min−1. The largest variation in enthalpy measurements
was found to be ±2 % [19] and the maximum deviation in temperature measurements was
±0.10 ◦C. A semi-analytical digital balance was used to measure the mass of the ternary
mixture in milligram for the DSC study. Thermal properties i.e. melting point (Tm, according
to ICTAC standards onset of the melting peak is melting point for metals, organics, and
similar materials, but the peak value should be used for polymers [141]), melting peak (^
represents peak temperature, which corresponds to complete melting in organics [141].)
latent heat of fusion (λm) and crystallisation (λf) of fatty acids obtained from market measured
by DSC for thermal energy storage applications and data as provided by the manufacturers
are given in Table 4.1.
Table 4.1 Thermo-physical properties of fatty acids
Fatty Melting point
Acid Range
(oC)
(Manufacturer
provided)
CA
29-31
LA
44-46
PA
60-63
SA
68-69
AC
78-81

Melting Latent
peak (^) heat of
(oC)
fusion
(kJ/kg)
33.03
154.42
45.93
175.77
64.25
206.11
57.73
180.79
83.58
214.59

Freezing
point
(oC)

Latent heat of Purity Cost
Crystallization (%)
(US$)
(kJ/kg)

27.87
40.42
58.93
51.70
44.36

157.97
179.72
208.67
180.05
172.72

98.5
99.0
99.0
99.0
98.0

18.06
4.12
4.80
3.35
6.72

Cost
(US$)
3.56
3.63
3.69
3.76
3.82
3.89
3.95
4.02
4.08
4.15

Table 4.2 Thermal properties of the developed PA-SA eutectic
S.No

PCM

wt. % (PA)

wt. % (SA)

Tm

^



1
2
3
4
5
6
7
8
9
10

PASA-05
PASA-10
PASA-15
PASA-20
PASA-25
PASA-30
PASA-35
PASA-40
PASA-45
PASA-50

5
10
15
20
25
30
35
40
45
50

95
90
85
80
75
70
65
60
55
50

58.97
58.59
57.72
54.12
56.52
55.53
56.74
55.86
56.58
54.98

61.45
61.47
59.84
59.12
59.20
57.41
58.44
57.71
58.14
56.24

160.36
191.18
179.57
197.47
178.58
206.77
194.05
198.53
184.14
185.33
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11
12
13
14
15
16
17
18
19

PASA-55
PASA-60
PASA-65
PASA-70
PASA-75
PASA-80
PASA-85
PASA-90
PASA-95

55
60
65
70
75
80
85
90
95

45
40
35
30
25
20
15
10
5

54.95
52.46
56.97
55.06
59.28
55.03
59.28
58.65
59.87

57.25
56.6
58.23
57.23
60.97
57.41
60.97
61.47
63.67

183.32
197.80
181.49
192.08
170.09
193.39
170.09
137.11
196.98

4.21
4.28
4.34
4.41
4.47
4.54
4.60
4.67
4.73

Table 4.3 Thermal properties of the developed PA-AC and SA-AC eutectics
S.No.

A

B

wt%
1
2
3
4
5
6
7
8
9

10
20
30
40
50
60
70
80
90

90
80
70
60
50
40
30
20
10

PA-AC

SA-AC

Tm

^

λ

N.A.
N.A.
N.A.
N.A.
53.54
54.07
56.92
57.73
55.17

N.A.
N.A.
N.A.
N.A.
55.82
55.72
59.42
59.61
61.58

N.A.
N.A.
N.A.
N.A.
154.76
152.79
187.03
201.05
192.19

Cost
(US$)
6.53
6.34
6.14
5.95
5.76
5.57
5.38
5.18
4.99

Tm

^

λ

64.25
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.

67.80
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.

126.47
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.

Cost
(US$)
6.38
6.05
5.71
5.37
5.04
4.70
4.36
4.02
3.69

4.3. BINARY MIXTURE OF FATTY ACIDS
It has been a bit complex activity to measure the melting temperature and latent heat of
fusion for the mixtures based on pure fatty acids [142]. It was also observed that the melting
temperature of a mixture of two fatty acids was always lower in the fatty acid [143]. The
performance of temperature versus composition in binary mixtures of fatty acids, where the
existence of minimum melting points is seen; it is found that the approach of fatty acid
mixtures was entirely non-ideal [144]. The similar trend was found during this research
work. Samples for the present study were developed in the laboratory to observe their onset
temperature, melting temperature and latent heat of fusion in the course of DSC analysis
with a scan rate of 2 oC min−1 for PA-SA, PA-AC, and SA-AC composition. The estimated
cost of the PCMs in US$ along with the data generated from the DSC curves are also given
in Table 4.2 and Table 4.3.
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Total of nine samples was developed with a unique mass fraction of PA and SA fatty
acids with proper mixing. It is observed that the melting temperature of the samples follows
a turndown behaviour with an increase in the concentration of PA within the binary mixture.
The sample of PA-SA (05/95 wt. %) indicated 58.97 oC melting temperature as well as
160.36 kJ/kg as a heat of fusion. On the other hand, the melting temperature of PA-SA
samples (10/90, 15/85, 20/80, 25/75, 30/70, 35/65, 40/60, 45/55, 50/50, 55/45, 60/40, 63/35,
70/30, 75,25, 80/20, 85/15, 90/10 and 95/05) were in between 47.87- 59.87 oC temperature
range, whereas the latent heat of fusion varies in the range of 137.11-206.77 kJ/kg, that
showed that these developed binary mixtures can be recommended for TES applications.
As the proportion of PA is increased in the prepared samples from 05 wt. % to 95
wt. %, the melting temperature was measured in the range of 47.87- 59.87 oC with a
reasonable amount of latent heat of fusion. It can be seen from the table that onset
temperature about remains terribly near to the melting peak (within 2-5oC temperature
difference), that additionally shows the sharp behaviours of the developed energy storage
materials throughout the charging mode. Fig. 4.1 shows the 0th heating cycle of PA–SA
samples (10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20 and 90/10 wt. %) and it's
clearly seen that there's solely minor variation within the melting temperatures because the
weight proportion of PA increased from 05 wt. % to 80 wt. %. However, once PA weight
percentage is increased from 80 wt. % to 95 wt. %, melting temperature were higher than
the previous samples (05 wt. % to 70 wt. %), that are the impact on the higher percentage of
the PA within the binary mixtures. A binary mixture of the sample (95/10 wt. %)
demonstrated 59.87 oC is melting temperature, despite the fact that there is a slight change
in the phase change temperatures of the sample as compared to the other developed binary
samples and it is almost close to pure PA (60 oC) because of the high mass percentage of the
PA in the binary sample.

61

50
45

Heat Flow Endo Up (mW)

40

PA-SA (10/90 wt%)

PA-SA (20/80 wt%)

PA-SA (30/70 wt%)

PA-SA (40/60 wt%)

PA-SA (50/50 wt%)

PA-SA (60/40 wt%)

PA-SA (70/30 wt%)

PA-SA (80/20 wt%)

PA-SA (90/10 wt%)

35
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25
20
15
40

45

50

55
60
Temperature (oC)

65

70

75

Fig. 4.1 DSC curve of PA-SA binary mixture for 0th Cycles with a scan rate of 2oC min−1
Following the same methodology as mentioned above, the binary mixtures of PA
and AC with appropriate mixing were prepared. DSC curves of samples (10/90, 20/80,
30/70, 40/60 wt. %) did not get a sharp peak as both materials were found to be incompatible
with each other for proper mixing, resulting in two separate DSC peaks [145,146]. The
melting temperature of PA–AC samples (50/50, 60/40, 70/30, 80/20 and 90/10 wt. %) was
measured to be 53.54, 54.07, 56.92, 57.73 oC and 55.17 oC, respectively. The latent heat
energy was measured to be 154.76 kJ/kg, 152.79 kJ/kg, 187.03 kJ/kg, 201.05 kJ/kg and
192.19 kJ/kg, which proved that the three developed materials have the reasonable latent
heat of fusion. As the percentage of PA extended inside the binary samples from 50 to 90
wt. %, the melting temperature was found within the range of 53–57.73oC and the latent heat
of fusion were in the range of 150–200 kJ/kg that is considerable for the TES applications.
Sample (90/10 wt. %) showed 55.17 oC melting temperature, which is quite different than
the other binary mixtures and it is nearly close to pure PA (60oC) and it happened due to the
high mass percentage of the PA in the binary sample.
Fig. 4.2 shows the 0th heating cycle of PA–AC samples (50/50, 60/40, 70/30, 80/20
and 90/10 wt. %) and it is clearly seen that there is only minor variation within the melting
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temperatures because the weight percentage of PA increased from 50 wt. % to 90 wt. %.
On the other hand, when PA weight proportion is greater than 60 wt. % in the binary
mixtures, the melting temperature of the mixture was found higher due to the higher
percentage of the PA in the binary mixtures.
50
PA-AC-(50/50 wt. %)
PA-AC-(60/40 wt. %)
PA-AC-(70/30 wt. %)
PA-AC-(80/20 wt. %)
PA-AC-(90/10 wt. %)

Heat Flow Endo Up (mW)

45
40
35
30
25
20
15
40

45

50

55

60

Temperature

65

70

75

(oC)

Fig. 4.2 DSC curve of PA-AC (50/50, 60/40, 70/30, 80/20 and 90/10 wt. %) binary
mixture for 0th Cycles with a scan rate of 2oC min−1

Using a similar method as mentioned in the above text, binary mixtures of SA and
AC with appropriate mixing were prepared. DSC measurement of the sample thus prepared
(20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20 and 90/10 wt. %) did not show a sharp peak
because in these materials were not compatible with each other for homogeneous mixing.
This resulted in two separate peaks in the DSC results, as is also observed in the PA-AC
samples (10/90, 20/80, 30/70, 40/60 wt. %) DSC curves analysis. However, only one sample
SA-AC (10/90 wt. %) showed 64.25 oC melting point along with 126.47 kJ/kg as latent heat
of fusion, which is in addition quite sensible for quite a lot of TES applications such as solar
water heating systems, solar drying systems, and solar cooking systems.
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Considering the significance of heat flow rate within the DSC measurements, diverse
heating/cooling scan rate were conducted for 0th cycle of PA–AC sample with 90/10 wt. %
to see the impact of scan rate on the melting temperature and latent heat of fusion (Fig. 4.3).
The sample was scanned during a cyclic mode with the heating/cooling rate (1, 2 and 4oC
min-1) under a continuous constant stream of nitrogen at a flow of 20 ml min-1 to find out
the result of the heating/cooling rate on the onset temperature [18,147]. From the figure,
obviously, the onset temperature about remains entirely comparative and does not depend
upon the rate of heating or cooling, considering the way that the same in like manner reported
by a few researchers. Since all the peak onset curves in the figure are a digression, the melt
onset temperature has a small difference which provides a characterization freed from scan
rate whereas the peak temperatures vary with scan rate. Diverse scan rate produces different
magnitudes of heat flow throughout the melt transition. The heat flow versus temperature
plot has poorer peaks at lower examine rates. It is likewise clear that on the grounds that as
the heating rate decreases, the peak shifts towards the lower temperature drastically [148].
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Fig. 4.3 DSC curve of PA-AC (90/10 wt. %) binary mixture for 0th heating/cooling cycle
with a scan rate of 1oC min−1, 2oC min−1, and 4oC min−1
A cost assessment could not be mentioned because of non-accessibility of the
standard information for the same; however, the PCMs developed within our lab are quite
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economic and could be made available at a much cheaper price as compared to the existing
materials used for similar TES applications. The evaluated cost for the developed PCMs was
found inside the scope of 3–7 $/kg, which can further be reduced to 3–4 $/kg, once produced
in large scale. It is important to mention here that these materials are having reasonably
stable, simple to handle and exceptionally easy to revive thermally.

4.3. TERNARY MIXTURE OF FATTY ACIDS
Four different fatty acids with thermo-physical properties as following, i.e., CA (Tm = 30.61
o

C, λ = 154.42kJ/kg), LA (Tm = 43.5 oC, λ = 175.77 kJ/kg), PA (Tm = 61.62 oC, λ = 206.11

kJ/kg) and SA (Tm = 54.83 oC, λ = 180.79 kJ/kg) were used in this research work for
developing the ternary mixture samples. Total of forty-three ternary mixture samples were
prepared in the laboratory for CA-LA-SA and CA-PA-SA composition to find out their onset
melting temperature and latent heat of fusion through DSC analysis technique with a scan
rate of 2 oC/min and data obtained from the DSC for CA-LA-SA and CA-PA-SA is also
given in Table 4.4 and Table 4.5 respectively. In the same table, the estimated cost of the
PCMs in US$ has also been given so as to see the commercial viability of the developed
PCMs. As occurs with fatty acids and Acetamide, it was difficult to find approaches to
estimate melting temperature and latent heat of fusion in mixtures. It was also observed that
the melting temperature of a mixture of fatty acids is always lower in the fatty acid [149].
The behaviour of temperature versus composition in binary mixtures of fatty acids, where
the presence of minimum melting points is observed; it is demonstrated that the behaviour
of fatty acid mixtures was completely non-ideal. The same was observed in this research
work also. The present research work also demonstrates the heterogeneity of fatty acid
mixtures and find out the different Tm and λm value of heterogeneous mixture.
4.3.1. MELTING TEMPERATURE AND LATENT HEAT FOR TERNARY MIXTURE
OF CAPRIC, LAURIC AND STEARIC ACID
Twenty-two samples of the ternary mixture of fatty acids were prepared with a different
weight ratio of CA, LA and SA. The first peak of the ternary mixture of CLS-316, CLS-325,
CLS-334, and CLS-343 is found at the onset melting temperature of 13.64oC, 14.56oC,
15.85oC and 15.48 oC and second was at 43.60 oC, 38.31 oC, 29.39 oC and 28.65 oC
respectively. From the results displayed in the tables, it can also be seen that the secondary
peak of the mixtures was shifted towards the lower melting temperature with the increase in
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the weight ratio of Lauric Acid and decreasing weight ratio of the Stearic acid. It was also
seen that the latent heat of fusion for secondary peak was decreasing as the weight fraction
of the Lauric Acid increases. The reason for this happening is the merging of the second
peak into the first peak; therefore, the value of the latent heat of fusion gets shifted to a lower
value.
For the CLS-352 and CLS-361, the secondary peak was completely disappeared and
melting temperature and latent heat of fusion was measured 16.88 oC, 16.41 oC and 129.60
kJ/kg, 174.99 kJ/kg respectively. For, CLS-343, CLS-334 two peaks were found in the DSC
curve, however, both melting temperature range can be utilized for the cooling application,
therefore, CLS-343, CL-334, CLS-352, CLS-361 can be used for LHS.
In the ternary mixture of fatty acids with 40 % weight ratio of Capric acid and 10 %,
20%, 30 % weight ratio of Lauric acid are found two peaks in DSC curve. The CLS-424 was
found to have two peaks and the value of onset melting point and latent heat of fusion for
the first peak were 13.86 oC, 110.77kJ/kg, and for second peaks were 33.69 oC and 25.80
kJ/kg respectively. CLS-442 and CLS-451 have a single peak in the DSC curve which
depicts that the CA, LA, and SA are mixed homogeneously and can be used for TES
applications. Fig. 4.4 shows the heating and cooling curve of CLS-541 and CLS-451
measured through the DSC. CLS-514 has double peaks in the DSC curve, the onset melting
point of the first one is at 16.21 oC and the second one were at 28.95 oC. As the weight
percent of LA increased with 50% of CA and decreased in the percentage of SA, the second
peak in the DSC curve tends to lower melting temperature and also eliminated at 50% CA,
30 % LA.
CLS-523 mixture also showed two peaks in the DSC curve, the onset melting point
of the first one was at 13.47 oC and the second one was at 30.46 oC although the second peak
had a very low surface area under the DSC curve so that the latent heat of fusion for the
second peak was very low.
CLS-532 and CLS-541 were found to have a single peak in the DSC curve, which
had a melting temperature at 15.16 oC, 15.47 oC and latent heat of fusion 176.76 kJ/kg and
146.05 kJ/kg respectively. CLS-613 showed two peaks and as per the value of melting point
and latent heat of fusion, the developed material can be used for the low temperature based
thermal applications. The similar behaviour was found with the CLS-622 material.
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The melting temperature of CLS-631, CLS-712, CLS-721, CLS-811, CLS-90505
samples was measured to be 14.77 oC, 16.78 oC, 15.46 oC, 15.60 oC, 21.82 oC and the latent
heat of fusion was measured 149.10 kJ/kg, 118.05 kJ/kg, 156.90 kJ/kg, 167.04 kJ/kg, and
149.28 kJ/kg respectively, which proved that these developed materials had enough latent
heat and can be recommended for the building applications to regulate the temperature inside
the buildings and other low-temperature applications. Fig. 4.5 represents the heating and
cooling curve of CLS-631 and CLS-721.

Fig. 4.4 Heating and cooling curves of CLS-541 and CLS-451 with a scan rate of 2 oC
min−1
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Fig. 4.5 Heating and cooling curves of CLS-721 and CLS-631 with a scan rate of 2 oC
min−1

Fig. 4.6 (a) and (b) represent a ternary plot of CA-LA-SA mixture, which shows the
first and second peak of the mixture respectively. From Fig. 4.6 (a) it was found that the first
peak of ternary mixture is shifted towards the higher temperature at a constant proportion of
Capric acid (30 wt. %) with an increase in a Lauric acid proportion up to which the second
peak disappeared. A similar trend was also obtained with 40 % wt. of Capric acids. Fig. 4.6
(b) shows the second peak of CA-LA-SA ternary mixture which is shifted towards the first
peak at 10 wt. % Lauric acid with an increase of 10 wt. % in the concentration of Capric
acid and therefore disappeared after 60 wt. % of Capric acid concentration. For the 20 wt.
% Lauric acid the second peak of CLS were unevenly distributed.
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(a)

(b)
Fig. 4.6 Ternary plot of CA-LA-SA (a) first peak (b) second peak
4.3.2. MELTING TEMPERATURE AND LATENT HEAT FOR TERNARY MIXTURE
OF CAPRIC, PALMITIC AND STEARIC ACID
The twenty-one samples developed on the basis of CA, PA and SA with varying mass ratios.
Melting temperature and latent heat of fusion of these ternary mixtures are measured through
DSC analysis and presented in Table 4.5. Most of the ternary mixture of above mentioned
fatty acids show two peaks in the DSC curve due to its heterogeneity with each other, as
mentioned in by Sharma et al. [18]. The first peak of DSC curves for all ternary mixture of
CA, PA and SA falls in the onset melting temperature range of 18.10oC to 21.90 oC and the
second peak is shifted towards the first peak with the increment in the concentration of
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Capric acid in the ternary mixtures. Secondary peaks were found due to the presence of PA
and SA, which shows heterogeneity at a higher concentration with Capric acid. CPS-721
and CPS-811 showed a single peak in DSC curve, onset melting temperature of both samples
was 18.10 oC, 19.83 oC and latent heat of fusion were measured 125.39 kJ/kg, 154.11 kJ/kg
respectively. As melting temperature lies in the desired temperature range with an adequate
amount of latent heat of fusion, both developed mixtures may be recommended for the
building applications. Fig. 4.7 shows the heating and cooling curves of CPS-811 with a scan
rate of 2 oC min−1.

Fig. 4.7 Heating and cooling curves of CPS-811 with a scan rate of 2oC min−1
Fig. 4.8 (a) and (b) represents the ternary plots of the first and second peak of CAPA-SA ternary mixture respectively. It was observed from Fig. 4.8 (a) that at a constant
concentration of PA, the first peak is shifted towards the higher temperature with an increase
in the concentration of Capric acid. The second peak (Fig. 4.8 (b)) of the CA-PA-SA ternary
mixture was nearly at the close temperature with each other at a constant concentration of
CA. The second peak was shifted towards the first peak with an increase of Capric acid
concentration at a constant concentration of PA. At a constant concentration of SA, the
second peak is also shifted towards the first peak with increase in Capric acid concentration.
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(a)

(b)
Fig. 4.8 Ternary plot of CA-PA-SA (a) first peak (b) second peak
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Table 4.4 Thermal properties of the developed ternary mixture (CLS)
wt %
1st Peak
S.N.
Name
CA
LA
SA
Tm (oC)
^
1.
CLS-316
30
10
60
13.64
17.39
2.
CLS-325
30
20
50
14.56
17.52
3.
CLS-334
30
30
40
15.85
19.53
4.
CLS-343
30
40
30
15.48
19.71
5.
CLS-352
30
50
20
16.88
20.14
6.
CLS-361
30
60
10
16.41
19.65
7.
CLS-415
40
10
50
14.59
18.52
8.
CLS-424
40
20
40
13.86
17.21
9.
CLS-433
40
30
30
15.20
19.46
10.
CLS-442
40
40
20
14.71
19.53
11.
CLS-451
40
50
10
17.01
21.44
12.
CLS-514
50
10
40
16.21
19.96
13.
CLS-523
50
20
30
13.47
18.08
14.
CLS-532
50
30
20
15.16
19.20
15.
CLS-541
50
40
10
15.47
19.83
16.
CLS-613
60
10
30
13.6
19.47
17.
CLS-622
60
20
20
15.16
18.81
18.
CLS-631
60
30
10
14.77
18.98
19.
CLS-712
70
10
20
16.78
21.10
20.
CLS-721
70
20
10
15.46
19.84
21.
CLS-811
80
10
10
15.6
22.37
22.
CLS-90505
90
5
5
21.82
28.14
o
^ Melting peak ( C).
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λm
65.39
93.28
89.94
131.07
129.60
174.98
97.62
110.77
109.79
110.08
132.04
110.58
135.28
176.76
146.05
123.14
121.27
149.10
118.05
156.90
167.04
149.28

Tm( oC)
43.6
38.31
29.39
28.65
NA
NA
32.81
33.69
29.69
NA
NA
28.95
30.46
NA
NA
30.13
22.06
NA
NA
NA
NA
NA

2nd Peak
^
48.88
40.43
41.97
32.94
NA
NA
45.15
41.62
33.08
NA
NA
40.87
34.59
NA
NA
34.39
24.25
NA
NA
NA
NA
NA

λm
75.83
46.41
27.14
19.02
NA
NA
61.10
25.80
11.03
NA
NA
26.69
16.82
NA
NA
16.58
5.77
NA
NA
NA
NA
NA

Cost (US$)
7.84
7.92
7.99
8.07
8.15
8.23
9.31
9.39
9.47
9.54
9.62
10.78
10.86
10.94
11.01
12.25
12.33
12.41
13.72
13.80
15.19
16.63

Table 4.5 Thermal properties of the developed ternary mixture materials (CPS)
S.N.

