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Abstract: Solar power is a clean and sustainable
energy,but the intensity of solar irradiation is
unstable due to the change of season, weather, day
and night. The period of the sunshine does not
coincide with the time of the hot water consumption
generally. The hot water consumption in family
houses is generally bigger in the evening and in the
morning, so it is necessary to store the utilized
energy. The collectors transform but not store the
solar energy. The storage is accomplished in a
storage tank. The heat storage system can be used as
a buffer to mitigate the fluctuation of solar incidence.
The present study summarizes the investigation of
improving thermal energy storage extracted from

solar heater and use for domestic purpose. Two
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materials were used to improve heat storage inside
the tank. Pebbles were used as a sensible store
medium. The second material was paraffin wax
which stores heat as latent heat. The two materials
were stuffed in ten copper pipes (1 in dia). The
storage energy of each material was compared to an
ordinary conventional solar heater. The tests were
conducted in Baghdad-Iraq wintertime (December-
2012, January and February-2013).

The two materials improved the storage efficiency of
system and increased the hours of storage, butthe
phase change materials (PCMs), as latent heat
storage is more efficient than sensible heat storage.
Paraffin wax provides many advantages, as it has
high storage density and the isothermal nature of the
storage process. It increases the time of storage and
preserve water temperatures in case of no water
drawl.

Key words:Thermal storage system, Phase change material, solar
heating system, discharge process, mass flow rate, Latent heat
storage system

1. Introduction

The development of alternative energies becomes now adays
more important issue, due to the continuous increase in greenhouse
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gas emissions levels and the fossil fuels climbing prices [1].The
main characteristics of new alternative energy that it must be clean,
cheap, and sustainable. Solar energy can be considered as the most
appropriate energy possesses these requirements [2]. Solar energy
has a great prospect for buildings heating and cooling, heating
water for domestic and industrial purposes, cooking, warming
greenhouses for agricultural crops, etc [3 & 4]. However, solar
energy is sporadic, fluctuant, and available only during the day.
Hence, its applications require active thermal energy storage so that
the overabundant heat collected during sunshine hours may be
stored for later use during the night [5 & 6].

Solar energy needs a heat storage system to be used as a buffer
to pacify the alteration of solar incidence. Hence some form of
thermal energy storage is necessary for the most effective
utilization of this energy source [7]. Most of the thermal energy
storage systems in use rely on the specific heat or sensible heat of
the storage material, such as water, oil and rock beds and they are
known as sensible heat storage systems [8. The other concept is
latent heat storage, which involves storing and recovering heat
through the solid-liquid phase change process [9].

In case of sensible heat storage thermal energy is stored by
raising the temperature of a solid or liquid. In this type of storage,
the storage unit is charged and discharged by varying the
temperature of a pebble bed in air-based systems or a water tank in
waterbased systems. The amount of stored thermal energy depends
on the specific heat of the medium, the temperature change and the
amount of storage material [10]. Rocks or pebbles beds are used
since decades for air heating, but due to poor heat exchange by
conduction between each others, the stratification is maintained
over reasonably long time intervals[11]. One limitation of stratified
rock bed system is that it cannot be charged and discharged
simultaneously[12]. Therefore a large load draw in the day time
causes a drop in temperature of air outlet from solar
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collector[13].However, the stratified rock bed system is as effective
as similar water storage for night time delivery to the load [14].

Latent Heat Storage system is based on the heat absorption or
release when a storage material undergoes a phase change from
solid to liquid or liquid to gas or vice-versa. Also through certain
chemical reactions some energy can be saved [15]. The latent heat
method of storage and their materials that have been studied during
the last forty years have been reviewed recently by [16], these are
usually hydrated salts, paraffin, non-paraffin,fatty acids and
eutectics of organic and non-organic compounds [17].

