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2.1 Introduction

Increasing levels of greenhouse gas (GHG) emissions and energy de-

pendency on other countries have brought governments to develop
and improve various ways of producing energy. There are many dif-
ferent methods of renewable production of energy. Currently, solar
photovoltaics are one of the most popular methods and rapidly in-
creasing with a worldwide growth of 60% over 5 years from 2007 to
2012 [1]. This is due to fact that solar panels are simply designed
products that require low maintenance and are easy to install.

Photovoltaic systems can be installed on nearly all terrain permit-
ting easy distribution of the energy produced among a community or
country assisting resolving local grid issues. Furthermore, they also
allow energy independence on a local or even national scale, which is
a major geopolitical issue for many countries.

Although, before 2010 the electricity produced by a PV system
was much more expensive than that produced by wind and geother-
mal power and up to 6 times more expensive than electricity pro-
duced by coal and gas [2], presently the PV cost has decreased 4-5
times becoming a real alternative in the close future to the fossil fuels

[3].
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This high cost of PV energy is due to the high cost of PV panels and
their low level of efficiency - they only convert 15% to 20% of solar
radiation into electricity energy.

The applications for photovoltaic (PV) systems differ and they in-
clude field, transport and building applications. Over the decade, the
incorporation of photovoltaics as an integrated part of buildings has
exponentially increased. They are referred to as building integrated
photovoltaic systems (BIPV) and have one of the fastest growing mar-
kets globally [4]. BIPV systems possess many advantages and are
summarized as follows [5]:

[. When PV systems are integrated, unified or mounted onto
buildings, they mitigate against the cost of acquiring land and
associated costs like fencing and cost of support structures
which are required for ground installation of the PV modules.

II. The overall cabling costs can be significantly reduced because
the buildings are typically connected to the grid.

III. The losses and cost that are correlated with the transmission
and distribution of electricity are mitigated against, because
the electricity is being originated close to the point of use.

IV. The integration of PV into buildings displace the use of other
building materials while performing structural duties like
weather protection.

Due to PV cells being the most expensive component of a photo-
voltaic system, the idea of concentrating solar radiation into a smaller
area of cells gave prospect into reduction of the system overall cost
[6]- The reduction in the BIPV system can be achieved either through
the increase of the system efficiency or through replacement of the
PV components (PV cells) with reflective material [7]. The use of the
reflective or refractive material in the latter concentrates solar en-
ergy onto the PV cells allowing for an increased luminous flux on the
PV cell surface [7], a reduced cell area per output and a reduced over-
all system cost per unit of energy produced [6].

Furthermore, the efficiency of solar cells decreases by 0.5% for
every degree increase above the solar cells standard operating tem-
perature [8]. If the trends of increasing PV electricity production are
going to continue, the efficiency of PV cells need to be maintained
during high temperature conditions. Phase change materials (PCMs)
can absorb or release heat while they are changing phase, for instance
from solid to liquid. PCMs have melting ranges at which the
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temperature stays constant until the material is fully liquefied or so-
lidified; referred to as the latent heat stage. During this stage, PCMs
can absorb or release large amounts of heat energy. The phase change
process results in a cooling effect which has proven to be very useful
at regulating temperatures in various applications. Previous experi-
ments undertaken combining PCMs and solar panels have shown
very encouraging results [9]. However, one of the main issues that
was highlighted is the material would not always fully re-solidify
overnight, meaning that the PCM would not have maximum capacity
for use the next day.

Most solar radiation reaching a PV cell is converted into thermal
energy increasing the cell temperature. Temperature increases in
photovoltaic (PV) module lead to immediate efficiency losses and can
accelerate long-term degradation. Silicon PV modules operated at el-
evated temperatures exhibit lower efficiency in converting solar en-
ergy into electrical energy. Temperature elevation is inevitable when
the rate of solar heat gained by the PV is higher than the rate of heat
lost to the ambient environment [10].

2.2 Phase Change Materials

PCMs are materials that have the capacity to absorb heat while
they change phase. As the phase change happens in their latent
heat stage, the temperature of the material stays constantas heat
gets absorbed or rejected, at that point the material is in a mix
phase, a mixture of solid and liquid. Heat will be absorbed or
released until the material reaches its maximum heat capacity or
is fully discharged at which point the material will be fully melted.
Once the material is back into a single phase, the temperature will
start increasing or decreasing again. Water is a good example of a
PCM. The temperature of an ice cube will quickly reach 0 °C and will
stay constant at that temperature until it is completely liquefied,
which is the latent heat stage. As it liquefies or solidifies, heat from
the atmosphere will be absorbed by the material.

In 1978, it was suggested that PCM could act as a potential thermal
storage if integrated with a PV. This concept was patented in 1983
[11], but was not developed commercially. However, following this,
PCM was not investigated as a means of cooling PV until the mid
1990s.

The advantages of PCMs are (i) no volume change during phase
transition; (ii) increase in specific heat transfer area (large surface to
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volume ratio); (iii) no leakage of PCM from matrix; (iv) protection
from external environment; (v) easy application; (vi) improvement
in material compatibility; (vii) improved handling during production;
(viii) improved cycling stability since phase separation is restricted
to microscopic distances, etc. Hence, extent of enhancement in-
creases with heat flux, which is also investigated further by compar-
ing the materials in the systems designed for PV for CPC and other
related thermal applications.