Name

1.
CPS-316
2.
CPS-325
3.
CPS-334
4.
CPS-343
5.
CPS-352
6.
CPS-415
7.
CPS-424
8.
CPS-433
9.
CPS-442
10.
CPS-451
11.
CPS-514
12.
CPS-523
13.
CPS-532
14.
CPS-541
15.
CPS-613
16.
CPS-622
17.
CPS-631
18.
CPS-712
19.
CPS-721
20.
CPS-811
21.
CPS-90505
^ Melting peak (oC).

wt %
CA
PA
30
30
30
30
30
40
40
40
40
40
50
50
50
50
60
60
60
70
70
80
90

10
20
30
40
50
10
20
30
40
50
10
20
30
40
10
20
30
10
20
10
5

SA

1st Peak
T m oC

^

60
50
40
30
20
50
40
30
20
10
40
30
20
10
30
20
10
20
10
10
5

18.86
18.84
19.30
19.12
18.49
18.10
18.83
18.47
19.50
18.55
19.53
18.64
18.7
19.27
19.58
19.52
21.90
19.38
18.10
19.83
18.86

21.24
21.65
23.78
21.92
23.74
22.55
22.23
23.62
22.39
22.52
22.67
23.56
23.26
23.14
23.15
23.28
26.95
23.30
23.01
24.33
24.64
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λm

2nd Peak
T m oC

^

λm

36.09
64.37
51.85
62.84
43.99
68.69
85.88
80.22
76.18
42.29
78.47
69.43
102.00
102.90
82.94
114.40
69.91
130.01
125.39
154.11
59.58

39.16
38.98
44.45
29.51
46.77
39.10
30.26
36.30
29.95
25.37
30.89
37.38
36.71
29.86
27.52
32.64
36.13
26.92
NA
NA
27.04

48.60
47.50
46.60
47.30
48.60
45.30
42.40
43.30
43.56
46.20
40.80
40.10
39.90
42.60
35.20
35.30
36.70
30.40
NA
NA
29.4

107.87
113.01
107.25
116.02
92.47
69.39
73.50
69.84
74.71
64.90
46.44
40.91
53.28
54.85
29.59
5.20
20.64
10.62
NA
NA
26.59

Cost
(US$)
7.91
8.05
8.20
8.34
8.49
9.38
9.52
9.67
9.81
9.96
10.85
10.10
11.14
11.28
12.32
12.47
12.61
13.79
13.94
15.26
16.66

4.4. CONCLUSION
This chapter presents the details of novel PCMs developed based on fatty acids, i.e. PA–SA,
PA–AC, SA-AC, CA–LA-SA and CA–PA-SA with different mass percentages. Thermal
properties of these binary and ternary mixtures measured through the DSC analysis
technique showed that quite a few developed materials properties were within the desired
temperature range to be used for TES applications. Additionally, these samples showed the
adequate quantity of latent heat of fusion (125–200 kJ/kg), which is one of the essential
requirements for the selection of materials for the TES systems.
For the binary mixture, most promising mass percentages of PA confined into SA
and AC were determined as 20–80 wt. %, and 50–90 wt. %, respectively. It can also be
concluded that if PA and SA mixed with the other PCM having a lower melting temperature
than the desired binary mixture can be developed for the thermal applications. The scan rate
dependent study for 0th cycle of the PA–AC (90/10 wt. %) shows a major shift in each
transition temperature with different heating ramp rates (1, 2 and 4 oC min-1) that are welldefined peaks in each endothermic and exothermic process.
Ternary mixtures based on CA, SA and PA were also developed for TES applications,
the prepared ternary mixtures such as CA–LA-SA, CA–PA-SA with dissimilar weight
fractions were measured by using DSC analysis technique. DSC results showed that few of
the developed ternary mixtures lie in the desired melting temperature ranges which also have
an adequate amount of latent heat of fusion so that these materials can be recommended for
TES applications. The main findings of the in the development of a ternary mixture of fatty
acids are as following:
• Out of 43 ternary mixtures developed, only 13 ternary mixtures were shown to have
single peaks, which can be considered for low-temperature TES applications. Rest of the
developed mixtures were found to have two melting peaks, which may lead to
incongruent melting, phase separation and well-known other problems with off-eutectic
mixtures hence those cannot be suggested for any kind of TES usage.
• The most promising mass percentages for CLS mixture was with 30 wt.% Capric acid,
60 wt.% Lauric acid and 10 wt.% Stearic acid, with the melting temperature of 16.41 oC
and 174.98 kJ/kg of latent heat of fusion.
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• For the CPS mixture, the most promising weight percentage was the one having Capric
acid - 80 wt.%, Palmitic acid - 10 wt.% and Stearic acid -10 wt.% with a melting
temperature of 19.83 oC and latent heat of fusion 154.11 kJ/kg.
• For the CPS ternary mixture, most of the mixtures were found to have double peaks in
DSC curve except for CPS-721 and CPS-811.
• Some of these recommended materials can be utilized for low-temperature TES
applications as these are cheaper too. However, there is still a strong need for the carrying
out more research work in this direction for testing the materials with different
applications, performing thermal cycle tests and developing even better qualitative
materials, which can fulfil the demand as is required by the TES applications.
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CHAPTER 5
PERFORMANCE EVALUATION
OF PCMs
Thermal energy storage (TES) systems using phase change materials (PCM) are very
attractive due to high storage density and economic viability. Use of fatty acids as phase
change material for various TES applications (buildings, solar heating systems, airconditioning systems), has been widely accepted. The interest on thermal energy storage by
using fatty acid as PCM has risen in recent times since; these have desired thermodynamic
and kinetic criteria for low-temperature latent heat storage [150] such as solar drying [10],
solar desalination etc. [151]. Fatty acids have superior properties over many PCMs such as
melting congruency, good chemical stability, and non-toxicity. An added advantage is that
fatty acids are derived from the common vegetables and animal oils that provide an
assurance of continuous supply despite the shortage of fuel sources [150,152]. It is highly
desired to study the performance of PCMs for a particular application, in terms of heat
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transfer mechanism and geometry/structure of the container, as it helps in optimizing the
cost and quality of TES systems.
In this chapter, the performance of five different fatty acids (Capric acid, Lauric acid,
Myristic acid, Palmitic acid and Stearic acid) evaluated when used with aluminium
containers. The numerical simulation of heating and cooling of PCMs has been conducted
using finite element analysis (FEM). The results are reported in terms of melt fraction,
temperature variation, the transition of the solid-liquid interface and the quantity of thermal
energy stored in different fatty acids with time for melting and solidification. Based on the
simulated results it can be concluded that the Capric takes minimum time for melting and
solidification with the same boundary conditions, among the studied PCMs in this work.
Such studies could be quite helpful in developing fatty acid-based TES applications.
Amongst the studied fatty acids, the Capric acid, Lauric acid, Myristic acid, Palmitic acid
and Stearic acid are potential materials for heat storage in solar space and water heating
systems from points of view of melting temperature and latent heat of fusion and thermal
performance [153,154].
In the present study, two-dimensional numerical studies of fatty acids as PCMs have
been carried in COMSOL Multiphysics 5.0 version [155]. The two-dimensional studies are
carried out with the effect of natural convection during melting by using an effective thermal
conductivity of the liquid phase of the PCM. The simulation study was performed
considering the effect of mesh size on enthalpy stored; melt fraction and two-dimensional
variation of melting interface and temperature of PCMs at three wall temperature.

5.1. PHYSICAL MODEL OF CONTAINER WITH PCM
The numerical simulation has been conducted for conjugate heat transfer in solid (container
material for this study) and PCMs. The following assumptions have been made for the
present study:
• Thermo-physical properties of container material are independent of temperature.
• Properties of PCMs is different in solid and liquid phase
• PCM is homogeneous and isotropic
• The effect of natural convection during melting is taken into account by using an effective
thermal conductivity of the liquid phase of the PCM [113].

77

A 2 mm thick Aluminium cavity having 60 mm × 60 mm (as shown in Fig. 5.1) is
selected as a container material. The container is filled with PCM and three walls of the
container are thermally insulated. Aluminum container acts as a fin [156] and will help in
enhancing the heat transfer rate within PCM. One wall of the container is heated to melt the
PCM. The initial temperature of PCM and container material is 5oC lower and higher than
melting temperature of PCMs during melting and solidification respectively. The thermophysical properties [157] of PCMs and the container material used are given in Table 5.1.
The thermo-physical properties of PCM are defined according to temperature, which
determines the phase (liquid, mushy, or solid).

Fig. 5.1 Physical model of PCM
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Table 5.1 Thermo-physical properties of phase change materials and container material
Properties
Melting temperature (°C)
Latent heat of fusion (kJ/kg)

Capric acid
32
152.7
Solid 1004
Density (kg/m3)
Liquid 878
Solid 1.9
Specific heat (kJ/kg °C)
Liquid 2.1
Thermal conductivity (W/m °C)
0.153
2
Viscosity (m /s)
4.93×10-06
Thermal expansion coefficient (1/oC)
0.0001

Lauric acid
44
177.4
1007
862
1.7
2.3
0.147
7.98×10-06
0.000091

Myristic acid
58
186.6
990
861
1.7
2.4
0.15
8.38×10-06
0.00089

*N/A Not applicable as it is used as container materials
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Palmitic acid
64
185.4
989
850
1.9
2.8
0.162
9.18×10-06
0.0001

Stearic acid
69
202.5
965
848
1.6
2.2
0.172
9.19×10-06
0.0001

Paraffin
53
243
814
775
2.160
2.4
0.15
8.38×10-06
0.000091

Aluminum
N/A*
N/A
2659
N/A
0.867
N/A
137
N/A
N/A

5.2. COMPUTATIONAL PROCEDURE AND MODEL VALIDATION
The concurrent prevailing partial differential equations subject to the boundary and initial
conditions are solved numerically by using heat transfer module of the commercial software
COMSOL 5.0 which is based on the finite element method. The steps of the numerical model
can be summarized as discretization of the domain and governing coupled equations
(elements type and size), defining the time step and relative and absolute tolerances or errors
for the convergence conditions of the solution, determining the nonlinear settings for
iteration sequences and selecting the appropriate solver techniques. The present model is
divided into two domains, one for aluminum container and the second is for PCM. The timedependent study carried out by taking constant (Newtonian) iteration techniques with
backward differentiation formulas (i.e. Backward Euler) time stepping method. The
maximum number of iterations for each time step was taken 6 and the damping factor was
0.9.

Fig. 5.2 Model validation with Costa et al. [156]
To start with, we first validated the calculations with the existing calculation done
by Costa et al. [156]. Costa et al. [156] developed a thermal model using an enthalpy
formation and a fully implicit finite difference method and solved with code developed in
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Fortran. The variation of enthalpy is modelled as the step function of the temperature. While
the present model is based on finite element analysis and enthalpy is modelled as Dirac
function of the temperature and solved with a commercial package of COMSOL MultiPhysics. The results of the calculation, in terms of melt fraction, are compared with the
calculations done by Costa et al. [156] and shown in Fig. 5.2. This comparative study clearly
shows that present study model results are in good agreement with the results of similar
calculation done by Costa et al. [156]. Therefore, such comparative analysis puts a stringent
test of the reliability of our model and its predictions before using it further.

5.3. RESULTS AND DISCUSSIONS
To evaluate the performance of the PCMs for thermal energy storage system, the effect of
thermophysical properties of the PCMs and wall temperature during the melting and freezing
process on the melt fraction, temperature variation, variation of enthalpy during melting and
effect of mesh size on the calculation has been studied. The results are analysed and
discussed in the following three subsections: (i) Mesh Dependence (ii) Melting of PCMs
(iii) Solidification of PCMs.
5.3.1. MESH DEPENDENCE
In the present study, three different element sizes, fine, finer and extra fine are taken to see
the effect of mesh size on the calculations. In the fine quality mesh, the maximum and
minimum element sizes are 0.00318 m and 1.8×10-5 m, for finer quality mesh the maximum
and minimum element size is 0.00222 m and 7.5×10-6 m and for the extra fine 0.0012 m and
4.5×10-6 m. The complete mesh consists of 1126 domain elements and 168 boundary
elements for fine quality mesh, 2186 domain elements and 212 boundary elements for fine
quality mesh and 6726 domain elements and 388 boundary elements for extra fine quality
mesh as shown in fig. 5.3. In fig. 5.4 temperature variation of PCM with time is shown for
these three different types of mesh quality. The temperature variations at point 5 mm and 30
mm from the left wall and bottom wall respectively are constant for the fine and extra fine
mesh quality and it deviates for finer meshing due to the larger mesh size. If the mesh size
is further reduced the solution becomes independent of mesh size. Therefore, the extra fine
quality mesh has been taken for the present study.
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Fig. 5.3 Mesh size of the model

Fig. 5.4 Grid dependency test
5.3.2. MELTING OF PCMS
The melting behaviours of deferent fatty acids are described in this section. To see the effect
of wall temperature differences on melting rate, transient calculations have been made for
temperature variation with different wall temperature for Capric acid and compared at
different time value as well as different wall temperature at a time. Fig. 5.5 shows the contour
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plot of temperature variation, for Twall-Tm =10 oC, at 5 min, 15 min, 30 min, 45 min, 60 and
75 min. From the figure, it is clearly shown that as time increases the melting front moves
away from the heated boundary. As melting starts, the quantity of the PCM melted near the
heated wall increases. With the increase in time, the melted PCM near the heated wall gains
more temperature as the effective thermal conductivity of liquid PCM is high due to the
convection effect. At an earlier stage of melting, the temperature near the wall opposite of
the heated wall is lower as the temperature of container material is lowered by the solid
PCM. The temperature distribution in melted PCM becomes more uniform as the time
increases due to enhancement in effective thermal of liquid PCM by the convection. The
variation of melting interface with similar boundary conditions for Lauric acid Myristic acid,
Palmitic acid and Stearic acid is in a similar manner but the time taken by melting is
different. The distance of solid-liquid interface is in increasing the order of Myristic acid,
Stearic acid, Palmitic acid, Lauric acid and Capric acid with similar boundary conditions at
the same time. Fig. 5.6 shows the temperature variation of Capric acid at different wall
temperature. It is clear from the figure, if the temperature of the wall is high, then PCM
melts within a short time due to the enhancement of Rayleigh number of PCM and also leads
to enhancing thermal conductivity in liquid region. The temperature variation of other fatty
acids is also in a similar manner as Capric acid.

Fig. 5.5 Temperature variation of Capric acid with time during melting at Twall-Tm = 10
o

C
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Fig. 5.6 Temperature variation of Capric acid with different Tm-Twall after 30 minutes
Fig. 5.7 shows the two-dimensional transient variations in the melt fraction. This
figure also depicts the variation of the solid-liquid interface with the time. Melt fraction with
numerical value 1 represents fully melted PCM whereas 0 represents solid PCM. The region
between 0 and 1 is known as the transition zone where the PCM exists in both phases (i.e.
mushy zone). The thickness of the mushy region is very low which depicts the variation of
the solid-liquid interface. At an earlier stage of melting, the melting interface is away from
the heated wall as compared to the adiabatic walls of the container. This is due to the higher
thermal conductivity of liquid PCM due to convection as well as a higher heat transfer rate.
The melting interface at a lower time is parallel to the left and right wall and for the upper
and lower wall it is more away towards the left wall as compared to the right wall. As time
increases the quantity of melted PCM is also increased and melting front start distorting and
gaining the circular shape. Due to off-cantered affect the melting front offset by some
distance from the centre of the container. The melting interface for all other fatty acids also
varies in a similar manner. Fig. 5.8 shows the time wise prediction of melt fraction of Capric
acid, Lauric acid, Myristic acid, Palmitic acid and Stearic acid. It can be seen from this figure
that the thermophysical properties of the PCMs make significant contributions on the melt
fraction. The melt fraction for the Capric acid is found maximum due to its low latent heat
of fusion. The other thermos-physical properties (i.e. density, thermal conductivity, viscosity
etc.) of PCM have also played a significant role in the melting of fatty acids for thermal
energy storage. Table 5.2 shows the time for complete melting of PCMs at different wall
temperature. The Capric acid takes minimum time and Myristic acid takes maximum time
in melting for all the temperature range. The time range of complete melting for all the fatty
acid is 86 min to 107 min for the 10oC wall temperature difference, 56 min to 69 min for 15
o

C wall temperature difference and 43 min to 53 min for 20oC wall temperature difference.
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Fig. 5.9 shows the comparison of melt fractions of Lauric acid. It can be observed from this
figure that the melt fraction had been always high, when the wall temperature difference was
20 oC as compared to 15 oC and 10 oC so that the effect of wall temperature differences also
plays an important role in the latent heat storage systems. Figure 5.10 represents the variation
of melt fraction for paraffin and Capric acid.
Table 5.2 Time for complete melting of PCM with different wall temperature
Tm-Twall
(oC)
10
15
20

Capric Acid
(min)
86
56
43

Lauric Acid
(min)
99
66
47

Myristic Acid
(min)
107
69
48

Palmitic Acid
(min)
103
67
48

Stearic Acid
(min)
104
62
53

Fig. 5.7 Variations of melt fraction with the time of Capric acid at Twall-Tm=10 oC
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Fig. 5.8 Variation melt fraction of different fatty acids Twall-Tm=10 oC

Fig. 5.9 Variation of melt fraction of Lauric acid at a different wall temperature
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Fig. 5.10 Melt fractions of paraffin and Capric acid with 10 oC wall temperature
difference
We have also conducted a comparative study to find out the performance of paraffin
and Capric acid for a latent heat thermal energy storage system. The paraffin takes longer
time for melting in comparison to Capric acid due to its thermophysical properties. Fatty
acids also show reproducible melting and freezing behaviour and freeze with no
supercooling [158,159]. Also, fatty acids may be implemented for the eutectic development
and overall the cost of the developed material gets significantly reduced [18,19]. The
paraffin is non-compatible with the plastic container and moderately flammable too.
The energy stored in any materials can be given by enthalpy stored in it. The energy
stored due to heating is the difference between the final and initial enthalpy of material. Fig.
5.11 indicates the variation of Lauric acid enthalpy with time at different wall temperature.
Initially, the Lauric acid has some enthalpy, as the time increases the materials absorb energy
due to heating, which leads to increase in the enthalpy of Lauric acid. Table 5.3 shows total
enthalpy stored after 85 min at 10 oC wall temperature difference of fatty acids. Stearic acid
absorbs the maximum thermal energy due to its higher latent heat of fusion. Fig. 5.12
represents the variation of system enthalpy of different fatty acids with time. From this
87

figure, it is clear that the energy stored increases with time. The rate of energy storage at the
initial stage of melting is high and decreased as time increases.

Fig. 5.11 Variations of Lauric acid enthalpy with time at a different wall temperature

Table 5.3 Total enthalpy stored after 85 minutes at 10oC wall temperature difference
Capric Acid Lauric Acid Myristic Acid Palmitic Acid Stearic Acid
Total
enthalpy
stored (J/kg)

177971.6

189939.6

198300.7

88

203814.7

213413.7

Fig. 5.12 Variations of Enthalpy of different fatty acids with them at Twall-Tm =10oC
5.3.3. SOLIDIFICATION OF PCMs
Fig. 5.13 shows the variation of temperature during solidification of Capric acid at different
time period for the set boundary condition of Tm-Twall =10 oC. It can be seen from the
simulated results shown in Fig. 5.13 that temperature of the PCM decreases along with the
solidification fraction as the time increases. For better visualization, it has been shown in
the figure through the colour coding, where the blue part shows the lower temperature in
comparison to the red part, which denotes the higher temperature. As one can see blue part
increases with increase in time, suggesting the increase of the freezing fraction of the PCM.
The figure also depicts the distribution of temperature for Capric acid at a different time, 5
min, 15 min, 30 min, 45 min, 60 min, and 75 min. This shows the gradual change in the
vicinity of the solid-liquid interface for the storage, distinctly marked by yellow contour
(located at the temperature Tm= 32 oC) in each of the panels of Fig. 5.13. The solid-liquid
interface is far away from the left wall as compared to the right wall, due to the off-centred
heating of container material and it is also asymmetric in comparison to the other end of the
wall as heat flow is only from the left wall. Fig. 5.14 shows the temperature variation of
PCM with different wall temperature difference after 30 minutes. Three different walls
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temperatures were considered during the study, each respectively having 10 oC, 15 oC, and
20 oC lower temperatures than the melting temperature. It is observed from this figure that,
although the solid-liquid interface is always far away from the left wall in comparison to the
right wall, yet the asymmetric nature is being gradually reduced. This can be attributed to
the increase in heat losses due to the larger temperature difference between the wall and the
melting point of the PCM.

Fig. 5.13 Temperature Variation of Capric acid with time during solidification at TmTwall =10 oC

Fig. 5.14 Temperature variation of Capric acid with different Tm-Twall after 30 minutes
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Fig. 5.15 shows the variation in melt fraction for fatty acids with time, which
decreases gradually with the time period. Capric acid solidifies before in comparison to other
PCMs due to its lowest latent heat of fusion. Fig. 5.16 shows the variation of the melt fraction
of Capric acid with time at different wall temperature difference. As obvious, it is evident
from the figure too, that with higher wall temperature difference, the PCM melts earlier and
at a faster pace. Table 5.4 shows the time of solidification of different PCMs with different
wall temperature differences. The melt fraction of each PCM is indicated below to it as the
same was also expected. The minimum time taken by the Capric acid is around 83 min, 51
min and 42 min for 10 oC, 15 oC, and 20 oC wall temperature differences respectively due
to its low latent heat of fusion.

Fig. 5.15 Variations of melt fraction of different fatty acids with them at Tm-Twall =10 oC
Table 5.4 Time for complete solidification of PCM with different wall temperature
Tm-Twall
(oC)
10
15
20

Capric Acid
(min)
83
51
42

Lauric Acid
(min)
107
66
52

Myristic Acid
(min)
109
67
53
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Palmitic Acid
(min)
98
67
47

Stearic Acid
(min)
99
63
52

Fig. 5.16 Variations of melt fraction of Capric acids with time at the different wall
temperature

5.4. CONCLUSION
A two-dimensional numerical simulation based on the finite element analysis is carried out
to predict the melting and solidification behaviours of the fatty acids when kept in an
aluminum container. Taking into account of conduction and convection mode, the amount
of heat stored and released in the PCM i.e. the melting and solidification of the PCM have
been simulated using COMSOL-Multiphysics software (heat transfer module). The heat
transfer analysis of these calculations for melt fraction and enthalpy clearly reflects the
importance of selecting appropriate PCM for different applications depending upon the
varying ambient conditions. Moreover, it is found that COMSOL can be used well to
simulate similar heat transfer studies involving PCMs for different applications [24,81]. The
maximum energy is stored by Stearic and minimum for Capric acid when kept with the same
boundary conditions. Such kind of study is helpful not only in the planning of thermal energy
storage experiments but is also well suited for various applications utilizing PCMs in a
different type of containers. Changes in melt fraction and the solid fraction with respect to
geometry can be easily done using a similar approach as per the requirement of the
application. This study is indicative and requires more rigorous calculation including other
structures such as fins and honeycombs – used for enhancing the rate of heat transfer. The
present study forms a firm basis for such kind of modelling, where the effect of the structure
and other heat transfer modes can be seen minutely.
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CHAPTER 6
THERMAL CONDUCTIVITY
ENHANCEMENT OF PCMs
The thermal conductivity of commonly used phase change materials (PCM) for thermal
energy storage (TES), such as, fatty acids, paraffin etc., is relatively poor, which is one of
the main concerns limiting their utility. In the recent past, few attempts have been made to
enhance the thermal conductivity of PCM by mixing different additives in the appropriate
amount. Graphene nanoparticles, having higher thermal conductivity may be a potential
candidate for the same, when mixed appropriately with different PCM. In the present study,
we have carried out the numerical investigation for the melting of graphene nano-particles
dispersed PCM filled in an aluminum square cavity heated from one side. In this work, the
graphene nanoparticles are mixed in three different volumetric ratios (1%, 3%, and 5%),
with three different commonly used categories of organic, inorganic and paraffin PCM
(namely, Capric Acid, CaCl2.6H2O, and n-octadecane) to see the effect on melting of
composite PCM developed. The resulting transient isotherms, velocity fields, and melting
front and melt fractions thus have been deliberated in detail. These results clearly indicate
that the addition of graphene nanoparticles increases melting rate but can also hamper the
convection heat transfer within large cavities. The prediction of temperature variation and
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rate of melting or solidification may be found useful especially for designing such TES
devices.
One of the main concerns in thermal energy management is to use materials having
high energy storage capacity with high reliability with a less ageing effect. In the recent past,
there has been a huge amount of research efforts devoted to developing such novel materials
for a variety of applications, such as buildings, textiles, space heating etc. These materials
are commonly known as PCM, are promising thermal storage materials for storing and
discharging bulk amounts of latent heat throughout the phase change process [9,29,160,161]
with regulated time intervals associated as per energy demand. Though, the criteria for the
choice of PCM for a specific application is its melting temperature, but other properties such
as the latent heat of fusion, thermal conductivity, thermal stability, density and lower volume
change etc., also play significant role in better designing of a product and therefore these are
essential to be considered [162,163]. Hence, the optimization of material properties as per
requirement is quite challenging and novel materials with better efficiency are being
continuously explored with time. Additionally, most applications of PCM require high
thermal conductivity, though numbers of PCM usually employed lack the same. The lower
thermal conductivity of PCM leads to the increase of heat transfer time for the storage
materials causing the poor TES system performance.
To increase the rate of heat transfer, several experimental and numerical studies have
been performed, for enhancing thermal conductivity using metal matrix, metallic fins,
thermal conductive foams, containers with a honeycomb structure, encapsulation, and the
emulsification of highly thermal conductive nanoparticles etc. [56,82,164]. Review by
Khodadadi and co-workers [165] excellently covers numerous aspects of many of these
efforts made in the recent past to enhance the thermal conductivity of PCM. These studies
indicate that the appropriate mixing of nanoparticles and encapsulation, when done together,
could be crucial in significantly augmenting the thermal conductivity of the PCM. Few
studies have appeared recently on the solidification and melting of pure [9] and of nanoenhanced PCM. The nanoparticle-dispersed PCM to qualitatively upgrade TES technology
could be highly beneficial for many applications, for instance, efficient storage of solar
energy[7], thermal regulation of photovoltaic [5,8], TES in buildings by applying at one side
of container to building envelope, cooling of engines, etc. [166–170].

94

Most of the research studies performed so far have focussed on investigating the
moving boundary problem for a specific geometry and boundary conditions. Studies related
to the melt fraction for a PCM storage system with the different volume fraction of
nanoparticles are lacking, though these play a significant role in designing a TES. This has
been the main motivation for the present work. Moreover, graphene has been found to be
very high thermal conductive which could be potentially used for enhancing the thermal
conductivity of PCM. In the present study, we have explored the effect of mixing graphene
nanoparticles as an additive in different PCM with varying volume fractions of
nanoparticles, when kept in an aluminum container. The three different PCM considered for
the present study i.e. Capric Acid, CaCl2.6H2O and n-octadecane (Organic, Inorganic, and
Paraffin) which are commonly used for different TES applications.

6.1. COMPUTATIONAL MODEL AND BOUNDARY CONDITIONS
The dimensions and geometry of the computational model for the present study are shown
in Fig. 6.1. The nanoparticle dispersed PCM (NPCM) is filled in the enclosure of size 25
mm × 25 mm and 2.5 mm wide aluminum cavity. The left wall is kept at constant
temperature Th =10oC higher than melting temperature while the other walls are thermally
insulated. The acceleration due to gravity is working downward direction. The Capric acid,
CaCl2.6H2O, and n-octadecane were taken, having graphene nano-particles with four
different volume ratios (0%, 1%, 3% and 5%). The initial temperature of the nano PCM is
taken to be 5 oC lower than melting temperature of PCM and phase transition interval is
taken as 1 oC, has also taken in several other studies [24,81,117]. Inner walls of the
aluminum container are put in no-slip condition, i.e. the velocity of melted NPCM is zero at
the walls. The initial pressure is at atmospheric pressure and the initial velocity of NPCM is
zero. The thermo-physical properties of PCM and aluminum container are represented in
Table 6.1. The assumptions of the present study are as follows:
(1) The melting of nanoparticle-enhanced PCM (NPCM) is Newtonian and incompressible.
(2) The flow caused due to the melting is laminar and the viscous dissipations, thermal
radiation, and three- dimensional convection are negligible.
(3) Thermo-physical properties of PCM are temperature dependent.
(4) The melting of PCM is conduction and convection controlled.
(5) The volume change of nano-particles is negligible.
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(6) The graphene nanoparticles are homogeneously distributed in the PCM.
It is vital to mention that in the present study two-dimensional model is used and threedimensional convection is neglected, just for the sake of avoiding mathematical complexity.
Moreover, the period of the three-dimensional convection is less short [114] when compared
with the whole melting process time, therefore the two-dimensional simulation can be
considered to be quite realistic.

Fig. 6.1 Computational model and dimensions

6.2. COMPUTATIONAL PROCEDURE AND MODEL VALIDATION
The simultaneous prevailing partial differential equations are solved numerically by using
heat transfer and fluid flow module of the commercial software COMSOL 5.0. The thermophysical properties of NPCM are defined according to temperature, which determines the
phase (liquid, mushy, or solid) and nanoparticles concentration (). The steps of the
numerical calculation are discretization of the domain (element, type, and size), defining the
time step and relative and absolute tolerances or errors for the convergence conditions of the
solution, determining the nonlinear settings for iteration sequences and selecting the
appropriate solver techniques. The present model is divided into two domains, one for
aluminum container and the second is for NPCM and both have quad type meshing as shown
in Fig. 6.2. For aluminum domain, minimum and maximum element size is of 6×10-5 m and
0.003 m respectively, whereas for the NPCM domain we have taken the minimum and
maximum element size of 1.05×10-4m and 4.5×10-4 m respectively. The entire model
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consists of 8277 domain elements and 464 boundary elements. No significant change in the
results was observed when using a finer mesh. The time-dependent study carried out by
taking constant (Newtonian) iteration techniques having 30017 numbers, degrees of
freedoms with backward differentiation formulas (i.e. Backward Euler) time stepping
method. The higher and lower order of backward differentiation principles is 2 and 1
correspondingly having a tolerance of 0.001. The automatic time stepping was considered
and a maximum number of iterations for each time step were taken 6 and the damping factor
was 0.9.
The results of the present simulation model, in terms of melting front, are compared
with the calculations done by Dhaidan et al. [81] and shown in Fig. 6.3. This comparative
study clearly shows that the developed thermal model is in good agreement with the results
of an experimental and numerical study carried out by Dhaidan et al. [81]. Such a
comparative study puts a stringent test of the consistency of our model and its predictions
before using it further. The properties of materials used for the validation study are listed in
Table 6.2.

Fig. 6.2 Meshing of the container and NPCM domain
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Table 6.1 Thermo-physical properties of PCMs and aluminum container
Properties
Melting Point [ oC]
Latent heat of fusion
[kJ/kg]
Thermal
Solid
Conductivity
Liquid
[W/m·K]
Density [kg/m3]
Solid
Liquid
Specific heat
Solid
[kJ/kg K]
Liquid
Kinematic viscosity [m2/s]
Thermal expansion
coefficient [1/oC]

Capric
acid

CaCl2.
6H2O

nOctadecane

Aluminu
m

32
152.7

29
192

28.2
245

NA*
NA

Graphene
nanoparticle
NA
NA

0.372
0.153

1.008
0.561

0.35
0.149

179.96
NA

5000
NA

1018
888
1.9
2.4
3×10-6
1×10-3

1802
1562
1.4
2.1
3×10-6
1×10-3

814
775
1.934
2.196
5×10-6
9.1×10-4

2712.6
NA
0.96
NA
NA
NA

2200
NA
0.7901
NA
NA
NA

Table 6.2 Thermo-physical properties of n-octadecane and CuO nanoparticles for
validation
Properties
Melting temperature (°C)
Thermal conductivity
(W/m K)
Specific heat (J/kg K)
Density (kg/m3)

Solid
Liquid
Solid
Liquid
Solid
Liquid

Kinematic viscosity (m2/s)
Heat of fusion (kJ/kg)
Thermal expansion coefficient (1/K)

PCM, n-octadecane
28
0.358
0.148
1934
2196
865
770
5 × 10-6
243.5
9.1 × 10−4
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CuO nanoparticles
N/A
18
N/A
540
N/A
6510
N/A
N/A
N/A
1.67 × 10−5

Fig. 6.3 Validation of computational model in the term of melting front between the
present work and that of Dhaidan et al. [81]

6.3. RESULTS AND DISCUSSION
The results obtained in the present study are governed by heat transfer in solid and liquid
medium and fluid flow in a liquid medium. As the aluminum container gets heated, the
NPCM absorbs energy and starts melting, due to heat transfer by conduction and convection.
The results of this study are presented in the following three subsections: In the first section,
the variation of temperature in terms of isotherm and the melting front is described. The
variations of the velocity field in terms of streamline are described in the second section.
The third section presents the discussion on melting rate in terms of variation of melt
fraction.
6.3.1. ISOTHERMS AND MELTING FRONT
The variation of temperature and melting front of CaCl2.6H2O in different percentages of
graphene nanoparticle additive after 5 and 15 min, represented in Fig. 6.4. The contour plots
of colour represent temperature variation of NPCM in oC. From this Fig., it is clear that the
diffusion of nanoparticles produces a substantial effect on the melting. For all the volumetric
concentrations of graphene nanoparticles, it can perceive that at the early stages of the
melting process (see the Fig. 6.4 at t=5 min) the isothermal lines are parallel to the container
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which is heated at a constant temperature. This would imply that the conduction mode of
heat transfer is dominating. Though, even the very small influence of the convection causes
the heat to transfer near the top part of the container and a higher amount of PCM is melted
there. With the increase in time, the heat transfer due to natural convection becomes the
prevailing mode of heat transfer, which can also be inferred from the distorted isotherm
lines. This leads the heat to traverse from the heated wall toward the top region of the cavity;
therefore, it speeds up the melting process in this region. In Fig.6.4 at 15 min, the melting
interface for 5 % (vol) graphene nano-additives is away from the left and right vertical wall
as compared to another percentage of graphene nano-additives. The effect is seen due to
thermal conductivity enhancement with the graphene nano-additives; hence, the addition of
graphene nanoparticles has a positive effect on heat transfer enhancement. From this Fig., it
can also be perceived that the solid-liquid interface is more away from the right vertical wall
as compared to the left vertical wall. It is due to melted PCM goes upward on the left (heated)
side, then downwards on the right side and accumulates on the bottom right part, causing
the off-centred effect that is observed in Fig. 6.4. This is observed as the ratio of convective
and conductive heat flux near the right vertical wall is higher in comparison to the left
vertical wall as shown in Fig. 6.5. The melted PCM below the un-melted PCM at the bottom
wall is ejected towards the vertical walls, as seen in Fig. 6.4.

Fig. 6.4 Variations of Temperature (oC) and melting front for CaCl2.6H2O at different
percentages of graphene additive after 5 and 15 min
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Fig. 6.5 The ratio of convective and conductive heat flux at the left and right vertical
wall, (a) after 5 min, (b) after 10 min
For the varying volumetric concentrations of graphene nanoparticles, the melting
front, which is fairly smooth at the initial stages of the melting process, grows more and
more distorted as the time increases. The melting front for CaCl2.6H2O gets distorted earlier
in comparison to Capric acid and n-octadecane as shown in Fig. 6.6 due to its higher thermal
conductivity. During the melting progression, natural convection of the liquid phase is
established, which causes the hot liquid PCM near the top heated aluminum container to go
up and the cold liquid PCM to descend. As a result, the temperature in the upper area of the
liquid turns higher than that in the lower region, which leads to speeding up the melting
process in the upper part. Therefore, the melting front is more advanced near the upper
section of the cavity. Fig. 6.6 shows that the melting rate of CaCl2.6H2O is high due to its
higher thermal conductivity and it gets completely melted after 20 min. The velocity vector
near the solid PCM is high due to a higher temperature gradient. The solid PCM absorbs
heat and transforms into a liquid state, causing an upward motion of the fluid in the cavity
hence there is a generation of streamlined due to changes in phase and temperature and
which results in the higher velocity field at the high-temperature gradient.
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Fig. 6.6 Temperature and melting front of different NPCM with 5 % graphene at
different time
6.3.2. VELOCITY AND STREAMLINES
At the onset of the melting process, the solid NPCM being in close proximity to the heated
aluminum container wall starts changing phase from solid to liquid. At the early stages of
the melting process, the NPCM gets melted and moves upward due to buoyancy force as the
density of PCM reduces. As the melting is continued there are formations of two semiidentical circulations (eddies) near the upper both corners of the container as shown in Fig.
6.7. The direction of circulation is clockwise near the upper left corner and anti-clockwise
at upper right corner. As the left vertical wall of the container is at a higher temperature as
compared to the right vertical wall, therefore, velocity near the left wall is high as compared
to the right. As the ratio of convective and conductive heat flux is near the right vertical wall
is higher as compared to the left vertical wall as shown in Fig. 6.5. Therefore, the melting
front of the right vertical wall is away as compared to the left vertical wall. The slanted
streamlines in Fig. 6.7 represent the velocity field in solid NPCM that moves downwards
due to the melting of NPCM at the lower wall of the aluminum container.
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Fig. 6.7 Velocity field (m/s) and streamline plot of CaCl2.6H2O for time 10 min with
different percentage of graphene
Fig. 6.8 represents the variation of velocity (vertical component) at line 2 for
different NPCM with 5 % graphene additives after 20 min. In this Fig., the y-axis represents
the velocity variation and x-axis represents the length of horizontal line 2 as shown in Fig.
6.1. For all three NPCM, the y component of velocity at a certain distance away from the
left vertical walls is, while its value is negative in the middle of the cavity. The component
of velocity for CaCl2.6H2O near the left vertical wall side is higher as compared to Capric
acid and n-Octadacane [24]. This is due to its higher thermal conductivity which increases
heat transfer rate and leads to higher volumetric force differences between liquid and solid
PCM. At the right vertical wall side, the y component of velocity for n-octadacane is higher
because, after 20 min, the melting interface is closer to the vertical wall as compared to other
PCM, therefore, the x component of velocity is low, and y-component is increased. In the
middle of the cavity, the un-melted PCM move in the negative y-direction and the negative
y component of the velocity is higher for the CaCl2.6H2O because of its higher melting rate
near the bottom horizontal aluminum container. From Fig. 6.8, it is also clear that the
position of melting interface at line 2 for CaCl2.6H2O is maximum and minimum for noctadacane at both vertical walls because of its higher melting rate.
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Fig. 6.8 Variation of Velocity (y component) for different NPCMs at 20 min with 5 %
graphene additive at the line (Arc) 2
Fig. 6.9, Fig. 6.10 and Fig. 6.11 represent the variation of velocity (y component) of
CaCl2.6H2O at 20 min with a different volume ratio of graphene at line 3, line 2 and line 1
respectively. From the fig., it is clear that at the upper side of the cavity, the y component of
the velocity is low due to the generations of eddies and therefore, NPCM also moves in the
x-direction. At line 2, the y-component of NPCM velocity is higher near vertical walls as
compared to line 3 as the x-component of the velocity field is less dominating therefore ycomponent higher near the heated vertical wall and lower at the adiabatic vertical wall. At
line 1 the positive and negative vertical component of the velocity field has a very low
difference in their absolute value. For all the volumetric concentration of graphene, the
positive and the negative y component of velocity field for 5% (vol.) graphene additives are
lower. This is due to the addition of graphene nanoparticles the density of NPCM increases
which produce a considerable effect on volume force.
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Fig. 6.9 Variation of velocity (y component) of CaCl2.6H2O at 20 min with different
volume ratios of graphene at the line (Arc) 3

Fig. 6.10 Variation of velocity (y component) of CaCl2.6H2O at 20 min with different
volume ratios of graphene at the line (Arc) 2
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Fig. 6.11 Variation of velocity (y component) of CaCl2.6H2O at 20 min with different
volume ratios of graphene at the line (Arc) 1
Fig. 6.12 represents the variation of velocity (y component) of CaCl2.6H2O with 5% (vol.)
graphene additive at different time instants on line 2. From Fig. 6.12, it is clearly shown that
initially the velocity of NPCM is zero and it increases near the vertical wall after 5 and 10
min. As the melting starts, the melted NPCM starts moving upwards near the vertical walls
and solid NPCM in the middle of the cavity moves in downwards (see for 5 min in Fig.
6.12). Around 10 min, the volume of melted NPCM increases and the positive vertical
component of velocity field also increases near the vertical wall. It reaches its highest
negative value in between 0.0175 m and 0.020 m of arc length (see for 10 min in Fig. 6.12).
Further, as time increases, the y component of the velocity field decreases as the temperature
difference between the heated wall and the NPCM decreases.
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Fig. 6.12 Variation of velocity (y component) of CaCl2.6H2O with 5 % graphene additive
at different time instants at the line (Arc) 2
6.3.3. MELT FRACTION
Although the liquid-solid interface images seem identical in Fig. 6.4 for all the volumetric
concentration of graphene nanoparticles, yet, there are variations between the amounts of
melted NPCM as shown in Fig. 6.13. It can be observed from this figure that the rate of
melting increases with the increase in the volumetric concentration of nanoparticles, as
expected also. But it is also noticed that this increase in melting rate is quite small in
comparison to the melting of pure PCM. This may be explained as follows: when the
nanoparticles are added to the PCM, its conductivity, as well as viscosity, both are increased.
The conductivity increment has a constructive effect although the viscosity augmentation
has a negative effect (weakens the buoyancy effect) on the heat transfer and henceforth on
the melting progression. At a high volumetric concentration of nanoparticles, the adverse
influence of viscosity enhancement may become comparable to the positive effect of
conductivity increment of NPCM.
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Fig. 6.13 Variations of melt fraction with time
The present study clearly indicates that the importance of adding the nanoparticle as
it leads to enhanced heat transfer of phase change materials. The NPCM can be applied to
the various practical applications such as building, thermal regulation of photovoltaic panels,
solar drying solar desalination etc. Thermal energy storage devices are installed in several
ways in different applications. In the building application, the NPCM can be implemented
by direct incorporation, immersion, encapsulation, building materials, false ceiling, flooring
etc. [171]. This study clearly shows the importance of adding nanoparticles for thermal
conductivity enhancement of PCM as well as heat transfer enhancement. This study can be
further, tested by considering specific application of NPCM with considering the real solar
radiation (which is the first derivative of temperature), wind speed and other ambient
conditions.