When undergoing phase transition, PCMs can provide tempera-
ture stabilization. They are used in one of two main ways: tempera-
ture control or thermal energy storage (TES) [12]. Due to the low
thermal conductivity of PCMs, their categorical use for temperature
control and energy storage is finite. The effect of solidification at the
heat transfer surface can lead to a significant reduction in heat trans-
fer when energy is extracted from the liquid phase [13]. A PCM heats
reasonably at initial heating, but on getting to the melting/solidifica-
tion temperature, there is absorption of the latent heat by the mate-
rial which leads to phase change from a solid to a liquid or a liquid to
a gas. As the PCM melts, its temperature stabilizes even as it contin-
ues to absorb heat during the phase change. The temperature range
and time taken, over which the phase change occurs, depend on the
mass and thermal conductivity of PCM and any enhanced heat trans-
fer elements therein [14]. This process is illustrated by Gunther et al.
[15]. PCM can yield compact thermal energy storage over a precise
temperature range, and once PCM has fully changed phase, the mate-
rial will begin to heat sensibly again.

Ideal PCMs must have a large latent heat of fusion, high thermal
conductivity in both liquid and solid phase with no phase separation
and a melting temperature lying in the practical range of operation.
They should mostly melt congruently with minimum sub-cooling.
They also should be chemically stable, non-toxic, non-flammable and
non-corrosive. Besides that, they must also have low density varia-
tion and a high overall density. Of all these attributes, the most diffi-
cult to achieve is high thermal conductivity. Once all the characteris-
tics are met, the PCM would ideally be cheap and abundant.

PCMs are divided into organic (paraffin, fatty acid), inorganic (hy-
drated salts) and eutectic (mixture of organic or inorganic PCM)
within the required melting temperature of 20 °C to 100 °C. Cabeza et
al. divided PCMs into groups [16]:

e Cooling applications up to 21 °C
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o 22-28°C for comfort in building applications

e 29-60 °C for hot water applications

e High temperature applications requiring PCM of between 61
°Cand 120 °C.

Organic PCMs are characterized by presence of carbon atoms
[17]; they usually have low melting temperatures (below 220°C)
and are therefore generally used for room heating. Non-Paraffin
compounds include esters, acids and alcohols. Organic PCMs have
very low corrosion and good thermal/chemical stability but have
low latent and thermal conductivity [18].

On the other hand, inorganic PCMs have greater latent heat but are
worse with respect to corrosion than organic PCMs and also have
weaker thermal stability. Salt hydrates, a type of inorganic PCM, are
formed by water absorption by the anhydrous salt at ambient tem-
peratures. They have a phase change enthalpy that depends on bond
strength between water molecules and the salts [17,18]. For high
temperature storage (above 420 °C), molten salts have been widely
used which fall into the inorganic PCM category [18].

Siegel et al. [19] commenced a simplified analysis to determine the
heat transfer enhancement provided by the inclusion of high conduc-
tivity particles in a low conductivity salt. [t was assumed the particles
inside the container retained a uniform distribution during both
freezing and melting cycles, while they neglected sub-cooling energy.
[t was resolved that there was an increase in the thermal conductivity
in both the melting and solidifying processes due to the embedded
particles. It was observed that depending on the ratio of particle to
matrix conductivity, the particles occupying 20% of the storage by
volume increased the rate of heat extraction by 10% to 20%.

Cabeza et al. [20] initiated experimental tests to study the heat
transfer enhancement of PCM for a small thermal energy storage de-
vice using stainless steel fins, copper fins or a graphite composite ma-
terial. It was concluded that the addition of stainless steel fins in the
PCM did not increase the heat flux considerably, and the addition of
copper pieces enhanced heat transfer especially during the melting
process. The highest heat transfer flux of the three methods was
found using the graphite composite material which showed a heat
transfer four times higher than that of the pure PCM. The paraffin
used in this analysis was RUBITHERM RT 30 and it had a melting
point of 30 °C. Comparisons of PCM melting and solidification with
and without fins were made and it was observed that the heat
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transfer during solidification was greater if fins were included, and a
40% reduction in the solidification time was achieved.

Experimental tests and numerical simulations were undertaken
[21] to study the thermal behavior of PV/PCM systems. The numeri-
cal simulations were validated by the experimental measurements. In
the experimental work, the PCM RT25 with a melting temperature of
26.6 °C was used and comparisons of three different systems was car-
ried out, which included a single flat aluminum plate system, a
PV/PCM system without internal fins and a PV/PCM system with in-
ternal fins. All systems used in the experiment had the same sized
front aluminum plate which was 0.3 m long and 0.132 m high, along
with a uniform applied solar intensity of 750 W/m2 at the front sur-
face. Observations showed that after 60 minutes, the front surface
temperature of the single plate system was constant at 63 °C. The
front surface of the PV/PCM system without fins retained a tempera-
ture of around 36 °C between 50 and 100 minutes, then it slowly in-
creased to 44 °C at 280 minutes. The front surface of the PV/PCM sys-
tem with two fins maintained a temperature of around 32 to 33 °C
between 50 to 100 minutes, and then sharply increased to 38 °C at
170 minutes. Conclusions were made that the fins facilitated a more
uniform temperature distribution within the PV/ PCM system. Simu-
lations further determined that for a south east orientated PV/PCM
system having a 30 mm depth and no fins in the PCM container, the
front surface temperature could be maintained at less than 35 °C for
UK weather data during the summer solstice. The simulations were
repeated for three consecutive days for confirmation [21]. The au-
thors also conducted an experimental evaluation of PCMs for PV cool-
ing. [t was determined that RUBITHERM RT25 had an improved ther-
mal control potential than that of RUBITHERM GR40 for the PV panel.
Experimental tests on embedding different numbers and types of fins
in the PCM to improve the effect of thermal management of PVs were
also conducted. Huang et al. [22] reported the development of a
three-dimensional numerical model which was used to simulate a
phase change material container attached to a PV system. The PCM
was used to regulate the temperature rise of the PV cells. For regula-
tion of the temperature of PV cells, a PCM possessing suitable phase
transition temperature is required. With PCM, high efficiencies of the
PV cells can be maintained for an extended period of time [23,24].
The advantage of PCM is its ability to not only store heat but also al-
low for the heat to be used asynchronously [25]. An experimental
evaluation of the effects of convection and crystalline segregation in
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a PCM as a function of efficiency of heat transfer within the finned
PV/PCM system has been studied [26]. The thermal performances of
bulk PCM with crystallization segregation for different internal fin ar-
rangements are presented. It is noted that the addition of internal fins
improves the temperature control of the PV in a PV/PCM system.