6.4. CONCLUSION
PCM and their heat transfer enhancement through nano-engineering are picking up at a very
fast pace due to its wide range of applications. In such studies, the important aspects to be
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investigated are: preparation and characterization of NPCM along with their dynamic’s
simulation- to see the overall change in thermophysical properties. The melting of three
different PCM filled in an aluminum square cavity subjected to a constant vertical wall
temperature is carried out with three dissimilar volumetric concentrations of graphene
nanoparticles. It is reported that the addition of the graphene nanoparticles enhances the
effective thermal conductivity of the PCM and improves the melting characteristics such as
the melting rate. The effect of emulsifying the graphene nanoparticles in PCM results in a
relative increase of the dynamic viscosity compared with that of the pure PCM, thus
considerably degrading its natural convection heat transfer efficiency with the increased
concentration of nanoparticles across the melted region. Based on the present study, it can
also be said that the effective thermal conductivity of all three latent heat storage media can
be significantly increased by using smaller volumetric concentrations of graphene particles
although the convection heat transfer gets hampered by the same additives. This
phenomenon may be of concern in large PCM tanks, where PCM melting is usually
dominated by convection. Nevertheless, PCM in common and the NPCM in specific, have
great potential for the demanding TES applications.
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CHAPTER 7
CYCLIC HEATING AND COOLING
OF PCMs
In all TES applications, PCMs undergo a number of heating and cooling cycles. The present
study deals with the investigation of melting and solidification behaviour of phase change
materials (PCMs) during the cyclic heating. For this work, a computational fluid dynamic
(CFD) study of heat and mass transfer during melting and solidification of PCM is carried
out for the constant and variable (sinusoidal) heat supply. For the constant heat flux a step
function ranging from 500 W/m2 to -500W/m2 and for variable heat flux, a sine function
having a similar area as step function was considered at one wall of the container to provide
heating and cooling of the PCMs. The results are reported in terms of melting interface, melt
fraction during melting and solidification, temperature variation, the variation of melted
PCM velocity, and rate of energy storage and release. From the results, it is observed that
the melting time is reduced with variable heat flux as compared to constant heat flux and it
is also pointed out that the melting time of PCM is lower as compared to solidification time.
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The interest of studying cyclic heating and cooling is due to the application of energy
storage materials used in passive solar energy devices, which gets affected by the variation
in solar radiation. Hence, there is a need to study the cyclic heating and cooling of PCMs,
which will, in turn, affect the performance of solar energy applications. Various researchers
have carried out the study of melting and solidification of PCMs separately but not as a
continuous process. In this chapter, a two-dimensional numerical study is carried out to
investigate the effect of cyclic heating and cooling on charging and discharging of noctadacane, a widely used PCM for thermal energy storage. The properties of the PCM (noctadacane ) and the container material used for the present study are given in Table 7.1
[119]. The same amount of energy is supplied to the PCM with constant and variable heat
flux at a wall of the PCM container to see the melting effect of PCM. During the cooling,
the same amount of energy is extracted as supplied during the heating. The calculation is
carried out for the variation of melting interface, melt fraction, temperature variation,
velocity field etc.
Table 7.1 Thermo-physical properties of PCM and Aluminum container
Material/properties
Melting Point (oC)
Latent heat of fusion (kJ/kg)
Thermal Conductivity (W/m·K)
Density (kg/m3)
Specific heat (kJ/kg K)

Solid
Liquid
Solid
Liquid
Solid
Liquid

Kinematic viscosity (m2/s)
Thermal expansion coefficient(1/oC)

n-Octadecane
28.2
245
0.35
0.149
814
775
1.934
2.196
5×10-6
9.1×10-4

Aluminum
NA
NA
179.96
2712.6
0.96
NA
NA

7.1. PHYSICAL MODEL AND BOUNDARY CONDITIONS
An element of study 2 cm height and 2 cm width has been taken for the present study. A 2
mm aluminum plate is considered as a wall to provide the heat flux as shown in Fig. 7.1.
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Fig. 7.1 Physical model of the PCM and wall
There are two types of cyclic heating and cooling applied to the PCM. The first one is the
positive constant heat flux of 500 W/m2 provided at the heated wall for 45 min, and then its
value becomes negative of the same magnitude for the next 45 min. The second is a sine
function having a similar area under the curve, which is provided for the same time as shown
in Fig 7.2. The initial temperature of the PCM and aluminium wall is 5.5 oC lower than the
PCM melting temperature and acceleration due to gravity is the downward direction. The
thermophysical properties of PCM are defined according to temperature, which determines
the phase (liquid, mushy, or solid). The boundary conditions for the present study are:
 500 W / m 2 (0  t  45)
qw x = 0 = 
2
− 500W / m (45  t  90)

qw x = 0 = 250    sin (  t / 45) where
T
x

=
x =l

T
y

=0

(69)

(0  t  90))

(70)

(71)

y =0 , h
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T ( x, y ,0) = Tini

(72)

where time t is in minutes.
In the number of studies, it has been reported that if subcooling is small in
comparison to the temperature changes in an application, the effect of subcooling can be
neglected. Due to the same reason, subcooling of PCM during solidification has been
neglected in the present calculations.

Fig. 7.2 Heating and cooling cycle of PCM

7.2. COMPUTATIONAL PROCEDURE AND MODEL VALIDATION
The concurrent governing partial differential equations subjected to initial and boundary
conditions are solved using finite element analysis with a commercial package, COMSOL
Multiphysics 5.0 version [155]. The steps of the numerical model can be summarized as,
discretization of the domain and coupled governing equations (element, type, and size),
defining the time step and relative and absolute tolerances or errors for the convergence
conditions of the solution, determining the nonlinear settings for iteration sequences and
selecting the appropriate solver techniques. To start the study, we first validated our
calculations with the existing experimental and numerical study done by Biwole et al. [24].
It was assumed that the PCM was incompressible and Newtonian and flow is twodimensional and unsteady in its melted state. The present model is in good agreement with
that study. The present model is divided into two domains, one for aluminum wall and the
second is for PCM and both have triangular type meshing as shown in Fig 7.3. For aluminum
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domain, minimum and maximum element size are of 6.6×10-6 m and 0.00147 m respectively,
whereas for the PCM domain we have taken the minimum and maximum element size of
2.0×10-4 m.

Fig. 7.3 Meshing created for the present study
The entire model consists of 31240 domain elements and 560 boundary elements.
The time-dependent study was carried out by taking constant (Newtonian) iteration
techniques having 59986 degrees of freedoms, with backward differentiation formulas (i.e.
Backward Euler) time stepping method. The maximum and minimum order of backward
differentiation formulas are 2 and 1 respectively having a tolerance of 0.001. The maximum
number of iterations for each time step was taken as 6 and the damping factor was 0.9.
To achieve a stable solution through iterations and to see the effect of mesh size on
the calculations, a mesh dependency test is carried out for three different elements size. The
three meshes consist of 11752 domain elements with 426 boundary elements, 16235 domain
elements with 467 boundary elements and 31240 domain elements with 560 boundary
elements, having 20712, 29790 and 59986 degrees of freedom respectively. The effect of
mesh size on melting and solidification with constant heat flux is calculated and shown in
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Fig. 7.4. It is observed from Fig. 7.4 that during the melting process, the melt fraction for all
three mesh sizes is varied in a similar manner whereas during solidification process it is
different for all the three meshes.

Fig. 7.4 Effect of mesh size on melt fraction
It was found that for 31240 numbers of the elements, the melt fraction is smaller as
compared to other mesh sizes. At 90 min the melt fraction for 11752, 16235 and 31240
elements is 9.5 %, 6.0% and 4.5% respectively. It has been observed that the variation in the
melt fraction for 16235 and 31240 number of elements is very small and results are very
close to each other, therefore for the present study 31240 elements are used.

7.3. RESULTS AND DISCUSSIONS
To see the effect of cyclic heating and cooling on the melting and solidification of the PCM,
a two-dimensional numerical investigation has been carried out using finite element
analysis. The results are reported in terms of variation of temperature, melt fraction, melting
interface, velocity due to natural convection. A mesh dependency test was also carried out
using three different elements of size to see the effect of mesh size on the calculations. The
results and discussions are as follows.
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7.3.1. VARIATION OF TEMPERATURE AND VELOCITY FIELD
The isotherm plot for variation in temperature and the velocity field during melting of PCM
at different times with constant as well as variable heat fluxes are shown in Fig 7.5. The
colour contour plot represents the temperature variation and arrows represent the velocity
field. At the initial stage of heating, the temperature of the PCM rises due to sensible heating.
The PCM near the heated wall starts melting as the PCM temperature reaches the melting
temperature. The PCM in a liquid state having a higher temperature, it moves upward due
to its lower density while the PCM having lower temperature moves downwards. The
existing velocity field in the liquid PCM causes convective heat transfer in the melted PCM.
During the melting of PCM with constant heat flux, the heating rate is constant with
magnitude 500 W/m2, whereas in case of heating with variable heat flux, the heating rate is
zero at starts of melting, and increases with increase in time as in a sinusoidal manner. Due
to the variable heat flux, the melting rate is lower at the start of melting and it increases up
to ¼ cycle (22.5 min) and starts decreasing after ¼ cycles. Fig. 7.6 represents the variation
of temperature and velocity field during the solidification of PCM at a different time. For
the solidification with constant heat flux, a negative heat flux of magnitude - 500 W/m2 is
applied to the aluminum wall while with variable heat flux, a negative heat flux having a
sine shape with a similar area under the curve as the constant heat flux is applied.
During the melting process, the melted PCM gathers on the upper side of the cavity.
From Fig. 7.5, in the initial stages of the melting process (see at t = 5 min), the isotherms are
parallel to the heated boundary. This implies that conduction is the main heat transfer
mechanism at the initial stage of melting. However, even the very small contribution of the
natural convection causes the heat to transfer to the top part of the heated boundary and more
amount of PCM to be melted there. As time progresses, the natural convection grows into
the leading mode of heat transfer. That can also be deduced from the distorted isotherm lines.
At the early stage of the solidification, the convection mode of the heat transfer process is
dominating (See Fig. 7.6 at 50, 55 and 60 min) and a small amount of conduction heat
transfer cause at the bottom part of the cooled boundary. As time increases the solidified
PCM gathered near the cooled wall and more PCM gathered at the bottom part of PCM.
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Fig. 7.5 Variation of temperature and velocity field during melting
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Fig. 7.6 Temperature and velocity field during solidification
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Fig 7.7 represents the average temperature variation of the heated wall during
melting and solidification of PCM with constant and variable heat flux. With the constant
heat flux, the average temperature of the wall is higher up to 15 min as compared to variable
heat flux. It is due to the lower magnitude of the variable heat flux. When the magnitude of
variable heat flux reaches above that of constant heat flux, the temperature of the front heated
plate also exceeds that of the constant heat flux. The temperature of the heated plate becomes
constant for 15 min for both cases due to the isothermal behaviour of PCM. The cooling of
the melted PCM starts after 45 min for the constant heating and slightly earlier for the
variable heating, as shown in Fig. 7.7. With the constant negative heat flux, the average
temperature of the heated plate decreases at a constant rate whereas it varies with the variable
heating. With the variable heat flux, the average temperature of the plate is decreased up to
80 min and starts increasing after 80 min because the cooling power is reduced from 70 min
(see Fig. 7.2). Fig. 7.8 and Fig. 7.9 represent the variation of velocity (y component m/s) at
mid-height of the cavity at 22.5 min during melting and solidification respectively. It is noted
that the velocity magnitude is almost always higher for the variable heating as compared to
the constant heating. The maximum positive and negative velocities (y component) for
variable heat flux are higher for melting and solidification. For both heating modes, the
velocity magnitude is smaller during solidification than during melting.

Fig. 7.7 Average temperature of heated wall
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Fig. 7.8 Velocity (y Component) at mid-height of cavity at 22.5 min (during melting)

Fig. 7.9 Velocity (y Component) at mid-height of cavity at 22.5 min (during
solidification)
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7.3.2. SOLID-LIQUID INTERFACE AND MELT FRACTION
For both cases, i.e. with constant and variable heat flux the solid-liquid interface, which is
fairly flat in the initial phases of the melting process as shown in Fig. 7.5, becomes more
and more distorted with time. During the melting process, natural convection of the liquid
phase is developed, which causes the hot liquid PCM near the heated wall to ascend and the
cold liquid PCM to descend. As a result, the temperature in the upper region of the liquid
becomes higher than that in the lower region, hence accelerating the melting process in the
upper part of the cavity. Therefore, the liquid-solid interface is more advanced near the upper
region of the cavity. During the solidification, the melted PCM starts the solidifying with an
increase in the time and the solidified PCM starts collected bottom part of the cavity,
therefore, the thickness of solidified PCM near the bottom part of heated plate increases (see
Fig. 7.6 at 65 min, 70 min, 75 min, and 80 min).
The melt fraction is a measure of the melting rate. The melting of PCM with constant
heat flux starts at 3 min and with variable heat flux its starts at 7 min. The melt fraction for
both cases becomes equals at 27 min and after that, the melt fraction with variable heat flux
becomes higher as shown in Fig 7.10. The complete melting of PCM occurs at 33 min and
35 min respectively for variable and constant heat flux. The solidification of PCM with
variable heat flux starts 1 min later to the constant heat flux. However, once started, the
solidification rate with variable heat flux is higher than that of constant heating, resulting in
solidification time about 5 min shorter than that of constant heating. The solidification time
is higher as compared to the melting for both the cases due to the higher thermal effusivity
of solid PCM.
7.3.3. STORAGE AND RELEASE OF ENERGY
The energy stored during melting and solidification of PCM is shown in Fig. 7.11
with constant heating as well as with variable heating. At the initial stage of melting the
energy stored with the constant heat, supply is higher as compared to variable heating due
to corresponding higher heating rate. From Fig. 7.11 it can also be seen that the same amount
of energy stored is not released at the same time. It is due to the lower convection mode of
heat transfer while releasing the stored energy. In other words, during the solidification
process the convective heat transfer is lower; therefore, released energy from the PCM is
slower in comparison to the rate of energy stored in PCM.
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Fig. 7.10 Melt fraction during melting and solidification

Fig. 7.11 Thermal energy stored and discharge
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During the melting of PCM with the constant heat flux, the heat transfer rate is
constant in melting and solidification process. Due to the variable heating, the heat transfer
rate is extreme at 22.5 min; therefore, at that time the natural convection velocity is higher
which leads to higher melting rate because of convective heat transfer, while with the
constant heat flux the natural convection velocity is lower that leads to lower convective
heat transfer during the meeting. During the solidification process, the solidification rate of
variable cooling is high after 65 min and remains high up to complete melting.

7.4. CONCLUSION
The computational fluid dynamic (CFD) study for melting and solidification of PCM with
constant and variable heat flux is carried out to investigate the behaviour of PCM during
charging and discharging. The convective heat transfer is also considered, taking buoyancy
force into account through the Boussinesq approximation. An additional force inspired from
Carman–Koseny relation in a porous medium is added in the momentum conservation
equation which depends on the velocity field of PCM. It is found from the present study that
with variable heating, initially melting rate is low and becomes higher than with constant
heating after some time, while the solidification rate is higher for most of the time. It has
been shown that in spite of the same amount of energy delivered to the PCM, variable
heating and cooling provides faster melting and solidification respectively, with ultimately
higher heat transfer rates.
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CHAPTER 8
THERMAL RESPONSE OF PV
PANELS WITH AND WITHOUT
PCM
Photovoltaic (PV) panels, depending on the PV cell technology used, convert only a small
amount of incident energy into electricity (about 5–25% for commercial systems), and the
rest is converted into heat. The produced heat is partly transferred back to the environment
while the remaining part causes the enhancement of the PV panel temperature itself. This
increase in the PV panel temperature further affects power production adversely, if the PV
panel temperature rises above the standard operating temperature (usually 25 oC). This
chapter deals with the thermal analysis of PV panel with and without application of PCM.
In the first part of the chapter, the thermal analysis has been conducted involving (i)
numerical study based on finite element heat transfer, (ii) the outdoor experimental
validation of the thermal model developed. The thermal model is based on the energy
balance of the PV module in which all essential heat transfer mechanisms between the
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module to the environment and related power output are modelled to observe the net change
in PV module temperature. The results clearly demonstrate the need and ability of the model
to realistically simulate the thermal behaviour of PV panels. Additionally, using the same
model, numerical simulations have been also carried out for two different cities, namely
Allahabad and Jodhpur, for Indian climate, to predict the hourly average module temperature
of PV panels for different months. The results show that normal module temperature is
raised much above the standard test conditions for the months of April, May, and June.
In the second part of the chapter, the thermal analysis has been conducted for PV
panel coupled with phase change materials (PCM). Heat transfer studies of PCM combined
with PV panel are quite intricate due to variable ambient conditions and changing the
thermophysical property of the material with phase change. In the present work, the detailed
heat transfer study of the PV panel coupled with PCM has been performed. The
computational fluid dynamic study of the PV module coupled with PCM is carried out in
which essential heat transfer mechanisms between the PV module to PCM and environment
have been accounted for. Additionally, its effect on power output has been investigated to
see the variation of PV module operating temperature. This study clearly suggests that for
realistic simulation of heat and mass transfer studies of PV panel attached with PCM, it is
very important to consider following effects into accounts: convection effect within melted
PCM, the velocity of wind, and angle of inclination of PV panel. The results of the study
demonstrate the ability and importance of such model to reasonably simulate the thermal
characteristics of PV panels coupled with PCM. The maximum panel operating temperature
with conduction and convection effect is found to be 54.90 oC and 58.5 oC when convection
mode in melted PCM (only conduction mode) is not considered. It has also been shown that
the higher wind velocity and tilt angle leads to a lower operating temperature of PV panels.

8.1. PV PANEL WITHOUT PCM
The thermal model presented in this paper offers a means of forecasting the thermal
performance of a PV panel under varying environmental conditions. This is accomplished
by considering the thermos-physical properties of PV panel’s components and studying the
heat transfer from the surface of a PV panel. The present thermal model incorporates factors
previously ignored in the literature, for example, natural convection, forced convection and
radiative heat loss, variable atmospheric conditions and the effect of the PV panel tilt angle
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and mounting structure on the heat loss mechanisms and consideration. The explanation of
the thermal model is divided into material composition of the PV panel which affects the
temperature of PV panels, and details related to heat transfer mechanisms incorporated i.e.
convective heat transfer losses (wind-induced and free convection with tilt angle) and
radiative heat losses are presented. The main focus of the present study is to examine the
variation of PV module operating temperature, which regulates the productivity of PV
panels, specifically for Indian climate. The thermal model of PV panel, developed for the
present study, has been numerically solved using finite element discretization with
COMSOL Multiphysics 5.0 version (https://www.comsol.co.in/). The model is further
validated successfully with the experimental observations. Additionally, simulation for the
temperature enhancement of PV panels is carried out for PV installations in two cities of
India, namely Allahabad (Uttar Pradesh) (25.4500° N, 81.8500° E) and Jodhpur (Rajasthan)
(26.2800° N, 73.0200° E) to study the effect of climatic conditions on PV module operating
temperature. The simulated module temperature of PV panels is also compared with the
results obtained from empirical formulas for the same.
8.1.1. PV PANEL COMPOSITION
The PV panel is usually composed of different layers depending on the photovoltaic
technology used as shown in Fig. 8.1 and Fig. 8.2. The PV panel under investigation in this
work is polycrystalline and supplied by Enfield Solar Company. There are five main layers
in this PV panel; the glass covering, PV cells, ethylene vinyl acetate (EVA) layer (front and
the back surface of the solar cell), and a Tedlar PVF layer. These layers are fixed in a metal
frame, the effects of which are not incorporated, since its low surface area with respect to
the panel area and have a negligible effect on the temperature response on PV panels [172].
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Fig. 8.1 Photovoltaic panel layers

Fig. 8.2 Main heat transfer path to and from the module
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The thermal environment required for the estimation of the PV module's working
temperature is quite complex. Besides interior procedures occurring in the semiconductor
material during its bombardment by photons, which promote the production of electricity,
the module also releases the non-converted energy in the form of thermal energy through
different heat transfers modes such as convection and radiation. Hence, the overall energy
balance on the module must be taken into account to estimate the module temperature.
Assumptions made to perform this study regarding the conceptual PV panel construction,
atmospheric conditions and other factors, which impact this thermal analysis, are listed
below:
•

The materials properties of each layer of the PV panel is homogeneous and isotropic

•

The solar irradiance imparted on the entire surface of the PV panel equally

•

All solar irradiance that is not used to produce electricity in the PV panel will be
developed into heat

•

No dust or any other agent is deposited on the PV surface affecting the absorptivity
of the PV panel

8.1.2. MESH DEPENDENCE AND COMPUTATIONAL PROCEDURE
The concurrent prevailing partial differential equations subject to the boundary and initial
conditions are solved numerically by using heat transfer module of the commercial software
COMSOL 5.0 which is based on the finite element method. Geometry, functions, and
properties of the PV panels were defined in COMSOL Multi-Physics and a mesh created for
the present study. Simple linear free triangular elements used to create the overall mesh (ref.
Fig. 8.3). The mesh dependence study performed in order to determine the appropriate size
of elements for further study and to provide an accurate mesh independent solution and
limiting the overall calculation time. Three meshes were initially studied using 25357, 99784
and 399136 elements as shown in Fig. 8.3 It was observed that the results obtained are quite
similar for all three-mesh size. Still, for the sake of accuracy, finer mesh size 399136
(elements) was selected for each simulation with automatic time stepping. The simulations
were performed on a computer with processor Intel(R) Xeon(R), 64 GB of RAM, running
COMSOL Multiphysics 5.0 with 25357, 99784, 399136 elements solved for 54024, 208057,
815245 numbers of the degree of freedom respectively. The model was two-dimensional,
and the simulation performed for the varying atmospheric conditions for the whole year. The
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time-dependent study carried out by taking constant (Newtonian) iteration techniques with
backward differentiation formulas (i.e. Backward Euler) time stepping method. The
maximum and minimum order of backward differentiation formulas is two and one
respectively having a tolerance of 0.001. The maximum number of iterations for each time
step taken six and the damping factor was 0.9.