2.3 The Use of PCMs for Solar Energy Applications

The use of PCM with solar technologies has been shown to maintain
the efficiency of some solar energy technologies and can also be used
as an energy store which can be charged during daylight hours to be
used during the night.

The availability of solar energy is limited to the central hours of
the day, and there is a large variation in the intensity of solar radia-
tion throughout the year as can be seen in Figure 2.1. Currently, there
is a wide variety of technologies that harness solar energy [27]. One
of the most efficient technologies is solar thermal energy systemes, ei-
ther through flat collectors or through complex concentration sys-
tems. In these types of installations, the objective is the heating of a
fluid. In order to understand the potential applications of PCMs with
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Figure 2.1 Polar diagram for Rotterdam. Sun path lines along the year.
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different solar energy technologies, each of technology will be de-
scribed below.

2.3.1 Solar Thermal Energy for Building and Industry

The use of low temperature solar thermal energy in homes and in-
dustries [28] is becoming increasingly widespread. These systems al-
low, on one hand, a saving in energy cost, as well as a reduction of CO-
emissions as solar energy is a clean and renewable resource that can
replace the use of fossil fuels. Through solar collectors, it is possible
to convert solar energy into thermal energy that is transferred into a
liquid or gaseous fluid that is circulated inside, usually water or air.
These collectors can be divided into two categories: non-concentrat-
ing and concentrating. Domestic thermal solar energy mainly imple-
ments non-concentrating collectors that can be either flat plate or
evacuated tube collectors [29]. Flat plate collectors, as shown in Fig-
ure 2.2 (left), are of simple geometry, cost efficient, robust and effec-
tive even with diffuse solar radiation. Evacuated tube collectors con-
tain vacuum-sealed tubes with a heat pipe inside, as illustrated in Fig-
ure 2.2 (right). Convection and conduction losses are reduced by the
vacuum, so it can operate at higher temperatures in comparison with
flat plate collectors. Their efficiency in day-long performance is also
higher at lower incidence angles due to their geometry.

Evacuated-Tube Collector

Ilat-Plate Collector

Glazing frame
A /7/_\‘:\ Ghzivlg Evacualed tuba
[nlet umrw(hon/f' i Outlet  Glazing — -
/ \ connection -
- b ’ {

Absarbar plate
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Figure 2.2 Schematic diagram of a flat plate collector (left) and evacuated
tube collector (right) for solar energy (Source: U.S. Department of Energy).

However, the variability of solar radiation makes it necessary to
use thermal storage systems (TES). During the central hours of the
day, when solar radiation is higher, energy consumption decreases,
having an excess of heat that, if it is not stored, is dissipated into the
environment.
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In case of having thermal energy storage (TES) systems in the in-
stallation, it is possible to use the excess energy during the peaks of
energy demand or in the night. Traditionally, TES in solar thermal for
domestic and industrial installations has been carried out by large
tanks of fluid [30-32], usually water, where heat is stored by raising
the temperature of the fluid (sensible heat). It is possible to store heat
with a lower volume and greater stability of the fluid temperature
through the use of PCM in these tank designs which is shown in Fig-
ure 2.3 [33-35]. These factors allow the installation costs to be lower,
in addition to being able to install higher power in homes with small
spaces. The wide variety of existing PCMs [31,36] allows to adjust the
temperature of the phase change to the optimal operating tempera-
ture of the heating system, domestic hot water or to the industrial
process.

Solar energy

PCM balls
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Q0000 Hot
00000
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Figure 2.3 Schematic of a solar thermal installation with a TES-PCM.

The main limitation of PCMs is the low thermal conductivity of
some materials. For this reason, a significant effort is being made by
researchers to achieve optimized tank designs or develop new mate-
rials with higher thermal conductive properties that allow an effi-
cient operation. The work of Kenisarin & Mahkamov [31] includes a
complete review of different system design with fins or different ge-
ometries of PCM containers that improve the thermal conductivity of
the system. Figure 2.4 shows an example of 4 geometries with fins,
where it is verified that the most optimal geometry is represented in
Figure 2.4(d) due to the higher number of fins which increase the heat
transfer surface in contact with the PCM.

In the work of Sharif et al. [30], a detailed review of different PCM
applications in domestic hot water systems is presented. In addition
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Figure 2.4 Geometries studied to increase the heat transference in a PCM
system: a) single tube, b) rectangular fins, c) 17 circular fins and d) 34

circular fins.

to presenting a comparison between different tank geometries for
TES with PCM, it is worth highlighting the comparisons of different
solar collectors with PCM integration within the collector itself. Fig-
ure 2.5 shows four geometries analyzed in the work. The design is to
stabilize the temperatures of the collector during its operation as well
as to have TES integrated in the solar collector.
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Figure 2.5 Schematic of a flat plate solar collector with PCM technologies
(a) below tubes, (b) half perimeters of the tubes, (d) immersed tubes, (d)
with reflector, (1) tubes, (2) absorber, (3) glass cover, (4) PCM, (5) air
layer, (6) insulation and (7) reflector.
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Recently low concentration systems are being developed for do-
mestic and industrial applications. These collectors achieve higher
fluid temperature. Some designs exhibit systems with PCM integra-
tion, as it can be seen in Figure 2.6. It was found the implementation
of PCM in the solar collector tank extended the time for which it could
supply hot water by up to 25% in 80 °C charging mode.