Fig. 8.3 Mesh at different number of elements of the numerical model
8.1.3. EXPERIMENTAL SETUP AND VALIDATION OF SIMULATION RESULTS
A polycrystalline PV panel with a dimension of 698 mm×666mm×4.6mm (length x width x
thickness) was installed at an angle of 45o on the roof of the Non-Conventional Energy Lab
RGIPT Raebareli INDIA (Coordinates 26.2338° N, 81.2336° E). Properties and thickness
of each layer of PV panels are given in Table 8.1. A Husk flux Pyranometer having a spectral
range of 305-2800 nm and sensitivity 15μV/Wm2 was used to measure solar radiation data.
An Agilent (Model 34972A LXI) Data Acquisition Unit (DAU) connected to a PC was used
to measure the PV panel’s temperature with the accuracy of ±0.5 oC. Calibrated T-type
thermocouples of accuracy ±0.5 °C were installed in front and back side of PV panels to
measure the temperature variation over daytime. The wind velocity was measured through
Testo 405V1 digital anemometer with an accuracy of ±5%. Fig. 8.4 shows the experimental
setup to measure the PV panel’s data. PV panel was purchased from the Enfield Solar
Company, and technical specifications for the same, as provided by the manufacturer as
given in Table 8.2. Using this setup, we have performed an experimental study, which
consists of measurement of PV module temperature, ambient temperature, wind velocity
and solar radiation starting from 9 am to 4 pm. The day-long observation for validation has
been carried out on the day n = 271 at the given latitude for the year 2015. Fig. 8.5 shows
the validation of the thermal model with experimental results. The developed model was
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found to be fairly successful and the calculated results are in good agreement with the
variation of 5% to 7 % approximately with experimental data, which could be attributed to
a number of facts, e.g. the effect of environmental conditions like dust, humidity etc. present
in the air or on the panel. The effect of dust, humidity, and air quality cannot be modeled
and is taken as an assumption that on the panel there is no dust and the air is dry.

(a)

(b)
Fig. 8.4 Experimental Setup of analysis: (a) Schematic (b) Photograph
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Fig. 8.5 Validation of thermal model with experimental results
Table 8.1 PV panel material properties (Relevant references are given in parenthesis)

Material
Glass face
EVA
Polycrystalline PV cells
Polyester/Tedlar Trilaminate

Density
ρm,
(kg/m3)
3000
[172]
960 [173]
2330
[172]
1200
[172]

Specific heat
Cm, (J/kg K)

Layer
thickness
dm, (m)

Thermal
conductivity
km,(W/mK)

500 [172]

00.003

1.80 [121]

2090 [173]

0.0005

0.35 [174]

677 [172]

0.0003

148 [173]

1250 [172]

0.0005

00.2 [174]

Table 8.2 Technical Data of PV panel as supplied by the manufacturer
Electrical Parameter*
Peak Power (0-4.99Wp)
50
Pmax[Wp]
Maximum Power Voltage
17.89
Vmax[V]
Maximum Power Current Imax [A] 2.8

Temperature Coefficient*
Tc of open circuit voltage

-0.31 %/oC

Tc of short circuit current

0.058 %/oC

Short Circuit Current Isc[A]

Tc of Power
Maximum System
21.77
voltage
3.04 NOCT **

Module efficiency [%]

12.35 Temperature range

Open circuit Voltage Voc [V]

-0.41 %/oC
1000 [V]
45±2 oC
-40 oC to +85
o
C

*All data refers to Slandered Test Condition [AM 1.5, 1000 W/m2, 25 oC]
** NOCT (Nominal operating cell temperature) irradiance 800 W/m2, 20oC, wind speed 1
m/s
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8.2. PV PANEL WITH PCM
Thermal models developed so far for PV/PCM systems, have received wide interest, yet
these require further modification, which could include convection effect within the melted
PCM, fusion and solidification of the PCM, heat loss to the environment from PV panel’s
front and back surface (by natural as well as forced convection), heat loss due to radiation,
variable climatic conditions and the effect of the PV panel’s inclination angle on the heat
loss mechanisms. In the present thermal model, these improvements have been considered
to study the thermal response of a PV module coupled with PCM under varying atmospheric
conditions. This is accomplished by considering the influence of thermal properties of PCM,
PV module’s materials layers and further investigating the heat losses from the PV module’s
surface to the environment along with the heat, mass and momentum transfer in the PCM.
This thermal model thus incorporates some important factors which were not incorporated
hitherto.
The thermodynamic study of PV panel coupled with PCM has been performed using
a finite element analysis approach with COMSOL Multiphysics 5.0 version software
(https://www.comsol.co.in/). The thermal model with and without PCM is validated with
previous experimental studies Park et al. [175] and Huang et al. [25] respectively.
8.2.1. SIMULATION MODEL AND BOUNDARY CONDITIONS
Typically, a PV module is composed of five layers as shown in Fig. 8.6 [134]. The properties
of layers used in the current study are given in Table 8.1. The PV system is assumed to be
fixed in a metal casing and the effects of the metal casing are not incorporated in the model
since its lower surface area pertaining to the panel surface area has an insignificant influence
on the PV module operating temperature variation [134,172]. The height of the PV/PCM
system is taken for the present study is 10 cm. The thickness of the PCM layer is 2 cm filled
in 2 mm thick aluminum container. The commercial PCM taken in this work is RT-35 and
its properties are given in Table 8.3 [176].
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Fig. 8.6 Physical model and path of heat transfer
Table 8.3 Thermo-physical properties of PCM (RT-35) [176]
Properties
Melting Temperature (oC)
Latent Heat of Fusion (kJ/kg)

Value
35
240
Solid 2
Specific heat (kJ/(kg.K))
Liquid 2
Solid 880
Density (kg/m3)
Liquid 770
Solid 0.2
Thermal conductivity (W/(m.K)
Liquid 0.2
Thermal expansion coefficient (1/K)
.00091
2
Kinematic Viscosity (m /s)
5×10-6
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8.2.2. COMPUTATIONAL PROCEDURE, MESH DEPENDENCY TEST, AND MODEL
VALIDATION
The concurrent momentum, heat and mass transfer prevailing differential equations
subjected to the boundary conditions are computed numerically by using the heat transfer
module of the COMSOL Multiphysics 5.0 software, based on the finite element method.
PV/PCM geometry, PV panel layers, and PCM properties were defined appropriately in
COMSOL Multiphysics and triangular meshing was created for the overall mesh (ref. Fig.
8.14). The mesh dependence study was done in order to improve the accuracy and
calculation time of the model i.e. to offer an accurate mesh-independent solution and to
reduce the overall calculation time. This helped in defining the appropriate size of elements
for further study. The three mesh sizes initially considered had 25357, 38579 and 45136
finite elements and it is observed that the results obtained were quite similar for all three
mesh size. For better accuracy in the calculations, finer mesh size having 45136 numbers of
elements (elements ref Fig. 8.7) selected for the numerical simulation. The simulations were
performed on a workstation having processor Intel(R) Xenon(R), 64 GB of RAM. The
model was two-dimensional, and the simulation was performed for the atmospheric
conditions for May 2011, for the City of Allahabad, Uttar Pradesh, India (25.4500° N,
81.8500° E). Fig. 8.8 represents the Data of wind velocity, ambient temperature and solar
radiation taken to carry out numerical investigation reported in the present study1. The
transient numerical investigations were carried out by adopting constant (Newtonian)
iteration procedures with Backward Euler time stepping method. The maximum six numbers
of iterations were assigned for each time step, and the damping factor was 0.9 and the
maximum time step was 5 seconds.

1

data obtained from Indian Society of Heating, Refrigerating and Air-Conditioning Engineers (ISHRAE)
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Fig. 8.7 Mesh at a mid-height cross-section of the numerical model.

Fig. 8.8 Data of wind speed, ambient temperature and solar radiation

The present thermodynamic study with and without PCM considering the convective
mode of heat transfer effect has been validated by previous experimental study Park et al.
[175] and Huang et al. [25] respectively. The validation of temperature variation without
PCM with the study of Huang et al. [25] is shown in Fig 8.9. Table 8.4 gives the properties
of materials that have been used as PCM for the validation of our thermal model. The
temperature variation of the day is calculated from the model and is compared with the study
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of Park et al. [175], as shown in Fig. 8.10. This comparative study clearly shows that results
obtained with our thermal model are in good match with the experimental results as
measured by Park et al. [175]. Such comparative analysis puts a stringent test of the
reliability and accuracy of the presently developed model before using it further.

Fig. 8.9 Model validation with Haung et al. [25]
Table 8.4 Thermal properties of the PCM [175]
Thermo-physical properties

Value

Thermal conductivity (W/m K)

0.2

Density (kg/m3)

Solid

880

Liquid

760

Specific heat capacity (kJ/kg K) 2.1
Melting temperature (K)

298

Latent heat of fusion (kJ/kg)

184

136

Fig. 8.10 Model Validation with Park et al. [175]

8.3. RESULTS AND DISCUSSION
8.3.1. PV PANEL WITHOUT PCM
On the basis of the validated thermal model, the numerical simulation was conducted for
two different cities of India as representative cases. These cities have a high potential for the
installation of solar photovoltaic technology. They were chosen to investigate the maximum
possible PV module temperature affecting the efficiency loss. The results and discussion are
categorized into two sections, namely numerical simulation and comparison with empirical
formulas.
8.3.1.1. Numerical Simulation
The above discussed thermal model was further used to study the variation of PV panel
temperature for two selected cities, namely Allahabad (25.4500° N, 81.8500° E) and
Jodhpur (26.2800° N, 73.0200° E), located in the north part of India. These places are chosen
as representative places for locations receiving a good amount of solar radiations of the
annual average of 5.01 (kWh/m2/day), 5.79 (kWh/m2/day) for Allahabad and Jodhpur
respectively. The objective has been to see the highest temperatures the PV panels can reach,
affecting the efficiency of the PV panel at such places, which are otherwise good locations
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for PV installation. Numerical simulation of PV panel was carried out based on weather data
obtained from the Indian Society of Heating, Refrigerating and Air-Conditioning Engineers
(ISHRAE) [177] The data are obtained in the form of hourly average for different months.
Fig. 8.11 and Fig. 8.12 represent the variation of ambient temperature and module
temperature with solar radiation at Allahabad and Jodhpur respectively for different months
with the time. From these figures, it is clearly shown that the module temperature increases
with an increase in solar radiation.
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Fig. 8.11 Hourly, average variation of module temperature and solar radiation for
different months (Allahabad)
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Fig. 8.12 Hourly, average variation of module temperature and solar radiation for
different months (Jodhpur)
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Fig. 8.13 and Fig. 8.14 show the variation of wind velocity for Allahabad and Jodhpur
respectively, which affects the module temperature substantially. From Fig. 8.13 and Fig.
8.14, it is clearly shown that higher wind velocity reduces module temperature due to forced
convection effects. For Allahabad, the average wind velocity is lower as well as solar
radiation in comparison to Jodhpur for any given month. However, the maximum module
temperature increases in comparison to Jodhpur due to the lower convection heat losses
because of lower wind velocity. Further, it is also seen that the temperature of PV panels for
both Allahabad and Jodhpur remains above 25 oC for about 7-13 hours per day for the month
of October to March and 20-24 hours per day for the month of April to September. Table
8.5 shows the number of hours for which the temperature rises above 25 oC for both cities.
Fig. 8.15 represents the variation of maximum module temperature for both cities in
different months. For the month of January, the maximum module temperature is equal for
both cities and it found higher for Allahabad for the month of March, April, May, Jun,
August, November and lower for remainings. This occurs because of wind velocity which
increases forced convection heat transfer coefficient. As the average value of per hour’s data
available hence the temperature predicted in monthly per hour average temperature
variation. Due to unavailability of daily, hourly solar radiation, ambient temperature, and
wind velocity data, the daily hourly module temperature variation can’t be predicted on the
daily hourly basis.

Fig. 8.13 Hourly Average wind velocity of different months in Allahabad
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Fig. 8.14 Hourly Average wind velocity of different months in Jodhpur

Fig. 8.15 Simulated maximum module temperature variation of PV cell for Jodhpur and
Allahabad
Table 8.5 No of hour’s temperature reaches above 25 oC for different months
Month/Location
Allahabad
(h)
Jodhpur
(h)

Module
Ambient
Module
Ambient

Ja
n
7
0
7
0

Fe
b
8
0
9
0

Ma
r
12
10
13
11

Ap
r
21
20
23
22
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Ma
y
24
24
24
24

Ju
n
24
24
24
24

Ju
l
24
24
24
24

Au
g
24
24
24
24

Se
p
24
24
24
24

Oc
t
12
12
14
13

No
v
10
7
11
8

De
c
7
0
9
2

8. 3.1.2. Comparison with empirical relations
A number of empirical relations to estimate the PV panel temperature have been proposed
and are compiled by Dubey et al. [131]. Just to have a comparative work for our calculations,
we have compared our results with the empirical formula given by Risser et al. [178] and
Chenni et al. [179] which are given by Eq. (20) and Eq. (21) respectively:

Tc = 0.943 Ta + 0.028 G a -1.528 Wv + 4.3

(76)

Tc = 0.899 Ta + 0.025 G a -1.3 Wv + 3.12

(77)

where Tc is module temperature, Ta is ambient temperature, Ga is incoming solar radiation
and Wv is wind velocity. The results are displayed in Fig. 8.16 (Allahabad) and Fig. 8.17
(Jodhpur), which shows the variation of module temperature calculated through the thermal
model discussed above with the results obtained from the empirical formula. Though the
empirical formula does not put a stringent test for the accuracy of results, still it can be seen
that the results from the present model and the results obtained by the formula are quite close
to each other, especially for low ambient temperature and wind velocity. For Allahabad, the
deviation of model results with respect to empirical formula is lesser as compared to Jodhpur
due to low wind velocity. For the Jodhpur, the empirical formula gives fair agreement
mostly. As wind velocity and ambient temperature increases, the model deviates from
empirical formulas as shown in Fig. 8.17, which is obvious as empirical formula cannot take
into account such finer variations. This comparative study clearly suggests the need for an
accurate model to study the temperature variation before employing methods for thermal
regulation of PV panels.
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Fig. 8.16 Comparison of developed model of module temperature with literature for
Allahabad, showing 24 h variation for different months

Fig. 8.17 Comparison of developed model of module temperature with literature for
Jodhpur, showing 24 h variation for different months
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8.3.2. PV PANEL WITH PCM
The present thermal model for PV/PCM has been validated first and then applied to examine
the temperature variation of PV panels coupled with PCM. The initial temperature of the
module and the PCM is equal to the ambient temperature. The results and discussion of the
current study are presented in following sub-sections (i) melting and solidification of PCM,
(ii) effect of natural convection in PCM on PV panel temperature (iii) effect of PV panel’s
tilt angle on its operating temperature, and (iv) the effect of wind speed on PV panel’s
operating temperature (v) and PV panel power output.
8. 3.2.1. Melting and solidification of PCM
At the initial state (From 00:00 hours to the 5:00 AM) the solar radiation is not available
therefore the temperature of Polycrystalline silicon cells does not increase. At daytime, with
the solar radiation falling on the PV panel front surface, the temperature of the PV panel
starts growing and heat transfer starts taking place through PV panel to PCM. The PCM first
absorbs and stores energy in the form of sensible heat in its solid phase as its temperature
increases. When the temperature of the solid PCM reaches the situation of transition
temperature, the energy starts getting stored in the form of latent heat. The simulated results
of temperature and velocity field inside the PCM domain at a different time interval of the
day are shown in Fig. 8.18. Because of the lower density of melted PCM, it moves upward
near the PV panel and cooler PCM parts having higher density fill that space, as represented
by arrows in Fig. 8.18. By this way, the natural convection takes place during the melting of
PCM. The smaller arrow represents melted PCM with lower velocity and larger arrow size
represents melted PCM with higher velocity in the fig. The absence of an arrow means PCM
with zero velocity. Fig. 8.19 displays the velocity of the melted PCM at mid-height of the
PV panel. The melted PCM velocity at the initial stage of melting (at 7:30 AM) is lower
near the front aluminum plate and it increases with time.
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Fig. 8.18 Temperature (oC) and velocity field of PV coupled with phase change
materials at different time interval

Fig. 8.19 Variation of mean velocity at mid-height of PCM with Arc length (m)
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As time increases, the process of melting gets enhanced and after some time it is
accelerated when the PCM in liquid phase meets the back of the aluminum plate as it gets
warmer than the melt temperature of the PCM. The initiation of melting starts at about 7:00
AM and completes at around 9:00 AM. After the completing the fusion process, the melted
PCM absorbs energy from PV panels in the form of sensible heat as its temperature keeps
increasing. During the sensible heating of liquid PCM, the heated liquid PCM near the front
aluminum plate moves upward and circulates inside the container. The maximum mean
velocity in the PCM domain is seen at around 11:00 AM with the value of 4.28 ×10-4 m/s.
When the solar radiation starts decreasing at around 12:00 PM, the PCM temperature
also starts decreasing, along with the velocity field in the melted PCM (refer to Fig. 8.19 at
17 h, 17.5 h, and 18 h). The PCM starts solidifying at about 05:30 PM and is completely
solidified at 08:00 PM. It is important to note that during solidification, the velocity induced
due to natural convection of the PCM is around zero, showing that conduction heat transfer
is overriding. Fig. 8.20 represents the variation of PCM melt fraction over the daytime. It
shows that the process of fusion and solidification are carried out in a short period of time
of about 2 hours.

Fig. 8.20 Variation of melt fraction over the daytime of PCM
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8.3.2.2. Effect of convective heat transfer in PCM
The melting of PCM occurs due to both conductive and convective mode of heat transfer.
Earlier studies on thermal modelling of PV panels with PCMs considered only the
conductive mode of heat transfer inside the PCM during its fusion and solidification
[56,175]. However, it has been pointed out that the heat transfer due to convection plays a
vital role in the melting of PCM when container volume is large enough to allow for
macroscopic fluid particle displacement [156,180,181]. The convective mode of heat
transfer speeds up the melting process and gives better heat transfer rate which causes a
reduced temperature of PV panels presented in Fig. 8.21. More importantly, during the
melting process, natural convection is dominant over conduction. This is because of the mass
transfer inside the PCM cavity which leads to an enhanced thermal conductivity of PCM
[113]. Due to the enhancement of PCM’s effective thermal conductivity, the melting process
is accelerated and results in more heat transfer from the PV panel in comparison to the heat
transfer without considering the convection effect, which can be seen from Fig. 8.21, where
the maximum panel temperature is 54.90 oC with conduction and convection effect, 58.5 oC
with conduction only and 60 oC for PV panel without having PCM at all. Thus, proper
consideration of the convective mode of heat transfer is highly required for accurate thermal
analysis of PV/PCM systems.

Fig. 8.21 Temperature variation of PV panel over the daytime
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8.3.2.3. Effect of PV panel’s tilt angle on PV panel operating temperature
The PV module tilt angle affects the melting of the PCM attached at its back by due to the
convective heat transfer inside the PCM. The developed thermal model is solved for three
different angles of inclination from vertical i.e. 30o, 45o and 60o. Fig. 8.22 represents the
effect of tilt angle on the variation of PV panel operating temperature. As the tilt angle of
PV/PCM system increases the velocity of melted PCM decreases, which reduces the
convective heat transfer inside the PCM cavity. The natural convection heat transfer losses
of air to the environment over the panel decrease along with the PV tilt angle, and there is
no convection when the panel is horizontal, and convection is maximum for a vertical panel.
Overall the PV panel operating temperature decreases with increment in PV panel tilt angle.

Fig. 8.22 Effect of tilt angle on PV panel operating temperature
8.3.2.4. Effect of wind speed on PV panel operating temperature
The operating temperature variation of the PV panel is also dependent on the wind speed.
Fig. 8.23 represents the effect of wind speed on the PV panel operating temperature. The
developed thermal model is solved for three different wind speed i.e. 2 m/s, 3 m/s and 4 m/s
at 45o angle of inclination. From the figure, it is clearly shown that when the wind velocity
is higher, the PV panel operating temperature tends to close to the ambient temperature, due
to the higher convective heat loss and therefore increased heat transfer to the surroundings
from PV/PCM. The lower ambient temperatures lead to enhanced heat losses from PV panel
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front and PCM container back surface by natural and forced convection and also enhanced
radiative heat losses due to the temperature gradient between PV/PCM and ambient.

Fig. 8.23 Effect of wind speed on PV panel operating temperature
8.3.2.5. PV panel power output
The effect of operating temperature on PV panel power loss is shown in Fig. 8.24. From Fig.
8.24, it can be seen that the power loss increases sharply if PCM is not attached at the back
side of the PV panel. Using PCM to regulate the PV module temperature, one can see the
significant decrease in power loss, which otherwise would have occurred due to high PV
module temperature. This happens because of the isothermal phase change nature of PCM
while changing its phase; the PCM delays the rise of panel temperature by absorbing the
extra thermal energy of the system. The natural convection for the duration of the PCM
melting also plays a substantial role in the reduction of PV module power loss. This is
because of the greater heat transfer rate from the panel to the PCM and environment. The
extreme power loss occurs with the PV panel system with no PCM and the PV panel having
PCM with natural convection effect yields the lowest power loss. The maximum power loss
is 14 % for the panel with no PCM whereas the minimum power loss is 11% for the panel
with PCM at its back.
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Fig. 8.24 Variation of power loss with and without PCM

8.4. CONCLUSION
Thermal regulation of PV panels has received a lot of attention from researchers and
manufacturers in the recent past, so as to get maximum benefit from such installations.
Moreover, a number of mega power plants based on PV panels are currently being planned
worldwide, hence, it would be of great importance to do a thermal analysis of PV panels
with respect to local weather conditions to take into account the possible energy losses. In
the present study, we have developed and experimentally validated a thermal model to study
the temperature variations of a polycrystalline flat solar panel. Temperature variation of PV
was determined for two cities in India which have the potential for the installation of
Photovoltaic technology. The results obtained from the numerical simulation were compared
with empirical formulas obtained from the literature. It was found that the developed thermal
model is very helpful to predict the temperature variation of PV Panels. The predicted
maximum PV module temperature was found higher for Allahabad when compared to
Jodhpur for the months of March, April, May, June, August, and November. The
temperature of PV panels stays above 25oC for about 7-14 (average for a month) hours per
day in the winter season and 20-24 (average for a month) hours per day in the summer season
and therefore, the panels need cooling for the effective utilization of solar photovoltaic
technology. Such studies could be of much help in estimating the overall losses being
incurred at various Mega PV installations.
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A thermodynamic model of PV panel coupled with PCM at its back has been also
developed to study and the heat, mass and momentum transfer features of PCM integrated
standalone PV panel. In comparison to existing studies, the present thermal model offers a
comprehensive analysis as it includes convective mode of heat transfer inside the PCM,
fusion and solidification of the PCM, influence of wind speed on natural and forced
convection from PV panel’s front and a back surface, radiative heat transfer to ambient and
ground, variable weather situations and the effect of the panel inclination angle on the heat
and mass transfer mechanism in PCM along with heat loss from PV panels front and PCM
container back surface. Thus, the developed thermal model can ably forecast the temperature
response of solar panel, which has been successfully tested by the experimental results
available in the literature. These results clearly indicate that PCM offers an effective way of
controlling the increase in the temperature of the panel. The outcome of the study is
summarized below, which suggests that the angle of inclination, wind speed, convective heat
transfer in PCM has a substantial effect on PV panel operating temperature
1. The simulation studies are performed for the month of May and for the Indian climatic
conditions of the City of Allahabad (Uttar Pradesh) (25.4500° N, 81.8500° E) which
have very good PV panel installation potential, the operating temperature of the panel
with PCM attached its back surface is lower by a maximum of 6 oC when equated to the
conventional PV module, when considering convective mode of heat transfer effect in
the PCM, and reduced by 3 oC when considering only conduction mode of heat transfer,
confirming the effect of PCM to maintain the panel temperature due to adding PCM.
Ultimately, the productivity of the solar panel module is increased by about 5%.
2. The convective mode of heat transfer during the melting of PCM plays a substantial role
in carrying out the thermal analysis and power output analysis of PV panel.
3. The maximum operating temperature reaches 55.31 oC, 53.53 oC, and 52.32 oC with a
wind speed of 2 m/s, 3m/s and 4 m/s respectively.
4. The maximum operating temperature reaches 55.81 oC, 54.88 oC, and 54.32 oC with a
tilt angle of 60 o, 45 o and 30 o respectively from vertical.
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CHAPTER 9
DESIGN AND ANALYSIS OF AIR
VENTILATED BIPV WITH PCM
Building Integrated Photovoltaic (BIPV) is the recent buzz in the field of solar photovoltaic
devices. These are attractive not only due to increasing use of low carbon technologies for
power production but also due to optimized space utilization as BIPV is attached to building
walls and roofs. BIPV systems coupled with phase change materials (PCM) (BIPV/PCM)
could prove to be even significant as such hybrid solar thermal system using PCM can help
in reducing the PV temperature so as to effectively use BIPV. The power production of
BIPV/PCM not only depends on the physical parameter such as solar radiation, ambient
temperature, wind velocity etc. but it also depends on some design parameters such as PCM
thickness, the air gap between BIPV/PCM and wall, air mass flow rate in air gap and height.
The present study aims to develop a thermal model and simulate the effect of different design
parameters i.e. PCM thickness, the height of BIPV, mass flow rate, and air gap thickness
and type of PCM to maximize energy generation. The thermal model has been solved for 9
cases i.e. standard orthogonal array L9 of Taguchi and Wu having different PCM thickness,
height, air mass flow rate, air gap and PCM with the actual weather conditions of City
Arlington Virginia, United State of America. The effects of these parameters are investigated
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in the terms of energy generated by PV panel and energy extracted by air. The effects of
various parameters are discussed using analysis of means (ANOM) on the basis of L9. The
correlation has been developed for maximum PV panel temperature (TPV), PV panel energy
generation (EPV), maximum air temperature (TAir) and energy extracted by air (EAir). On the
basis of developed correlations, the optimum values of PCM thickness, BIPV height, Air
gap thickness and air mass flow rate is determined which maximize the energy generation
with an optimum value of PV panel maximum temperature.
The present study deals with the thermal modelling of the BIPV air system coupled
with PCM. The present thermal model offers techniques that can calculate the BIPV
temperature, heated air temperature that is flowing back side of PV panels, the effect of
height on BIPV temperature, the effect of the air gap thickness at panel back side on
temperature and effect of attaching PCM on BIPV backside. The present thermal model
includes various physical and metrological conditions such as the effect of ambient
temperature, wind speed, PV panel’s thermo-physical properties natural and wind-induced
convective heat transfer to the environment etc. The operating temperature of BIPV also
depends on various design parameters such as PV panel height, the air gap between BIPV
and wall, mass flow rate and PCM thickness; therefore, it’s important to study these effects.
The study has been conducted for 9 cases to see the effect of above-mentioned parameters
(Standard orthogonal array L9, Taguchi and Wu [182]). On the basis of these L9 cases, the
effect of various parameters i.e. PCM thickness (δPCM), air gap thickness (δAir), the height of
PV panel (H), various PCM and mass flow rate 𝑚̇ on the PV panel power production and
energy extracted by air are analysed. The correlation has been developed on the basis of
these L9 cases results for various objective functions i.e. PV panel power production, Energy
extracted by air, PV panel maximum temperature and outlet air maximum temperature. The
developed thermal model is validated successfully with the experimental observations of
Park et al. [175]. The developed thermal model is numerically solved using a commercial
package of COMSOL Multiphysics 5.0 version (https://www.comsol.co.in/).

9.1. NUMERICAL MODEL
The present numerical model consists of different layers such i.e. poly-crystalline PV panel,
aaluminum container, PCM, air and concrete wall. The properties of the PV panel’s layers
and concrete wall are shown in Table 9.1. The geometry of the numerical model is
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represented in Fig. 9.1. The properties of different PCM are mentioned in Table 9.2. The
solar radiation (G) falls on the PV panel’s front surface which produces electricity as well
as increases the temperature of PV panels in the form of internal energy stored. The heat
energy losses from the PV panel front surface to the environment with convective and
radiative heat transfer mode. The stored energy in the PV panel transferred to the PCM
attached to the PV panel back surface. The stored heat energy in the PCM is continuously
extracted by air flowing between PCM container and concrete. The inner surface of the
concrete wall is imposed in the room having an ambient temperature of 25 oC. The medium
of heat transfer from the wall surface to the room and vice versa is convective and radiative.
The study has been carried out for the three PCM thicknesses with three PCM, three heights
and three mass flow rates for the constant heat flux and constant ambient temperature to see
the effect of various parameters on the PV panel operating temperature and air outlet
temperature.

Fig. 9.1 Main elements of the numerical model
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Table 9.1 PV panel material properties [134]
PV panel layer properties
PV layers

Density
(kg/m3)

Specific heat
(J/kgK)

Thickness
(m)

Glass face
EVA
Silicon cells
Polyester/Tedlar Trilaminate

3000
960
2330
1200

500
2090
677
1250

Aluminium container

2700

900

Concrete
Air Gap

2300
-

880
-

00.003
0.0005
0.0005
0.0005
0.002
(Both
sides)
0.10
0.05

Thermal
conductivity
(W/mK)
1.80
0.35
148
00.2
238
1.8
-

Table 9.2 PCM properties used for present study [24,183]
Properties
Melting Temperature (oC)
Latent Heat of Fusion (kJ/kg)

RT-25 Paraffin Capric Acid
26.6
28.2
32
232
245
152.7
Solid
1.8
0.35
0.372
Specific heat (kJ/(kg.K))
Liquid
2.4
0.149
0.153
Solid
785
814
1018
Density (kg/m3)
Liquid 749
775
888
Solid
1.9
1.934
1.9
Thermal conductivity (W/ (m.K)
Liquid
1.8
2.196
2.4
For the realistic simulation of actual weather conditions, the metrological data i.e. the solar
radiation, wind speed and ambient temperature has been taken for the city of Arlington VA,
USA. The heat transfer analysis has been carried out using Taguchi standard orthogonal
array L9. The effects of the various parameter have is given by the analysis of mean (ANOM)
using a commercial package of Minitab 17. To perform this study several assumptions must
have been made regarding the PV panel construction, air properties, atmospheric conditions,
PCM properties that affect the thermal analysis of BIPV air systems coupled with the PCM.
These assumptions are as follows:
1. The properties of each layer of BIPV and concrete materials are isotropic and
homogeneous.
2. The properties of air are temperature dependent.
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3. The radiation falls on the PV panel’s surface is equally distributed all over the panels.
4. No dust or other agents are deposited on the panel’s front surface that affects the
absorptivity of panels.
5. Only conduction mode in the PCM is considered.
There are 9 cases studied with the actual weather conditions as presented in Table 9.3 with
three different PCMs RT-25, Paraffin wax and Capric Acid. The variation of PV panel
temperature and hot air temperature can be calculated by considering heat transferred to the
environment from PV panel, heat transfer to the PCM attached at back side of PCM and air
flowing inside the channel. The energy generation by PV panel and energy extracted by air
is calculated.
Table 9.3 Standard orthogonal array L9 of Taguchi and Wu
Air gap
L (Number of PCM Thickness Height H
Thickness δAir
Experiment)
δPCM (m)
(m)
(m)
1
0
1
0.02
2
0
2
0.05
3
0
3
0.08
4
0.02
1
0.05
5
0.02
2
0.08
6
0.02
3
0.02
7
0.04
1
0.08
8
0.04
2
0.02
9
0.04
3
0.05

Mass flow rate
𝑚̇ (kg/s)
0
0.091875
0.18375
0.18375
0
0.091875
0.091875
0.18375
0

9.2. MESH, COMPUTATION AND MODEL VALIDATION
The governing partials differential equations of heat, mass and momentum transfer equations
subjected to the boundary and initial conditions are concurrently solved by using the nonisothermal fluid flow module of the COMSOL Multiphysics 5.0 software, which is based
on the finite element method. The BIPV air thermal system’s geometry, PV panel layers,
and PCM properties were defined appropriately in COMSOL Multiphysics. For the present
study the PV panel’s layers, concrete wall, air domain and PCM layer are divided into small
elements of a different size known as a mesh. The mesh dependency study was also
conducted in order to improve the accuracy and calculation time of the present thermal
model i.e. to offer an accurate mesh-independent solution and to reduce the overall
calculation time. The numerical model was two-dimensional, and the simulation was
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performed for the atmospheric conditions for July 15, 2015, for the City of Arlington,
Virginia, USA (38.8816° N, 77.0910° W) Fig. 9.2 represents the data of wind velocity,
ambient temperature and solar radiation taken to carry out numerical investigation reported
in the present study (National Solar Radiation Data Base)2. The time-dependent study
carried out using by taking constant (Newtonian) iteration with Backward Euler time
stepping method. The six numbers of iterations for each time step were assigned with
damping factor 0.9 and a maximum time step of 10 seconds. The present thermal model with
and without PCM, considering the convective mode of heat transfer over the PV panel has
been successfully validated in Chapter 8.

Fig. 9.2 Weather Data for the present study

9.3. RESULTS AND DISCUSSIONS
The present developed thermal model is used to study the effect of different design
parameters on heat transfer characteristics of BIPV air thermal systems. The study has been
conducted for constant heat flux as well as actual weather condition for the City of Arlington

2

http://rredc.nrel.gov/solar/old_data/nsrdb/
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Virginia, USA, and the results are analyzed using a commercial package of Minitab 17. The
correlations have been developed for different objective functions i.e. energy generated by
PV panel and energy extracted by air over the daytime, maximum PV panel and extracted
air temperature. Based on these developed correlations the optimum thickness of PCM, air
gap, height and air mass flow rate has been determined which generate maximum PV energy
as well as energy extracted by air on optimum value of PV panel maximum temperature.
The results of the present study have been discussed in the following subsections.
9.3.1. BIPV OPERATING TEMPERATURE WITH CONSTANT HEAT FLUX
To see the effect of PCM thickness, height, air gap and air mass flow rate on the BIPV
temperature variation, the study has been also conducted for the constant heat flux of 720
W/m2 considering natural convection and radiative heat loss to the environment. The
ambient and room temperature has been taken 25oC and the emissivity of the panel is taken
0.91. The three different PCM thickness, height, air mass flow rate and PCM have been
taken for the study with constant heat flux. The comparative study has also been conducted
for BIPV without PCM and without an air gap, BIPV only PCM and BIPV only air gap.
Fig. 9.3(a), 9.3(b) and 9.3(c) represent the variation of the temperature of BIPV at
different time interval without an air gap and without PCM, BIPV with PCM and BIPV with
air respectively. Fig. 9.3 (a) represents the temperature variation of BIPV attached to the
wall. In this case, the BIPV is directly integrated with the concrete wall. As BIPV is directly
combined with the building wall the heat gained BIPV is transferred to the building wall.
The maximum temperature of BIPV, in this case, reached up to 58oC and inner wall
temperature is 45oC at 600 min. The increase in the wall temperature causes heating of
building and increases the cooling load that reduces the energy efficiency of buildings. Fig.
9.3 (b) represents the temperature variation of BIPV with PCM. In this case, the PCM is
placed between the BIPV and concrete wall. The energy gained by PV panel transferred to
the PCM and then transferred to the concrete wall. In this case initially

159

(a)

(b)

(c)
Fig. 9.3 BIPV operating temperature: (a) Only BIPV (b) BIPV with PCM, (c) BIPV with
air
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PCM storing energy transferred from the PV panel and then release to the concrete wall. The
operating temperature of the PV panel, in this case, reached 62 oC at 600 min while wall
inner temperature is maintained at 29 oC. In this case, the PV panel temperature increases
4oC as compared to PV panel without PCM and air gap while the inner wall temperature is
reduced 16 oC, which reduces the building cooling loads and reduces the energy
consumption in the buildings. Fig. 9.3 (c) represents the variation of temperature in BIPV
with an air gap. In this case, the air gap is provided between the PV panel and building wall
while air is not flowing in the air gap. The PV panel operating temperature becomes slightly
higher as compared to PV with PCM. It is due to lower heat energy storage capacity and
thermal conductivity of air as compared to PCM. The PV panel operating temperature
reaches the 67.5oC and wall inner temperature is 27oC. It can be seen from Fig. 9.3(a), 9.3(b)
and 9.3(c) the operating temperature of the PV panel get enhanced for the case PV with air
gap while inner wall temperature gets reduced. So if we apply both PCM and air
simultaneously the PV panel operating temperature reduces.
Fig. 9.4 (a), 9.4 (b) and 9.4 (c) represent the temperature variation of a panel at
different time interval with an air gap and RT-25 PCM layer thickness of 0.08 m, 0.04 m
and 0.0 m respectively. Between the PCM and concrete wall, the air is flowing with the mass
flow rate of 0.091kg/s. For the PCM thickness having 0.08 m the PV panel operating
temperature is found around 61oC at 600 min as shown in Fig. 9.4(a). As the PCM is not
completely melted after 600 min, therefore, the air is not heated and there is no temperature
difference in inlet and outlet air. The air remains at their initial temperature and wall
temperature also not affected. However, if the PCM thickness reduces the PCM completely
melted and air temperature also increases as shown in Fig. 9.4(b). In Fig. 9.4(b) the PCM
thickness considered 0.04 m and air mass flow rate remains the same as with 0.08 m PCM
thickness. In this case, the BIPV/PCM temperature becomes a constant and steady state after
600 min. The air continuously extracted heat from PCM container back surface which
maintains the PCM and PV panel at steady state position. The lowest PV panel operating
temperature 59 oC is obtained without application of PCM as shown in Fig. 9.4(c). In this
case, the air is directly flowing nearby to the PV panel which pulls out heat from the panel
and decreases PV panel operating temperature. The PV panels become the steady state in
the short duration of time as air is directly contacted by the PV panel and temperature profile
is the same for all three time-interval.
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(a)

(b)

(c)
Fig. 9.4 Effects of PCM thickness on PV panel and air temperature: (a) 0.08 m, (b) 0.04
m, (c) 0.0 m
Fig. 9.5 (a), 9.5 (b), 9.5 (c) represents the temperature variation of BIPV/PCM with
different PCM at different time interval with 0 kg/s, 0.091 kg/s, 0.18 kg/s air mass flow rate
respectively.
162

(a)

(b)

(c)
Fig. 9.5 Effect of air mass flow rate on temperature variation: (a) 0 kg/s, 0.091 kg/s and
0.18 kg/s
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Fig 9.5 (a) represents the temperature variation with PCM and without airflow at different
time interval with different PCM. It has been found that the PV panel operating temperature
reaches 64oC at 600 min when using RT-25 and Capric acid PCM, while with Paraffin the
PV panel temperature reaches 63 oC. The temperature distribution at different time interval
shows that the maximum temperature of the PV panel is reached with RT-25 and minimum
for paraffin. As the mass flow rate of air in this system is 0 kg/s, therefore, the temperature
of the PCM container adjacent to air goes higher and reaches 51 oC for RT-25, 48 oC for
Capric Acid and 42 oC for paraffin. The air nearby the aluminum back container is heated
only due to conduction mode of heat transfer, from the aluminum container to the air and it
also affects wall temperature. However, if the air is flowing behind the PV aluminum
container, the wall temperature will not increase, as the fresh air removes the heated air out
to the ambient. The Fig. 9.5 (b) represents the variation of the temperature of the system at
a different time instance with three different PCM at 0.091 kg/s mass flow rate. The
maximum operating temperature of the PV panel reaches 61.5 oC for all three PCMs at 600
min. The air flowing back to aluminum container extracted energy from melted PCM and
reduced the temperature of the PCM. The aluminum container back surface temperature
obtained 34 oC, 31oC and 28 oC for RT-25, Capric acid and Paraffin respectively at 600 min.
Fig 9.5 (c) represents the variation system temperature at a different time interval and with
different PCM at 0.18 kg/s mass flow rate. The maximum temperature of the PV panel is
obtained 61.5 oC with RT-25 at 600 min and 60oC for Paraffin and Capric acid. The
temperature of aluminum container surface imposed to air is found 33oC for RT-25 and 27oC
for Paraffin and Capric acid.
9.3.2. ENERGY GENERATION WITH CONSTANT HEAT FLUX
The variation of total energy generated (ETotal) (i.e. the sum of energy produced by PV panel
and energy extracted by air) with PCM thickness is presented in Fig. 9.6 at different PV
panel height and different air mass flow rate with RT-25 PCM. Fig. 9.6 (a) represents the
total energy generated at 1 m PV panel height at a different mass flow rate. The highest
energy is generated without PCM and highest air mass flow rate and minimum for without
PCM and without air flow. The extracted energy by air as well as the energy generated by
the PV panel is higher due to the higher air mass flow rate. As the air mass flow rate
decreases the extracted energy by air reduces, which leads to enhancement of PV panel
operating temperature that consequently reduces the power production by PV panel.
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(a)

(b)

(c)
Fig. 9.6 Effect of PCM thickness and air mass flow rate on energy generation at
constant heat flux with RT-25 PCM: (a) H = 1 [m], (b) H = 2 [m], (c) 3 [m]
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The energy production by PV panel increases with increase in PCM thickness when
there is no air mass flow rate. As there is no air mass flow behind the container the higher
mass of PCM absorb more energy and maintain the PV panel at a lower temperature. The
total energy generated by PCM (without air mass flow) is not increased after a certain
thickness of PCM as the PCM is not melted completely for operating time range. If there is
air mass flow adjacent to the aluminium container, the total energy generated by the system
start decreasing with the increase of PCM thickness as PCM acts as an insulator between the
air and PV panel and therefore the extracted energy by air flowing near aluminum container
the start decreasing with increase in PCM thickness. The extracted energy by air becomes
zero when the PCM is not completely melted. From Fig. 9.6 (a), (b) and (c), it can be seen
that after 0.04 m of PCM thickness the total energy generated becomes constant for all
heights. It indicated that the total 0.04 m of PCM thickness is melted for the 720 W/m2 heat
flux in 600 min for all three heights. The Etotal becomes equals when the EPV when the PCM
is not completely melted. From Fig. 9.6 (a), (b) and (c), it can be also seen that with an
increase in the height of BIPV the total energy generated is increased. With an increase in
the height of BIPV the surface area of gets increases and therefore the energy extracted by
air is increased.
9.3.3. PARAMETRIC STUDY OF BIPV WITH ACTUAL WEATHER CONDITIONS
The numerical simulation had been performed with the actual weather conditions of
Arlington City Virginia, USA. The study has been performed for 9 cases based on standard
Taguchi orthogonal array L9 with three different PCM that is RT-25, Paraffin and Capric
acids. The simulated cases with actual weather conditions are presented in Table 9.3.
For the total energy generation that is energy generated by PV panel and energy
extracted by air from container back surface is calculated based on weather data available
and PV panel efficiency. The BIPV temperature, outlet air temperature and efficiency of PV
panel at different thickness of Capric acid PCM considering 1 m height, 0.05 m air thickness
and 0.18 kg/s air mass flow rate over the daytime are shown in Fig. 9.7 (a), 9.7 (b), and 9.7
(c) respectively. From Fig. 9.7 (a), 9.7 (b) it can be seen that the operating temperature of
the PV panel decreases with increase in PCM thickness while outlet air temperature
decreases with increase in PCM thickness.
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(a)