Front Glass

%

Parabolic
mirror

Figure 2.6 Cross-sectional schematic of the integrated collector storage
solar water heater.

2.3.2 Concentrating Solar Power (CSP) Plants

Solar thermal power plants can generate large amounts of electricity
through solar concentration systems that heat a fluid which is then
expanded in a turbine. All these plants have parabolic mirror systems
(linear or circular) which project the sun's rays onto the tube through
which the fluid circulates or flat mirror systems that reflect the radi-
ation in the focus of a tower. Unlike the low concentration systems,
CSP plants have high concentration collectors, with concentrating ra-
tios higher than 50. The higher the solar concentration is, the higher
fluid temperature can be achieved and, therefore, the installation per-
formance is improved. At present, there are four types of CPS tech-
nologies for the generation of electrical energy, which are schemati-
cally shown in Figure 2.7.

Due the high levels of concentration achieved in CSP, the temper-
ature of the working fluid can be extremely high, over 500 °C. This
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feature of CSP allows high efficiency thermodynamic cycles to being
able to generate a large amount of electrical energy.

o
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Figure 2.7 Concentrating solar power installations: a) parabolic trough
system, b) solar power tower, c) parabolic dish system and d) Fresnel re-
flectors (Source: NREL).

Currently, Spain is the country with the most operating CSP sys-
tems [37]. With 2304 MW installed, it is almost half of the power of
the operational plants in the world. New CSPs will start operating in
a few years, thus, the power capacity of this technology will be dou-
bled. The most common technology is a parabolic troughs system
[38], as is cheaper, simpler and easier to optimize as compared with
the other technologies.

In the design of such facilities, special care is taken with the loca-
tion with a large number of hours of sunshine per year, as the solar
power plants require TES to generate electrical power without inter-
ruption for greater number of hours. In some installations, auxiliary
boilers are installed, that allow generating electricity in periods of in-
sufficient radiation.

Due to the high working temperature of these facilities and a large
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amount of energy that is necessary to store, the best alternative for
TES is the use of PCM [39-42], with molten salts the most commonly
used. Most of the operating plants currently use as PCM a mixture of
60% sodium nitrate and 40% potassium nitrate.

The installations with thermal accumulation have oversized col-
lectors to generate an excess of energy that covers the turbine's en-
ergy demand for a period of between 4-8 hours [37,38]. This energy
is stored in two large thermally insulated tanks (Figure 2.8), one cold
and other hot. During daylight hours, the salts are pumped from the
cold PCM tank to a heat exchanger, where the PCM increases its in-
ternal energy, and subsequently stored in the hot tank. When the so-
lar radiation decreases or disappears, the cycle is reversed, where
PCM is the medium that heats the working fluid of the installation in
the exchanger to produce steam.

Figure 2.8 Salt tank for heat storage in CSP (Source: U.S. Department of
Energy).

The geometry of the accumulation tanks is usually cylindrical and
may contain tens of thousands of tonnes of PCM, depending on the
number of hours of night operation and the power of the CSP plant.
Figure 2.9 shows the outline of a complete installation of parabolic
trough, where it is possible to see one of the most common distribu-
tions of heat storage tanks.
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Figure 2.9 CSP installation diagram with thermal storage.

2.3.3 PCM in Photovoltaic (PV) and Hybrid Solar Energy (PV/T)

Efforts to improve the performance of solar energy are focused in two
directions, improving the materials of the PV cells or cooling the PV
panels. [t is at this point where the PCMs are used as a tool to improve
the performance of solar PV [43,44]. In order to maintain the effi-
ciency of the PV cell, it is necessary to remove the solar energy ab-
sorbed that has not been transformed into electricity. This residual
heat produces an overheating of the cells that causes a reduction in
the efficiency of 0.4-0.65 %/K [45]. During operation, a PV panel can
reach temperatures up to 80 °C. It is, therefore, necessary to keep the
solar panel temperature as low as possible to increase the efficiency
of the installation.

Adhering a volume of PCM on the back of the PV panel, it is possi-
ble to control the temperature of the panel [44]. PCM absorbs the re-
sidual heat in the form of latent heat, thus, stabilizing the panel tem-
perature. Three of the first design concepts were tested and com-
pared by Huang et al. [21,24]. The authors compared aluminum plate
to simulate a PV cell, aluminum plate with a container filled with PCM
to simulate a PV/PCM system and an aluminum plate with a container
filled with PCM and integrated fins. Integrated PCM system with fins
demonstrated effective temperature regulation of the plate. A sche-
matic of the system tested by Huang et al. is presented in Figure 2.10,
where temperatures below 34 °C were obtained. For optimal system
operation, the PCM to be implemented in these cases must have a
melting point between 25-40 °C and due to the low thermal
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conductivity of these materials, it is not recommended to work with
thicknesses greater than 30 mm.

Aluminium
fins and walls

|,

Figure 2.10 Outline and performance graph of PV panel with PCM.

The effects of convection and crystalline segregation in a PCM as a
function of efficiency of heat transfer within the PV/PCM system has
been experimentally investigated by Huang et al. [26]. The thermal
performances of bulk PCM with crystallization segregation for differ-
ent internal fin arrangements are presented. It is noted that the addi-
tion of internal fins improves the temperature control of the PV in a
PV/PCM system. Two PCMs with different phase transient tempera-
tures for improving the heat regulation have been predicted (see Fig-
ure 2.11) [26].

Hasan et al. [9] used five different PCM types (RT20, capric: pal-
mitic acid, capric: lauric acid, calcium chloride and SP22) to enhance
the thermal regulation of PV. Four different systems were tested un-
der different insolation values (500 W/m2, 750 W/m2 and 1000
W/m2) in a small-scale indoor experiment using a solar simulator.
For insolation levels of 500 W/m2, system A with capric: lauric and
capric: palmitic was shown to maintain a lower PV temperature for
the longest period (up to 2.5 hours at 10 °C lower than the reference
system). At 750 W/m2 and 1000 W/m?2, system A with calcium chlo-
ride was shown to maintain PV front surface temperatures 10 °C be-
low the reference for a prolonged period of time compared to the
other systems.

Also, a full-scale outdoor experiment was undertaken in Dublin,
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Ireland and Vehara, Pakistan [9]. The PV panels were identical with
65 W capacity. One of the modules was used in the experiment as a
reference and the other two were PV-PCM systems with eutectic mix-
ture of capric-palmitic and salt hydrate. The results were compared
at peak instantaneous temperature of the reference PV. Capric: pal-
mitic PV-PCM system regulated the PV by 7 °C and the PV-PCM sys-
tem with salt hydrate maintained a temperature reduction of 10 °C
compared to the reference PV. Although in the PV-PCM configuration,
the amount of electric power is higher compared to a standard PV
panel, the heat absorbed by the PCM is not used. For this reason, hy-
brid PV/Thermal (PV/T) solar energy system was developed which
converts solar radiation into electrical and thermal energy [25].

a) b)
\\ \\
Aluminium Aluminium
| |
PV cell PV cell
Aluminium
Aluminium
Aluminium Aluminium

Figure 2.11 Schematic diagram of PV/PCM system with metal cells for
different PCMs.

A PV/T (photovoltaic and thermal panel) system using phase
change materials was designed and installed in Dublin to analyze its
behavior and performance, as presented in Figure 2.12. The system
was made from a standard PV panel which was disposed on a steel
container full of PCM and equipped with piping network in the PCM.
The aim of the set-up was to use the PCM to absorb the heat during
the day and, therefore, make the PV panel more efficient by cooling it
down and subsequently release the heat to the water piping in the
evening and at night as the ambient temperature drops. Thus, the
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water going through the piping network would be heated at a more
convenient time, such as when users come back home from work.
This system was compared to three reference systems: a standard so-
lar panel, a standard equipped with a steel container on the back of it
and a PV equipped with a steel container and piping network inside
the container (PV/T). Four used 80 W monocrystalline silicon solar
panels were used in the experiment. The container was made from
steel as it has a high thermal conductivity (16 W/m K) as well as a
high resistance to corrosion which can be an issue while using phase
change materials. ThePCM used for the PV/T/PCM system was cap-
ric: palmitic mixture (25% capric and 75% palmitic) which has a
phase change between 16 and 25 °C.
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Figure 2.12 Experimental set-up of PV-PCM systems, location of
thermocouples and attachment of PV to PCM container. Adapted from
Reference 25 with permission from Elsevier.

Adding the PCM improved the performance of PV/T system as
water was heated at a higher temperature during a longer period.
The maximum water temperature difference between the PV/T and
PV/T/PCM reached 5.5 °C at 6:00 am. PV/T/PCM also showed to be
more efficient than the other systems on the electrical side as the
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temperature of the system was regulated by PCM, thus, the panel was
cooled down. The PCM improved the heat extraction up to seven
times compared to the system without it [46].

Several review papers have been published on the use of PCM as a
thermal management technique of PV, emphasizing the growing body
of literature in the area [14,43,47,48].Yin et al. [49] presented a PV/T
system with integrated heat storage. Figure 2.13 presents a sche-
matic design of different configurations of PV/T collectors for either
air (right) or water (left).
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Figure 2.13 Diagram of collectors PV/T water (left) and air (right) [47].

The use of PCM in PV/T installations is in the heat accumulation
tanks, just as in the case of conventional thermal solar panels. Several
review papers have been published on the use of PCM as a thermal
management technique of PV [14,43,49].

Subsequently, PV/T panels are being developed with modules that
integrate a volume of PCM in the same PV/T panel. In this way, as in
the PV-PCM, the temperature of the cells remains stable, in addition
to the heat being stored in the PV/T panel itself. Figure 2.14 presents
the design scheme proposed by Malvi et al. [50] for distribution of the
PCM in the PV/T. The optimum thickness of PCM was found to be 30
mm which increases the PV efficiency by approximately 6.5%. The
electrical output of the PV/T/PCM system was shown to increase by
9% when compared to a PV system only.
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PV/SC/PCM
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Figure 2.14 Schematic of a PV/T-PCM system.

Although it is possible to find numerous designs of systems in the
literature to increase the efficiency of PV panels with PCM, most are
not commercially exploited. The extra cost of including PV panel heat
absorption systems and the complexity of some designs make it diffi-
cult for these technologies to be viable at present. It is only possible
to find commercialized PV/T water systems [51] without integrating
PCM.

2.4 Corrosion

Corrosion is a natural process which involves the deterioration of a
material due the environment. In the case of the PCM in solar appli-
cations, it is critically important to study the corrosion between the
PCM and the container material used for PCM encapsulation. As men-
tioned before, the most used PCMs in this field of applications are or-
ganic and salt inorganic PCMs, the corrosion behavior in each case is
different.