(b)

(c)
Fig. 9.7 Effect of Capric Acid PCM thicknesses with actual weather conditions on (a)
PV panel temperature, (b) Air outlet temperature, (c) BIPV electrical efficiency
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The maximum operating temperature of BIPV is found 54.90 oC, 51.23 oC and 45.21
o

C with 0.01 m, 0.02 m and 0.03 m PCM thickness respectively at 13.5 hours of the day and

the same time the maximum outlet air temperature is found 33.11 oC, 32.36 oC and 32.29 oC
for the 0.01 m, 0.02 m and 0.03 m PCM thickness respectively. As the PV panel operating
temperature increases in the daytime the efficiency of power production is dropping which
are shown in Fig. 9.7 (c) at different PCM thickness. The highest efficiency drop occurs
corresponds to maximum operating temperature. The efficiency at maximum operating
temperature is 0.10565, 0.10741 and 0.11029 with 0.01 m, 0.02 m and 0.03 m thickness of
PCM layer.
The PV panel operating temperature, efficiency, and air outlet temperature has been
calculated for three different PCM i.e. RT-25, Paraffin and Capric acid for all L9 cases given
in Table 9.3. Based on these results the analysis has been conducted for optimization of
different parameter i.e. PCM thickness, BIPV height, air thickness and mass flow rate to
maximize energy production. The four objective functions are identified to optimize the
results. The four objective functions are PV panel operating temperature (TPV), outlet air
temperature (TAir), PV panel energy generation (EPV) and extracted air energy (EAir). On the
basis of these objective functions, the design has been optimizing for different parameter i.e.
PCM thickness (δPCM), height (H), Air gap thickness (δAir) and air mass flow rate (𝑚̇).
The results obtained from L9 cases for all PCMs are analyses using the commercial
package of Minitab 17. The factorial design has been constructed in Minitab 17 considering
factor as PCM thickness, height, air gap thickness, air mass flow rate and response as
different objective functions i.e. TPV, EPV, TAir and EAir. The mean effect plots for different
objective functions have been plotted using the Minitab 17 as shown in Fig. 9.8. From Fig.
9.8 it can be seen that for all the three PCM, the TPV, TAir and EAir decrease with increase in
PCM thickness while the EPV increases with increase in PCM thickness. The TPV has been
decreasing with an increase in height for RT-25 PCM while for Paraffin and Capric acid the
TPV increases with an increase in height. The EPV has an inverse response to TPV to all three
PCM with an increase in height. The TPV, TAir and EAir increases with increases in air δAir
while EPV decreases with increases in air δAir. The TPV, TAir and EAir decrease with increase
in air mass flow rate while EPV increases.
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Fig. 9.8 Mean effect plot for different objective functions
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Based on the L9 cases results the correlation has been developed for the different
objective function. The correlation is the function of δPCM, H, δAir, 𝑚̇ and can be given by
eq. (78). Where a, b, c, d, e, f, g and h are coefficients which are given in Table 9.4 for the
different objective function.
𝒇(𝜹_𝑷𝑪𝑴, 𝑯, 𝜹_𝑨𝒊𝒓, 𝒎 ̇ ) = 𝒂 + 𝒃δ_PCM + 𝒄H + 𝒅δ_𝐴𝑖𝑟 + 𝒆𝑚 ̇ + 𝒇δ_PCM × H +
𝒈δ_PCM × δ_𝐴𝑖𝑟 + 𝒉H × δ_𝐴𝑖𝑟

(78)

The developed correlations are in very good agreement with the simulated results for
all objective functions. Fig. 9.9 represents the comparisons between the simulation results
and correlation results. The results from correlation have 95% confidence level for the TPV,
99% confidence level for the EPV, 95% confidence level for the TAir, 90% confidence level
for the EAir as shown in Fig. 9.9. On the basis of these correlations, the parametric effect of
various factors is analysed for different PCMs. Fig. 9.11 and Fig. 9.12 represents the
parametric of on RT-25, Paraffin and Capric acid respectively.

Fig. 9.9 Validation of developed correlations for different objective functions
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Table 9.4 Coefficient for different objective function

RT-25

Paraffin

Capric Acid

f(δPCM, H, δAir, 𝒎̇)
EPV
EAir
TPV
TAir
EPV
EAir
TPV
TAir
EPV
EAir
TPV
TAir

a
1911.7
-1829
61.82
36.27
1921.2
-1277
63.31
36.29
1980
-1074
58.61
35.83

b
-273
133438
189
4.083
4099
-21890
-421
-6.283
-94
-87086
-688
28.25

c
28.2
396
-0.49
-0.4787
7.6
1312
0.29
-0.3767
-40.36
2488
6.33
-0.09033
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d
2106
285398
57
45.98
2503
210575
-58
39.99
1510
140613
-94
49.06

e
180
-40581
-38.6
-18.10
44
-25643
-10.5
-17.22
302.8
-15269
-20.9
-23.50

f
987
0
-88
0
455
0
3
0
2300
0
-82
0

g
-13029
-7452984
-3618
-1882
-69031
-4529832
4262
-1645
-43233
-2375302
10811
-2005

h
-925
0
12.4
0
-735
0
13.5
0
-240
0
-23.0
0

Fig. 9.10 represents the variation of TPV, EPV, and EAir with air mass flow rate at
different design factors i.e. H, δPCM and δAir for the RT-25 PCM. From Fig. 9.10 it can be
seen that the TPV and EAir decrease with increase in air mass flow rate while EPV increases
with increase in air mass flow rate. The minimum temperature is obtained with minimum
height i.e. H=1 while other parameters are constant. The increment in the BIPV height leads
to higher panel temperature this is due to the lower temperature gradient between the PV
panel and outlet air temperature. The same trends obtained for Paraffin while Capric Acid
has vice versa as shown in Fig. 9.11 and Fig. 9.12 respectively. The TPV decreases with
increase in PCM thickness for the PCM RT-25 and Paraffin (ref. Fig. 9.10 and Fig. 9.11) i.e.
minimum for 0.04 m PCM thickness and maximum for 0.00 m thickness while all other
parameters are constant. This is due to the higher amount of PCM stores higher energy. For
the Capric acid, the effect of PCM thickness is adverse as the Capric acid have higher
thermal conductivity and it transfers energy from PV panel to air at a faster rate, therefore
the higher thickness of PCM leads to higher TPV. The effect of air gap thickness on TPV for
all three PCM can also be seen from Fig. 9.10, Fig. 9.11 and Fig. 9.12. With the increment
in the air gap thickness, the PV panel temperature decreases for RT-25 PCM and increases
for the Paraffin and Capric acid. The air gap thickness has lower effective on TPV for RT25, however, it has a higher effect for Paraffin and Capric Acid. The energy generated by
the PV panel (EPV) decreases with an increment of PV panel height for all the three PCM as
shown in Fig. 9.10, Fig. 9.11 and Fig. 9.12 for RT-25, Paraffin and Capric Acid respectively.
It is due to the higher PV panel height leads to higher PV panel temperature which reduces
the efficiency of PV power generation and leads to lower PV energy generation. The PV
energy generation (EPV) decreases with increment in PCM thickness for all three PCM i.e.
RT-25, Paraffin and Capric Acid as shown in Fig. 9.10, Fig. 9.11 and Fig. 9.12 respectively
and increases with air gap thickness for all three PCMs. The energy extracted by air increases
with an increase in PV panel height for all three PCMs as the outlet air temperature increases
with increment in the height and reduces with increments in PCM thickness. The energy
extracted by air for all PCMs increases with increase in air gap thickness while other
parameters are constant as shown in Fig. 9.10, Fig. 9.11 and Fig. 9.12. The higher energy
extracted by air is due to the higher air mass flow when air gap thickness is high. In Fig.
9.10, Fig. 9.11 and Fig. 9.12 the energy extracted in some cases are in negative, it implies
that the PCM absorbed more energy as compared to discharge to the air. In this case, the
PCM is not melted completely over the day.
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Fig. 9.10 Parametric effects for RT-25 PCM
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Fig. 9.11 Parametric effects for Paraffin PCM
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Fig. 9.12 Parametric effects for Capric acid PCM
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9.3.4. OPTIMIZATION OF BIPV
The optimization study of BIPV has been conducted for different factors i.e. δPCM, H, δAir
and 𝑚̇ using a commercial package of Minitab 17. Table 9.5 presents the optimization of
different objective function i.e. EPV, EAir, EPV+EAir, TPV and TAir. For the present study to
maximize the PV panel energy generation (EPV) the δPCM, H, δAir and 𝑚̇ should be 0.04 m,
3 m, 0.02 m, and 0.18 kg/s respectively for all three PCMs. In this case the, maximum EPV
obtained 2112.21 kJ, 2121.07 kJ and 2167.55 kJ for RT-25, Paraffin and Capric Acid
respectively. For the same case, other objective functions are given in Table 9.5. To
maximize the extracted air energy the δPCM, H, δAir and 𝑚̇ should be 0.0 m, 3 m, 0.08 m, and
0.091 kg/s respectively for all three PCMs. In this case, the maximum extracted air energy
is 18500 kJ, 17170 kJ and 16250 kJ for RT-25, Paraffin and Capric Acid respectively. The
total energy (EPV+EAir) is maximum for the same case in which the EAir is maximum. The
maximum total energy (EPV+EAir) is 20459 kJ, 19141.76 kJ and 18200.39 kJ for RT-25,
Paraffin and Capric Acid respectively. The minimum TPV is obtained for RT-25 PCM the
δPCM, H, δAir and 𝑚̇ should be 0.04 m, 3 m, 0.08 m and 0.18 kg/s and for Paraffin and Capric
Acid, it should be 0.04 m, 1 m, 0.02 m and 0.18 kg/s respectively. The minimum TPV for
these cases is obtained 46.29 oC, 47.55 oC and 36.70 oC for RT-25, Paraffin and Capric Acid
respectively. To maximize the TAir the δPCM, H, δAir and 𝑚̇ should be 0 m, 1 m, 0.08 m and
0.091 kg/s for all the PCMs. The maximum TAir obtained for this case is 37.82 oC 37.54 oC
and 37.52 oC for RT-25, Paraffin and Capric Acid respectively. In Table 9.5, the optimum
case for different objective function and its value is given in bold italic font in Table 9.5 and
the corresponding value of other objective functions are is also presented for same the case.
As the requirement of better design, the PV panel temperature should be minimized
therefore the design is optimized for two constraint temperature i.e. 60oC and 55oC that
maximizes the EPV and EAir and the optimization results are presented in Table 9.6 by the
bold and italic font. The maximum EPV at 60 oC and 55 oC for RT-25 is 2059.49 kJ and
2074.18 kJ, for Paraffin is 2070.00 kJ, 2061.97 kJ and for Capric Acid is 2111.23 kJ, 2121.04
kJ respectively and the corresponding value of δPCM, H, δAir and 𝑚̇ is given in Table 9.6.
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Table 9.5 Maximization of different objective function
RT-25
δPCM
H
[m]
[m]
0.04
3
0
3
0.04
3
0
1
Paraffin
0.04
3
0
3
0.04
1
0
1
Capric Acid
0.04
3
0
3
0.04
1
0
1

δAir
[m]
0.02
0.08
0.08
0.08

𝑚̇
[kg/s]
0.18
0.091
0.18
0.091

EPV
[kJ]
2112.21
1959.00
2040.79
2050.72

Eair [kJ]

0.02
0.08
0.02
0.08

0.18
0.091
0.18
0.091

0.02
0.08
0.02
0.08

0.18
0.091
0.18
0.091

-2860
18500
-4410
17700

Eair+EPV
[kJ]
-747.79
20459
-2369.21
19750.72

TPV
[OC]
49.33
67.86
46.29
63.35

Tair
[OC]
31.15
36.86
30.35
37.82

2121.07
1971.76
2098.98
2074.20

-2240
17170
-4870
14550

-118.93
19141.76
-2771.02
16624.2

48.94
62.79
47.55
59.11

31.28
36.78
32.04
37.54

2167.55
1950.39
2073.86
2069.45

1068.65
16250
-3910
11270

3236.20
18200.39
-1836.14
1333.9

41.83
64.54
36.70
53.67

31.83
37.34
32.01
37.52

Table 9.6 Optimization of EPV and EAir with constraint temperature (60 oC and 55 oC)
RT-25
δPCM [m] H [m] δAir [m]
0.0057
1
0.08
0.0384 2.7121
0.02
0
1.121
0.08
0.0162
3.0
0.08
Paraffin
0
1
0.08
0.0275
3
0.02
0
1.646
0.08
0.0196
1
0.043
Capric Acid
0.04
3
.08
0.0395
3
.0679
0
2.414
0.08
0
1.295
0.08

ṁ [kg/s]
0.1501
0.0667
0.179
0.180

EPV [kJ]
2059.49
2074.18
2061.04
2001.67

Eair [kJ]
12670
1648.496
14170
7409.51

EPV+EAir [kJ]
14729.49
3722.676
16231.04
9411.18

TPV [oC]
60
55
60
55

0.00
0.00
0.091
0.180

2070.00
2061.97
2037.00
2036.62

0
0
15400
280.74

2070
2061.97
17437
2317.36

60
55
60
55

0.18
0.180
0.091
0.0910

2111.23
2121.04
2012.23
2051.83

3804.72
3377.13
14780
12010

5915.95
5498.17
16792.23
14061.83

60
55
60
55

As one can see from table 9.6, the maximum EAir at 60 and 55oC is obtained for RT-25 is
14170 kJ, 7409.51 kJ, for Paraffin is 15400 kJ, 280.74 kJ and for Capric Acid is 14780kJ,
12010 kJ respectively and the corresponding values of δPCM, H, δAir and 𝑚̇ is given in Table
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9.6. The optimum case for the maximum EPV+EAir is same as for the maximum value of EAir.
The optimum value for EPV and EAir is given in Table 9.6 in the bold and italic font.

9.4. CONCLUSION
The thermal model has been developed and numerical simulation has been performed with
actual weather conditions and three different PCMs to investigate the effect of PCM
thickness, height of BIPV, air gap thickness and air mass flow rate between BIPV/PCM and
concrete wall on the PV panel energy generation and extracted energy by air for air
ventilated BIPV. The numerical simulation has been performed for 9 (standard orthogonal
array L9) cases with each PCM. The energy generated by PV panel (EPV), energy extracted
by air (EAir), PV panel (TPV) and an air outlet (TAir) maximum temperature has been
calculated for each PCMs. On the basis of these results, the correlations have been developed
for EPV, EAir, TPV and TAir. The developed correlations have a 99% confidence level for EPV,
95 % confidence level for TPV and TAir and 90 % for EAir. On the basis of these developed
correlations, the BIPV design has been optimized. The optimum design that maximises the
energy generated by PV panel without air flow is δPCM = 0.04 m, H = 3 m, δAir = 0.02 m and
𝑚̇ = 0.18 kg/s for all three PCMs. Thus, the air ventilated BIPV system has been analysed
with actual weather condition of City Arlington Virginia USA. However, the overall
efficiency of the system decreases with air mass flow as it requires an external power source
to flow air behind the PV panel back surface.

178

CHAPTER 10
BUILDING BRICKS CONTAINING
PCM
The study deals with the thermal analysis of building bricks containing phase change
materials (PCM) when subjected to ambient weather conditions such as solar radiation and
ambient temperature. Thermal modelling of building bricks containing PCM has been
carried out to utilize the high latent heat of fusion for indoor comfort in buildings. In the
thermal model presented in this paper, the PCM is filled in the cylindrical cavity of the
bricks. The two-dimensional numerical study has been carried out using the finite element
analysis method considering heat and mass transfer in the PCM. The effectiveness of PCM
in the building bricks has been evaluated by comparing the three different cases - the normal
bricks, bricks with air filled in the cylindrical cavity and bricks with PCM filled in the
cylindrical cavity. Additionally, the study has also been carried out considering different
PCMs, with a varying quantity of single PCM as well as multiple PCM. The obtained results
indicate that the Capric acid is more effective PCM in comparison to the Paraffin and RT25. The maximum heat flux reduction is found to be 8.31 % with Capric acid filled in three
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cylindrical cavities. From the present study, it is also evident that the application of PCM in
building brick could be an effective technique for passive thermal control of buildings.
Global energy consumption in building, both residential and commercial sector is
around 40 % of total energy consumption and contributes to 30% of the CO2 emissions
[184]. Energy consumption for thermal comfort in buildings has grown a lot in a few years
because of increasing users demand for comfort conditions and the accompanying market
penetration of more cooling systems. This increase in energy consumption and the increase
in the fuel price and CO2 emissions are promoting a new policy of more sustainable
buildings. Phase change materials (PCM) provide quite promising technology for various
thermal energy storage applications [1,4,6–10,119]. In recent years a number of research
studies have been carried out especially on the application of PCM in buildings for indoor
comfort [185]. The various types of PCMs were developed for various type of application
[18–20,186]. These PCMs can be applied in different building components such as PCM
Trombe walls [187], PCM wallboards[188], PCM shutter [189], Floor heating [190], Ceiling
boards [191] and walls having Bricks partially filled with PCMs [11].
Studies made so far, on buildings bricks with PCM, have mainly focused on the heat
transfer analysis of building a wall without considering the convective heat transfer inside
the PCM and radiative heat transfer to the environment. In the present study, this has been
taken care of while carrying out the thermal analysis of building bricks containing PCM.
The thermal model has been developed considering convective heat transfer in the PCM
domain. The cylindrical cavities are provided in the building bricks and convective and
radiative heat transfer is considered over brick walls. The objective of embedded PCM in
the building bricks causes a reduction of heat transfer through the bricks from an outdoor
environment to the inner atmosphere. The absorbed thermal energy in the PCM is released
at night time to the outer and inner atmosphere. The thermal models of building bricks have
been validated too.

10.1. NUMERICAL MODEL AND BOUNDARY CONDITIONS
Fig. 10.1 represents the geometrical configuration of building bricks consisting of three
cylindrical cavities. The wall consists of 0.25 m × 0.15 m × 0.15 m of a horizontal brick
with cylindrical cavities. The diameter of PCM is filled in 0.03 m cylindrical cavity and the
container thickness is 0.002 m and the container is made of acrylic plastic. The outer wall
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of building bricks is subjected to the solar radiation and forced convection heat transfer
boundary conditions and while the inner wall of bricks is subjected to natural convective
heat transfer boundary conditions. Both sides of building bricks are subjected to radiative
heat loss to the environment and the initial (front as well as back) temperature of the brick
is assumed to be at 25 oC. The heat transfer coefficient at the outer and inner wall is taken
to be 20 W/m2K and 10 W/m2K respectively [136]. Three different types of commercially
used PCM for building applications, namely, Paraffin, Capric acid and RT-25 are considered
for the present study. The melting temperature of the PCMs considered in the work lies
close to the temperature for the indoor comfort. Fig. 10.2 represents the variation of ambient
temperature and solar radiation. The data used in the present study has been taken from
NREL (National Solar Radiation Data Base)3 for the month of March 2014. The properties
of building bricks and PCM used in the present study are given in Table 10.1. Important
assumptions made for the present study are as follows:
• The radiation falling on the front surface of the brick is equally distributed.
• The melted PCM is Newtonian and incompressible.
• The properties of bricks are temperature independent.
• The heat transfer is two dimensional.
• The flow due to the melting of PCM is laminar, and radiation and three-dimensional
convection effects of melted PCM are negligible.
• Two-dimensional convection and conduction modes of heat transfer have been
considered in the melted PCM.

3

http://rredc.nrel.gov/solar/old_data/nsrdb/
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Fig. 10.1 Numerical model and boundary conditions of building bricks
Table 10.1 Thermo-physical properties of materials
Material
Melting Temperature (oC)
Latent Heat (kJ/kg)
Thermal conductivity
Solid
(W/(m.K)
Liquid
Solid
Density (kg/m3)
Liquid
Solid
Specific Heat (kJ/kg.K)
Liquid
2
Viscosity (m /s)
Thermal Expansion Coefficient
(1/K)

Paraffin
28.2
245
0.35
0.149
814
775
1.934
2.196
5×10-6
9.1×104
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Capric
acid
32
152.7
0.372
0.153
1018
888
1.9
2.4
3×10-6
1×10-3

RT-25

Brick

26.6
232
0.19
0.18
785
749
1.8
2.4
5×10-6
9.1×10-

NA
NA
0.7
NA
1600
NA
0.840
NA
NA

Acrylic
Plastic
NA
NA
0.18
NA
1190
NA
1.47
NA
NA

NA

NA

4

Fig. 10.2 Variation of solar radiation and ambient temperature for Rae Bareli and
Bhopal

10.2. MESH DEPENDENCY, COMPUTATIONAL PROCEDURE AND
MODEL VALIDATION
The governing partial concurrent differential equation of momentum and energy
conservation subjected to initial and boundary conditions were solved numerically using
COMSOL Multiphysics 5.0 software, based on the finite element method. As the results are
dependent on mesh size three independent mesh sizes were selected for the solution in the
present study i.e. 36654, 47610, 48038 domain elements and 1196, 1184, 1196 boundary
elements respectively. For the sake of accuracy maximum element size, i.e. 48038 domain
elements and 1196 boundary elements have been selected for the present study. The degree
of freedom for the 48038 domain elements and 1196 boundary elements is 44105 (plus 2124
internal DOFs). Building Brick geometry, and PCM properties were defined appropriately
in COMSOL Multiphysics and triangular meshing was created for the overall mesh (ref. Fig.
10.3). The brick domains have the maximum and minimum 0.0025 m and 5×106 m, the
maximum element growth rate is 1.1 and the curvature factor is 1.1. The PCM domains have
the maximum and minimum element size 0.00101 m and 3.0×10-6 m. The element growth
rate is 1.05 and the curvature factor is 0.2. The numerical calculation has been done using
heat transfer and fluid flow domain of COMSOL Multiphysics 5.0 version software. The
183

thermo-physical properties of PCM are defined according to temperature, which determines
the phase (liquid, mushy, or solid). The steps of the numerical calculation are discretization
of the domain (element, type, and size), defining the time step and relative and absolute
tolerances or errors for the convergence conditions of the solution, determining the nonlinear
settings for iteration sequences and selecting the appropriate solver techniques. The
backward differentiation formulas (i.e. Backward Euler) time stepping method is applied for
solving. The higher and lower order of backward differentiation principles is 2 and 1
correspondingly having a tolerance of 0.001. The value of the time step for the present study
is 100 s. The simulations were performed on a workstation having processor Xenon(R), 64
GB of RAM and the average time is taken for one set of the solution was around 8 hours.