2.4.1 Inorganic Compounds

Inorganic compounds are highly corrosive, for this reason it is neces-
sary to perform the corrosion tests over different temperature ranges
to ensure the container materials are compatible with their PCM. The
most common inorganic PCM are the salts and salt hydrates. The
most common salt hydrates for these applications are summarized in
Table 2.1. This section also presents the compatibility of the salt hy-
drates with various materials.
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Table 2.1 Summary of corrosion affects from inorganics PCMs

Phase Change Materials

Heat of Recommendations
Mel. Pt. .
PCM o fusion . . Ref.
ca (kl/kg) Copper  Brass Alumi- Stain Steel
g PP num less
InCl3H:0 10 Donot Donot g Domot gy
use use use
K:HPO4-6H,0 13 Caution - Donot = g Domot gy
use use
NaOH-1.5H,0 15 Donot Donot  yse  Caution 52
use use
SP21E 21 160 Use - Caution Use Caution 53
54,
CaCl2-6H:0 36 170.5 Use Use Use Use Caution 55,
61
TH29 29 Use Use Donot  Cau- Domot g4
use tion use
NazS0410H:0 32 248 57
Na:HPO4 . Do not . 54,
“12H,0 35 280 Caution Use use Use Caution 55
Zn(NOs):2 Do not Do not Do not Do not 54,
-6H20 36 149.6 use use use Use use 55
Ca(NO0s): . . 58,
-4H,0 42.7 - Caution - - - Caution 59
KsPO4#7H,0 45 Donot Donot  yee  yse 52
use use
Zn(NO3) Do not Do not Do Do not
3)2 36 not 52
-4H20 use use use
use
NazS203'5H20 48 220 Do not Do not Caution Use Caution 56
use use
MgSO+7H:0 485 202 Domot Use ~ Domot g
use use
NaOAc-3H:0 58 - Caution Caution Use Use Use 56
Mg(NOs):2 . ; 58,
-6H20 88.9 163 Caution Caution 59
Do
MgCl6H,0 1145 135 Domot Donmot . 60
use use use

Zinc Chloride Trihydrate (ZnCl;-3H;0)

Moreno et al. [52] carried out an exhaustive study of the behavior of
the salt hydrated with different metals. Copper and stainless steel
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found non-significant corrosion after 12 weeks, where at four weeks
there was a corrosion rate of 4.4 mg/cm2yr and at 12 weeks 1.7
mg/cmz2yr in the case of copper, however, the corrosion rate was neg-
ligible in the case of stainless steel. Carbon steel was highly corroded
after 12 weeks, also a decrease of the corrosion rate with time was
detected. Aluminum was the most affected with aggressive corrosion
after 1 week.

Potassium Hydrogen Phosphate Hexahydrate (K:HPO46H0)

This salt hydrate was studied by Moreno et al. [52] with copper and
stainless steel. The authors found non-significant corrosion, how-
ever, a high corrosion rate at the beginning was detected with carbon
steel and aluminum, however, after 4 weeks, the corrosion rate de-
creased. It continued to decrease in the case of carbon steel after 12
weeks, but increased again with aluminum.

Sodium Hydroxide Hydrated (NaOH-1.5H;0)

The behavior of NaOH-1.5H,0 with copper showed some corrosion,
but the sample did not present any change. With stainless steel, the
corrosion was observed to be negligible. Carbon steel initially had a
high corrosion rate than after four and twelve weeks. Very aggressive
behavior was observed with aluminum [52].

Calcium Chloride Hexahydrate (CaCl;-6H:0)

Ren et al. [61] studied the behavior of the salt hydrated with two
types of aluminum, carbon steel and copper at different temperatures
(30, 50 and 80 °C). The authors found that the corrosion of copper
increased with temperature and time, where the solution became
blue at 50 °C due the corrosive products and a vivid blue solution was
detected at 80 °C. Moreover, no pitting corrosion was detected. In the
case of carbon steel, the mass loss increased with time and the corro-
sion rate decreased. The authors detected an oxide layer on the sam-
ple that could act as a protection layer. Also, the solution was trans-
parent-yellow and dark precipitates were found at 50 and 80 °C,
along with no detection of pitting corrosion. In aluminum 5086, the
mass loss increased and the corrosion rate decreased with time due
to the formation of a protective oxide layer. At 30 °C, there was no
pitting corrosion detected. However, at 50 °C and 80 °C, minimal
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pitting areas was found. Aluminum 6061 presented small pitting ar-
eas at 30 and 50 °C after 14 weeks, but pitting corrosion appeared at
80 °C after four weeks and increased with time.

Cabeza et al. [54,55] found that aluminum immersed in this salt
was covered with a non-continuous layer after three days. After two
weeks, the solution pH changed from 6 to 7/8 as a consequence of the
Al(OH)s products in the solution. After 72 days, the sample was partly
covered with a black layer. Copper, brass and stainless steel pre-
sented no change in the solution or in the sample and the results of
mass loss and corrosion rate were negligible. However, the solution
became yellow with steel and the sample was covered with a black
layer after three days. The solution was bright yellow with brown
precipitates after two weeks. The mass loss increased after two
weeks and the corrosion rate decreased with time.

Sodium Sulfate Decahydrate (Na:S04+10H;0), Glaubers Salt

Garcia-Romero et al. [57] studied the behavior of this salt in contact
with different aluminum types. The test was carried out with samples
partly and fully immersed in the PCM. The 2024 and 1050 alloy
showed increased corrosion after 30 days, but mass loss was negligi-
ble when partly immersed. However, fully immersed material re-
mained non-corroded, which confirmed the corrosion mechanism
observed in the aerated specimens, due to different oxygen concen-
tration in different zones. In the case of 3003 and 6063 alloys, no sign
of corrosion and no loss of brightness in any case (full or partly im-
mersed) were observed.

Sodium Hydrogen Phosphate Dodecahydrate (Na:HPO412H>0)

Cabeza et al. [54,55] found the aluminum in contact with this salt hy-
drate presented significant extent of white precipitate (Al(OH)3) after
three days with a mass loss of 35 mg. The corrosion rate was high
after three days and subsequently decreased with time. In contact
with brass, copper and stainless steel, no change in the samples was
observed and the corrosion results were statistically insignificant.