(a)

(b)

Fig. 10.3 Meshing of Brick and PCM domain (a) brick, (b) PCM
The thermal model of the present study is validated with the study performed by
Alawadhi [136], as shown in Fig. 10.4. This comparative study clearly shows that results
obtained with our thermal model are in good match with the study carried out by Alawadhi
[136]. In the present thermal model, the fundamental heat transfer diffusion equation applied
to calculate heat transfer in the building bricks and momentum transfer equation were
applied in the PCM domain and solved concurrently. The thermo-physical properties such
as density, thermal conductivity, viscosity and phase change enthalpy of PCM are modelled
according to the temperature variation. Such comparative analysis puts a stringent test of the
reliability and accuracy of the presently developed thermal model before using it further.
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Fig. 10.4 Model Validation with Alawadhi [136]

10.3. RESULTS AND DISCUSSION
The present study shows the thermal analysis of building bricks with three different PCMs
i.e. Paraffin, Capric acid and RT-25. The study has been conducted on the effect of different
PCM and quantity of PCM and the effect of using multiple PCMs on heat transfer in the
building bricks. The results and discussion are presented in the following subsections.
10.3.1. EFFECTS OF USING DIFFERENT PCM IN BUILDING BRICKS
The simulation study has been carried out for the three consecutive days, considering
meteorological data of the Rae Bareli (Coordinates 26.2469° N, 81.2519° E). This data has
been taken for a period of 14 to 16 March 2014. The solar radiation falling on the front face
of building brick is absorbed partly and a part of it is reflected and loss due to convective
heat transfer to the environment. The absorbed solar radiation increases the temperature of
building bricks. Fig. 10.5 represents the contour plot and isothermal line of the temperature
variation for the building brick over the daytime of 15 March 2014 with Paraffin and without
PCM. In the daytime, the PCM absorbs the heat in the form of latent heat and release it
during night time. It can be seen from Fig. 10.5 that the isothermal lines are parallel to the
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vertical wall of bricks near the front and back surface and start distorted near the PCM
container. It is due to the thermo-physical properties of PCM. Fig. 10.5 also shows the
comparative analysis of building bricks with and without PCM. In the building brick
containing PCM, the two consecutive isothermal lines have more gaps (i.e. higher
temperature gradient) as compared to building brick without PCM. Therefore, heat transfer
is less in the building brick with PCM as compare to brick without PCM. Initially, the PCM
is in the solid state and start melting when its temperature reaches the value of its melting
temperature. The energy absorbed by the PCM which reduces the heat transfer to the indoor
environment. Fig. 10.5 (a) represents the variation of temperature at the 9 AM, it can be seen
from the figure that the area of brick with PCM after the isothermal line 27oC is lesser in
comparison to building brick without PCM. At 12 PM the area after the isothermal line of
27oC of building brick with PCM is higher as compared to building brick without PCM.
From the figure, it can also be seen that the isothermal lines near the bottom line are shifted
towards the front surface of building bricks. It is due to the convective heat transfer in the
PCM domain. The melted PCM has a lower density as compared to solid PCM, therefore
due to bouncy effect the melted PCM moves upwards in the cylindrical cavity and solid
PCM moves downside. By this way, the lower part of the building bricks is at a lower
temperature as compared to the upper part of the brick which can be seen from Fig. 10.5 (c).
The effect of various PCMs employed in building bricks is shown in Fig. 10.6, which shows
the variation of temperature and isothermal lines of building bricks containing different
PCM, at the 12 PM of second-day simulation results. It has been seen that the isothermal
lines of building brick containing RT-25 PCM are more distorted in the PCM zone as
compared to Capric acid and paraffin. This is due to the lower density and melting
temperature of RT-25.
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(a)

(b)

(c)
Fig. 10.5 Temperature variation and isothermal line of building brick with Paraffin and
without PCM at different time interval: (a) 9 AM, (b) 12 AM, (c) 3 PM
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Paraffin

Capric Acid

RT-25
Fig. 10.6 Temperature profile and isothermal line of building bricks with different types
of PCM at 12 PM
Fig. 10.7 represents the variation of normal total heat flux for three different PCM. The
effect of solar radiation and ambient temperature has been considered in the present study.
It is found in the present work that the minimum heat transfer occurs in the daytime to the
indoor environment with the Capric acid and maximum for the RT-25, inversely in the night
time minimum heat transfer take pace with RT-25 and maximum heat transfer occurs with
Capric acid. Therefore, in the present study, the Capric acid is most suitable PCM for
building the brick application. The percentage reduction in heat flux with different PCM is
shown in Fig. 10.8. It had been found that the maximum heat flux reduction is 8.31 % for
Capric acid, while for paraffin and RT-25 it has the value of 6.07 %, 3.61 % respectively.
Table 10.2 represents the heat flux reduction with the application of three different PCM.
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Fig. 10.7 Variation of normal total heat flux with different PCM at back surface of
building brick

Fig. 10.8 Percentage reduction in heat flux with different PCM
Table 10.2 Percentage reduction in heat flux
PCM
Capric Acid
Paraffin
RT-25

% reduction in heat flux
Case 1 (One Container)
Case 2 (Three Container)
2.261815
8.312852
1.903508
6.072083
1.240730
3.613132
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10.3.2. EFFECT OF PCM QUANTITY
The effect of PCM quantity on heat transfer to the indoor environment has also been
investigated in the present study. The 2 cases have been investigated using three different
PCMs. In case 1, a single cavity has been taken while in case 2 three cavities have been
considered. Fig. 10.9 represents the variation of heat flux for three consecutive days with
brick, brick having air and brick with PCM. The variation of heat flux for a brick with air
and RT-25 case 1 is similar and maximum for only brick while minimum heat flux is
obtained with the case 2. Therefore, the higher quantity of PCM has a positive effect on the
performance of building bricks while the lower quantity of PCM has an adverse effect. In
the daytime, the heat transfer is in the positive direction i.e. from brick to indoor environment
while in the night time the heat transfer takes place in the negative direction i.e. from the
indoor environment to building brick. From Fig. 10.9 it can be seen that at the melting and
solidification stage of PCM the slope of heat flux variation curve is higher as compare to
sensible heating of the PCM and building bricks. The variation of temperature and
isothermal lines for both cases is shown in Fig. 10.10 at 12 PM. It can be seen from Fig.
10.10 that the isothermal line of 26 oC has lower distance from the container for case 1 as
compared to case 3. This is due to the higher thermal energy storage capacity of building
bricks. The percentage heat flux reduction is shown in Fig. 10.11 for case 1 and case 2 with
RT-25 and with air. For case 2 the heat flux reduction was found 3.61% and in case one it
is 1.24% while it is 3.17 % it is due to the higher quantity of PCM in the building. Although
the addition of phase change material reduces the heat flux transfer to the indoor
environment it also decreases the mechanical strength of bricks.
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Fig. 10.9 Variation of heat flux for case 1 and case 2 with RT-25

Fig. 10.10 Variation of temperature and isothermal line for case 1 and case 2 with RT25 at 12 PM
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Fig. 10.11 Percentage reduction in heat flux for 1 and 3 containers
10.3.3. EFFECT OF MULTIPLE PCM
In the present study, the effect of using multiple PCM has also been investigated. The Capric
acid has been filled in the upper container, paraffin in the middle container and RT-25 in the
lower container. The Fig. 10.12(a), 10.12(b), 10.12(c) represents the variation of temperature
and isothermal lines at 9 AM, 12 PM and 3 PM respectively. It is found that the temperature
of PCM is around 24.02 oC at 9 AM, 27 oC – 30 oC at 12 PM and 32 oC - 36 oC at 3 PM. The
variation of heat flux at the inner surface of building brick with multiple PCM is shown in
Fig. 10.13. It was found that the heat flux incoming to the indoor environment is higher as
compared to pure PCM and lower in comparison to the brick without PCM. It is due to the
different melting temperature of multiple PCM. The RT-25 has minimum melting
temperature and Capric acid have maximum melting temperature. The heat transfer rate
through the PCM depends on its thermo-physical properties. As the temperature of PCM
increases the velocity field of the melted PCM is also increases, which enhanced the heat
transfer rate in the melted PCM that leads to higher heat flux at the inner wall of building
bricks. From Fig. 10.14 it can observe that the average velocity of melted Capric acid is
lower as compared to the RT-25 and paraffin. This indicates that the Capric acid contributes
to lower convective heat transfer in the building brick. The maximum average velocity for
RT -25 is 0.000150328 m/s, for paraffin, it is 0.000153555 m/s and for Capric acid, it is
0.000127649 m/s.
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(a)

(b)

(c)
Fig. 10.12 Variation of temperature and isothermal line for multiple PCM

Fig. 10.13 Variation of heat flux at inner wall for different PCM
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Fig. 10.14 Average velocity in three different containers for multiple PCM
10.3.4. EFFECT OF CLIMATIC CONDITIONS
The present thermal model is solved for two different Indian climatic conditions, Rae Bareli,
Uttar Pradesh (26.2345° N, 81.2409° E) and Bhopal Madhya Pradesh (23.2599° N, 77.4126°
E). Results obtained in the present study indicate that the heat transfer through building brick
for the Bhopal city is higher as compared to Rae Bareli as shown in Fig. 15. For the Bhopal
city, the rate of heat flux transfer to the indoor environment from the outdoor environment
is higher in the daytime and in the night time; the heat flux transfer from the indoor
environment to the ambient is lower as compared to Rae Bareli.

Fig. 10.15 Effect of different climatic condition
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10.4. CONCLUSION
The building brick with PCM which receives direct solar radiation can be used as passive
thermal conditioners in a house to stabilize the room temperature and decreasing the energy
consumption required otherwise. On the other hand, taking into consideration the analysis
of the results, it can be inferred that they are also efficient accumulators in the summer
season. In this case, it will be necessary to raise the nominal temperature of phase change in
order to make the system work more effectively as a heat sink i.e. to choose different PCM.
From the results obtained in the present study, it can be concluded that the Capric acid is the
more effective PCM as compared to the paraffin and RT-25 for the considered ambient
conditions. It has been also concluded that the higher quantity of PCM is more effective as
compared to the lesser quantity of PCM. Though this needs to be further optimized with
respect to the mechanical strength of the brick. Additionally, the study shows that the heat
flux reduction with three containers is 8.31 %, 6.07%, and 3.61% for Capric Acid, Paraffin
and RT-25 respectively. The percentage heat flux reduction for one container is 2.26, 1.90
and 1.24 for Capric Acid, Paraffin and RT-25 respectively. The heat flux reduction with
using multiple PCM is obtained by 1.198 %. Hence, the present thermal analysis clearly
shows the effective applicability of PCM in building bricks, which can be used for thermal
control of buildings. The main drawback of the addition of cavity inside the building bricks
is a reduction in mechanical strength therefore if we increase the number of cavities inside
the brick the mechanical strength will reduce in a similar fashion.
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CHAPTER 11
SUMMARY & FUTURE SCOPE
OF THE WORK
The presented studies have been conducted on development, performance evaluation and
application of phase change materials. The study has been conducted to develop novel binary
and ternary mixtures of fatty acid for thermal energy storage. The thermal model has also
been developed to performance evaluation of phase change materials with and without nanoparticle. The heat transfer study of PV panel has been carried out when integrated with PCM
and buildings. The heat transfer study of building bricks filled with PCM is also conducted
to see the effect of energy transferred inside the building, from the external environment.
Summary of the present thesis work is given below:
11.1. DEVELOPMENT OF BINARY AND TERNARY MIXTURE OF FATTY
ACIDS AS PCMs
The developed binary mixtures from PA and SA have the melting temperature range from
54oC to 60oC. The binary mixture developed with PA and AC has the melting temperature
range in between 53oC to 56oC. The SA and AC mixture doesn’t form eutectic mixture
196

therefor that is not utilized for thermal energy storage purpose. The ternary eutectic mixture
based on CA, LA and SA have the melting temperature range in between 16oC to 22oC and
for CA, PA and SA its value is in between 18oC to 20oC. The most promising mass
percentages for CLS mixture was with 30 wt.% Capric acid, 60 wt.% Lauric acid and 10
wt.% Stearic acid, with a melting temperature of 16.41 oC and 174.98 kJ/kg of latent heat of
fusion. For the CPS ternary mixture, most of the mixtures were found to have double peaks
in DSC curve except for CPS-721 and CPS-811.
11.2. PERFORMANCE EVALUATIONS OF PCM
The numerical model has been developed for the performance evaluation of different fatty
acids. The thermal performance of five fatty acids Capric, Lauric, Myristic, Palmitic and
Stearic acid has been conducted in terms of melting temperature, time and energy stored.
The maximum energy is stored by Stearic and minimum for Capric acid when kept under
the same physical conditions. Such kind of study is helpful not only in the planning of
thermal energy storage experiments but is also well suited for various applications utilizing
PCMs in a different type of containers. The effect of emulsifying the graphene nanoparticles
in PCM has also been investigated. The results indicate that the inclusion of nanoparticle
results in a relative increase of the dynamic viscosity compared with that of the pure PCM,
thus considerably degrading its natural convection heat transfer efficiency with the increased
concentration of nanoparticles across the melted region. On the basis of the present study, it
can also be said that the effective thermal conductivity of latent heat storage media can be
significantly increased by using smaller volumetric concentrations of nanoparticles although
the convection heat transfer gets hampered by the same additives. The effect of cyclic
heating and cooling on PCM has also investigated and it is found that initially melting rate
is low with variable heating and becomes higher than with constant heating after some time,
while the solidification rate is higher for most of the time. It has been shown that in spite of
the same amount of energy delivered to the PCM, variable heating and cooling provides
faster melting and solidification respectively, with ultimately higher heat transfer rates.
11.3. APPLICATIONS OF PCM
The heat transfer studies of PV panel with and without using application of PCM has also
been conducted to see the effect of operating conditions on PV panel performance. The
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thermal modeling of PV panel has been done considering the convective and radiative loss
to the environment. The developed thermal model has been experimentally validated using
actual weather conditions of city Rae Bareli (Uttar Pradesh, India) India. The numerical
simulation has been done for Allahabad (Uttar Pradesh, India) and Jodhpur (Rajasthan,
India). The results obtained from the numerical simulation were compared with empirical
formulas obtained from the literature. It was found that the developed thermal model is very
helpful to predict the temperature variation of PV Panels. The predicted maximum PV
module temperature was found higher for Allahabad when compared to Jodhpur for the
months of March, April, May, June, August, and November. The temperature of PV panels
stays above 25 oC for about 7-14 (average for a month) hours per day in the winter season
and 20-24 (average for a month) hours per day in the summer season and therefore, the
panels need cooling for the effective utilization of solar photovoltaic technology. Such
studies could be of much help in estimating the overall losses being incurred at various Mega
PV installations. The thermal model PV panel has also developed with the application of
PCM. In comparison to existing studies, the developed thermal model offers a widespread
analysis as it includes convective mode of heat transfer inside the PCM, fusion and
solidification of the PCM, influence of wind speed on natural and forced convection from
PV panel’s front and a back surface, radiative heat transfer to ambient and ground, variable
weather situations and the effect of the panel inclination angle on the heat and mass transfer
mechanism in PCM along with heat loss from PV panels front and PCM container back
surface. From the calculations it was found that the operating temperature of the panel with
PCM attached its back surface is lower by a maximum of 6 oC when equated to the
conventional PV module, when considering convective mode of heat transfer effect in the
PCM, and reduced by 3 oC when considering only conduction mode of heat transfer,
confirming the effect of PCM to maintain the panel temperature due to adding PCM.
Ultimately, the productivity of the solar panel module is increased by about 5%. The
convective mode of heat transfer during the melting of PCM plays a substantial role in
carrying out the thermal analysis and power output analysis of PV panel. The maximum
operating temperature reaches 55.31 oC, 53.53 oC, and 52.32 oC with a wind speed of 2 m/s,
3m/s, and 4 m/s respectively. The maximum operating temperature reaches 55.81 oC, 54.88
o

C, and 54.32 oC with a tilt angle of 60 degrees, 45 degrees and 30 degrees respectively from

vertical. The optimization of air ventilated building integrated photovoltaic panel has been
done using Taguchi standard orthogonal array considering different PCM and its thickness,
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air gap thickness, mass flow rate and PV panel heights. The correlation has been developed
for PV panel power production (EPV); energy extracted by air (EAir); PV panel maximum
temperature (TPV); and extracted air maximum temperature (TAir), with different PCM to see
the effect of different parameters. The developed correlations have a 99% confidence level
for EPV, 95 % confidence level for TPV and TAir and 90 % for EAir. On the basis of these
developed correlations, the BIPV design has been optimized. The optimum design which
maximizes EPV and EAir and minimizes the TPV is δPCM (PCM Thickness) = 0.0113 m, H
(height) =1.1010 m, δAir (Air gap thickness) = 0.08 m and 𝑚̇ (Mass flow rate) = 0.18 kg/s
for RT-25, δPCM = 0.0 m, H =1.0 m, δAir = 0.08 m and 𝑚̇ = 0.18 kg/s for Paraffin and Capric
acid. The heat transfer characteristics of building bricks containing PCM has also been done.
In this case, it will be necessary to raise the nominal temperature of phase change in order
to make the system work more effectively as a heat sink i.e. to choose different PCM. From
the results obtained from this study, it can be concluded that the Capric acid is the more
effective PCM as compared to the paraffin and RT-25 for the considered ambient conditions.
It has been also concluded that the higher quantity of PCM is more effective as compared to
the lesser quantity of PCM. Though this needs to be further optimised with respect to the
mechanical strength of the brick. Additionally, the study shows that the heat flux reduction
with three containers is 8.31 %, 6.07%, and 3.61% for Capric Acid, Paraffin and RT-25
respectively. The percentage heat flux reduction for one container is 2.26, 1.90 and 1.24 for
Capric Acid, Paraffin and RT-25 respectively. The heat flux reduction with using multiple
PCM is obtained by 1.198 %. Hence, the present thermal analysis clearly shows the effective
applicability of PCM in building bricks, which can be used for thermal control of buildings.
11.4. FUTURE SCOPE OF THE WORK
The use of PCM drives very promising technology for thermal management and energy
storage and can be applied in various applications such as solar water desalination, solar
greenhouse, solar dryer, solar still etc. One of the most basic and truly essential of all human
needs is access to clean, potable drinking water. From food and energy security to human
and environmental health, water contributes to improvements in social well-being and
inclusive growth, affecting the livelihoods of millions. At present, the reverse osmosis (RO)
is the most energy efficient technology for seawater desalination as well as direct/or indirect
potable reuse treatment. However, RO based water treatment requires high pressure and is
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an energy-intensive process, requiring ≈ 3.5 kWh of electricity to desalinate 1 m3 of water,
and when powered by fossil fuel leads to undesirable greenhouse gas emission. Currently,
reverse osmosis integrated with large solar photovoltaic (PV) systems is being constructed
worldwide. But the major drawback of solar PV powered RO plants are the requirements of
the expensive battery bank to store electricity for continuous operation which leads to an
undesirable increase in water cost. One of the possible solutions for such problem could be
an innovative approach combining forward osmosis and membrane desalination
techniques, with integrated thermal energy storage to provide a low-cost, efficient and
dispatchable approach to water treatment and clean water production. Water desalination
using hybrid forward osmosis (FO) and membrane desalination (MD) can prove to be an
attractive technology to meet the supply of cheap and clean water.
With the new space mission need of high power dissipation, low thermal inertia and
cyclical operation unit, such as high power amplifier (HPA) for synthetic aperture radar
(SAR) satellite, the development of phase change material (PCM) technology seems to be a
proper solution. Generally, the expected benefit of PCM solution is to eliminate temperature
variation and maintain the stability of electronic units by using the latent heat during the
phase change process. It can also result in advantages of decreased radiator area and heater
power. However, the PCMs have a drawback of low thermal conductivity that leads to the
large temperature gradient between the heat source and PCM.
From the literature, it has been seen that molecular alloys of alkanes as new phase
change materials (molecular alloy phase change materials or MAPCMs) may be used for
thermal protection, specifically for food protection in the range +6°C to +13°C. A molecular
alloy is a binary or multicomponent solid solution, the components of which are organic.
The MAPCMs are molecular alloys with a high latent heat of phase transition (solid-liquid
in this instance). Their main advantage is their thermos adjustability: making it possible to
choose the right composition(s) in the right system(s) in order to obtain melting of the alloy
at the temperature required by each specific application. Also, the smallest thermal window
(temperature difference between the liquidus and solidus temperatures) is often required for
the MAPCM5, to be as effective as possible.
The present study ascertains the utilization of one of the most abundant natural
capital “Solar Energy” through thermal energy storage technique and its overall success
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highly depends on the efficient materials employed for the same. This certainly is an exciting
era for clean energy sources to explore as well as to implement for benefit of mankind at
large.
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