Zinc Nitrate Hexahydrate (Zn(NO3)2-6H:0)

Cabeza et al. [54,55] studied this PCM in short and medium term and
in contact with five different materials: aluminum, brass, copper,
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stainless steel and steel. In the case of aluminum, the mass loss in-
creased with the time, but no increase of mass loss was detected after
two weeks. The sample presented a layer of white precipitate and the
solution had the same precipitate, which was due to the presence of
hydroxide of aluminum (Al(OH)3). The formation of this layer led to
a decrease of the corrosion rate. After 75 days, the samples were
highly corroded and the presence of the white precipitate increased.
The behavior with brass was different, the solution became blue and
brown precipitates were detected. The mass loss increased with time
and the corrosion rate decreased, however, was higher than the alu-
minum samples. With copper, a blue solution and brown precipitates
were also seen. The sample was fully covered by a grey layer after
three days, which became black after one week. The mass loss at
three days and one week was the same as brass, which did not in-
crease subsequently, while the corrosion rate was higher after three
days, followed by a decrease. After 75 days, the sample was severed
with a marked increase in mass loss, and the solution became yellow
with blue precipitate. Stainless steel did not show any change, but the
solution became yellow as a product of the dissolution of iron ions
(Fe3+). The mass loss and the corrosion rate were negligible. After 75
days, the sample showed nearly no corrosion, however, brown pre-
cipitate was visible. In the case of steel, brown precipitate was de-
tected after three days, which increased with time. The weight loss
was significant, and the corrosion rate was the highest.

Calcium Nitrate Tetrahydrate (Ca(NO3)z*4H;0)

The compatibility of this salt was studied with carbon steel. After 700
hours, mass loss and an insoluble layer of 30 um were observed, fol-
lowed by the detection of cracks in the layer [59]. With copper, a non-
compact layer of Cu,0 with precipitation products of Cuz(NO3)(OH)3
were observed. Up until 300 hours, mass loss was detected, however,
the formation of a layer was observed afterwards [58].

Tripotassium Phosphate Heptahydrate (K3P047H;0)

The corrosion behavior of this salt hydrate with copper was initially
higher, but still had lower values after four and twelve weeks in con-
trast with aluminum which underwent aggressive corrosion under
same conditions. Stainless steel and carbon steel showed very low
rates of corrosion [52].
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Zinc Nitrate Tetrahydrate (Zn(NO3);*4H;0)

Zinc nitrate tetrahydrate showed very high corrosion rate in contact
with copper (1 week 1167 mg/cm2yr, 4 weeks 644 mg/cm2yr and 12
weeks 338.5 mg/cm2yr), carbon steel (1 week 1741 mg/cm2yr, 4
weeks 484.4 mg/cm2yr and 12 weeks 196.2 mg/cmz2yr) and alumi-
num (1 week 181.5 mg/cm2yr, 4 weeks 206.2 mg/cm2yr and 12
weeks 162.2 mg/cm2yr). However, the corrosion rate was negligible
with stainless steel [52].

Sodium Thiosulfate Pentahydrate (Na:S:03-5H;0)

Moreno et al. [52] studied the behavior of this salt with common ma-
terials. Copper showed a very high corrosion rate after one week with
a maximum of 2663.5 mg/cm2yr, which subsequently decreased to
437 mg/cm2yr and remained constant until 12 weeks. Carbon steel
and aluminum had a similar result, a value of 40 mg/cmz2yr after 1
week, 15 mg/cm2yr after 4 weeks and at 5 mg/cmzyr after 12 weeks.
Stainless steel did not show any signs of corrosion and the results
were negligible.

Cabeza et al. [56] found that aluminum and stainless steel were
corrosion resistant with this salt hydrate. However, brass and copper
had a significant mass loss and both had a black precipitate after few
days. Steel was seen to have corrosion with insignificant mass loss,
but black precipitate appeared after 70 days.

Magnesium Sulfate Heptahydrate (MgS047H20)

This salt hydrate showed a corrosive behavior initially in contact with
copper with a value of 121 mg/cmz2yr, but dropped to 43 mg/cm2yr
after four weeks. After twelve weeks, it dropped again to 21
mg/cm2yr. In contact with carbon steel, a very high value of 749.8
mg/cm2yr after one week was observed, which decreased to 277.4
mg/cm2yr at four weeks and ended with a value of 80.5 mg/cm2yr at
twelve weeks. In contrast, aluminum and stainless steel had low cor-
rosion rates [52].

Sodium Acetate Trihydrate (NaOAc-3H;0)

The effect of sodium acetate trihydrate with common materials was
studied by Cabeza et al. [56]. The authors detected that aluminum,
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steel and stainless steel did not present corrosion and the solution
did not exhibit any change. In the case of brass and copper, mild cor-
rosion was detected after 70 days.

Magnesium Nitrate Hexahydrate (Mg(NO3):*6H:0)

In the case of carbon steel, it was found to have a weight decrease
during the first 500 hours. Afterwards, a constant corrosion rate of
11.9 mg/cm2yr was maintained. Copper exhibited a different reac-
tion, where an increased mass loss was found at the beginning due to
the formation of oxide layer (Cuz0) and oxide products of
Cuz2(NO3)(OH)2, with a corrosion rate of 8.6 mg/cmz2yr [58]. With alu-
minum, during the first 500 hours of the test, the mass loss was con-
stant and subsequently increased markedly with a corrosion rate of
2.9 mg/cm2yr [54].

2.4.2 Organic Compounds

Organic compounds are recommended for use in contact with metals,
because they are less reactive. Some studies show that a corrosive
behavior is detected in some cases. Table 2.2 summarizes the prop-
erties and the compatibility of different PCMs with common materi-
als and their behavior.

Capric Acid

Browne et al. [62] showed that capric acid had aggressive corrosive
behavior with different materials. The authors showed that copper
and brass were affected by pitting corrosion, but the corrosion rate
was higher in the case of copper than brass. Aluminum was also af-
fected by pitting corrosion after 540 days and the corrosion got pro-
gressively worse with a mass loss of 6% at the end of the test. Mild
steel was adversely affected by this PCM, however no deep pitting
was detected. In the case of stainless steel and Perspex, no sign of cor-
rosion was detected, and the results of the corrosion tests were neg-
ligible.

Capric Acid (73.5%) + Myristic Acid (26.5%)

Ferrer et al. [53] detected that copper underwent corrosion and the
solution became blue. In the case of carbon steel, a high extent of
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corrosion was observed in the first week which may be explained by
the passivation of the sample. No corrosion was detected at four and
twelve weeks. Stainless steel 304, 316 and aluminum exhibited rela-
tively low corrosion rate, under 1 mg/cmz2yr.

Table 2.2 Summary of corrosion effects using organic PCMs

Melting Heat Recommendations

PCM point fusion . Ref.
o . Stainless  Carbon
(°Q) (kJ/kg) Copper Brass Aluminum Steel Steel

Ca.prlc 27.5- 167 Caution Qau— Caution Use Caution 62

acid 32.7 tion

Capric

acid

(73.5%)

+ 21.4 152 Caution  --- Use Use Use 53

myristic

acid

(26.5%)

Capric

acid

(75.2%) : )

+ 17.7 153 Caution Qau Caution Use Caution 53,62

. 22.8 tion

palmitic

acid

(24.8%)

Capric

acid

0, - -

(75'2/?) 189 116 Caution Qau Caution Use Caution 62

+ Lauric 223 tion

acid

(24.8%)

Lauric 476 2116  Caution - Use Use Use 63

acid

M).IrlSth 53.8 192.0 Caution  --- Use Use Caution 63

acid

Stearic ;g 1746  Caution - Use Use Use 63

Acid

Pa.lmltlc 59.8 1979 Caution  --- Use Use Caution 63

acid

Glfltanc Caution  --- Caution Use 64

acid

Capric Acid (75.2%) + Palmitic Acid (24.8%)

Ferrer et al. [53] studied the behavior of this eutectic fatty acid PCM
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in contact with common materials. The authors detected that the only
material that experienced a remarkable weight loss during the 12
weeks of test was copper. Materials such as carbon steel exhibited
passivation at the beginning due to the mass loss at the first week and
subsequent constant value.

Lauric Acid

The behavior of lauric acid with common materials was tested under
910 thermal cycles by Sari and Kaygusuz [63]. The authors observed
that stainless steel (SS 304 L), carbon steel (C 20) and aluminum did
not exhibit any sign of corrosion on the surface, however, copper was
slightly corroded. In terms of corrosion values, copper had the maxi-
mum values with a 15.232 mg/cm? of mass loss and 1.7-102 mg/day
corrosion rate.

Myristic Acid

Myristic acid also had a corrosive behavior under 910 thermal cycles.
Slight corrosion on the surface of carbon steel (C20) and copper was
detected, with corrosion values (mass loss and corrosion rate) of
44.620 mg/cm? and 4.9-102 mg/day in the case of carbon steel and
15.437 mg/cm2 and 1.6-102 mg/day with the copper. In contrast,
stainless steel (SS 304 L) and aluminum did not show any sign of cor-
rosion and the corrosion values were observed to be negligible for
these materials [63].

Stearic Acid

Sari and Kaygusuz [63] observed that stainless steel (SS 304 L), car-
bon steel (C 20) and aluminum did not have any sign of corrosion on
the surface, however, copper was mildly corroded with corrosion val-
ues (mass loss and corrosion rate) of 31.416 mg/cm? and 3.4-102
mg/day, under 910 thermal cycles.

Palmitic Acid

Stainless steel and aluminum were found to be corrosion resistant in
contact with palmitic acid under 910 thermal cycles with low corro-
sion values. In contrast, copper and carbon steel (C20) were found to
have slight corrosion on the surface [63].
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Glutaric Acid

Raam Dheep and Sreekumar [64] observed that aluminum in contact
with glutaric acid had a total mass loss of 11.2% with a corrosion rate
of 10.9869 mg/cmz2yr. Also, pits on the aluminum surface were ob-
served. In the case of copper, the total mass loss was 6.5% with a cor-
rosion rate of 0.9423 mg/cm2yr and the solution became green after
sixty thermal cycles which occurred due to oxidation of the sample.
Large pits were detected on the surface in this case. Stainless steel
had better results with a mass loss of 1.41% and corrosion rate of
0.3004 mg/cmzyr, but small pits were detected due to the rupture of
the passive layer.

2.5 Conclusion

Solar energy has a wide variety of applications in both domestic and
industrial use. This energy allows us to obtain, directly and without
GHG emissions, heat and electricity at a cost that is currently compet-
itive with other more polluting technologies. However, the availabil-
ity of this energy is limited to daylight hours, thus, requiring efficient
thermal storage systems.

The use of PCMs in solar energy technologies has allowed the op-
tion of storing thermal energy produced by the solar collectors dur-
ing the day so that it is possible to have energy available during the
night.

In addition, the use of PCMs in PV energy also allows increasing
the efficiency of the PV modules by increasing the electricity genera-
tion. An innovative design of PV energy is hybrid solar energy (PV/T),
where the overall panel efficiency is increased thanks to the use of
the thermal energy generated in the PV module. The PCM volume
provides a built-in heat accumulation system inside the PV/T module,
saving space and simplifying the final installation. The choice of PCM
used in each solar energy application must be made considering both
the thermophysical properties of the PCM and the compatibility be-
tween the different materials of the system, as has been outlined in
this chapter.
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