Latent heat thermal energy storage systems using phase change
materials (PCM) to store heating or cooling have many applications
such as water heating, air conditioning and waste heat recovery
system[18]. Regin et al. (2008)[19] present study of heat transfer
characteristics of thermal energy storage system using PCM
capsule. Such systems have the advantage of large surface to
volume ratio of the packed beds and higher storage density for
phase change materials compared to conventional bulk storage in
tank heat exchangers and sensible heat storage systems.

Paraffin wax is the most commonly used commercial organic
heat storage PCM [19 &20]. The normal paraffin of type CnH2n+2
are a family of saturated hydrocarbons with very similar properties
[21 & 22]. Increasing the number of C-atoms increases the melting
point too. Paraffin between C5 and C15 are liquids, and the rest are
waxy solids. Paraffin waxes are cheap and have moderate thermal
energy storage density but low thermal conductivity and, hence,
require large surface area [23]. These materials can store energy by
the melting at a constant temperature. No material has all the
optimal characteristics for a PCM, and the selection of a PCM for a
given application requires careful consideration of the properties of
various substances. Over 20,000 compounds and/or mixtures have
been considered in PCM, including singlecomponent systems,
congruent mixtures, eutectics and peritectics[24 & 25].
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Paraffin waxes show no tendency to segregate. They are
chemically stable; they did not show regular degradation in thermal
properties after repeated melting / freezing cycles [26 &27].
Paraffin waxes show high heats of fusion. They also have no
tendencies to super cool, so nucleating agents are not necessary.
Paraffin waxes are safe and non-reactive[28 & 29]. They are
compatible with all metal containers and easily incorporated into
heat storage systems. Care should be taken when using plastic
containers as paraffin have a tendency to infiltrate and soften some
plastics [30 & 31].

In the same time paraffin have drawbacks. Paraffin has low
thermal conductivity in their solid state; this presents a problem
when high heat transfer rates are required during the freezing cycle
[32]. Paraffin has a high volume change between the solid and
liquid stages. This causes many problems in container design also
paraffin greatly decrease heat storage capacity. Paraffin is
flammable, but this can be easily alleviated by a proper container
[33].

This work represents a small contribution to the ongoing
research in Machines and Equipment Engineering Department,
UOT, aiming to develop effective ways of utilizing thermal energy,
solar heat in particular, thereby replacing the consumption of high
quality resources for low quality purposes [34, 35 & 36]. The
objective of the present study was to investigate the feasibility of
introducing thesensible and latent heat storage system directly to a
thermal storage tank developed by General Company of Electrical
Manufactures, with no forced flows or other additional means. Of
particular interest was to determine and compare energy storage
capacity and also if charge/discharge rates were compatible with
solar collection- and energy utilization rates.
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2. Experimental Setup

The study focused on the use of solar heat as an inherently low
quality source for covering low quality demands associated with
hot water. The different stages of solar energy production, storage,
and distribution of heat are discussed. A photo of the experimental
set-up is shown in Fig. 1. Present tests were conducted on asollar
collector and storage tank which were produced by the General
Company of Electrical Manufactures. A 20 copper pipe (2 in dia.)
were used as an absorber insidethe solar collector. The company
storage tank was used; this tank is an isolated tank has a capacity of
120 liters (450 mm diameter and 1500 mm length) to supply hot
water for a family of 5 to 6 persons. It was connected to the
collector from below, and the hotwater was withdrawn from upper
outlet cock. The copper pipes between the collector and water drum
were insulated by foam to avoid heat losses to atmosphere. A very
common figure in solar collector system is to lose between 5% and
10% to the ambient through walls of the storage unit, even for very
well insulated storage tank. Losses were reduced to a minimum.
Glass wool insulation was used for this purpose. It was important to
minimize the heat loss by avoiding thermal bridges in the upper
(hot) part of the tank. It is important to secure a high degree of
thermal stratification, that is, with the top of the tank hotter than the
bottom. A high degree of thermal stratification increases the
thermal performance of the solar hot water system. Density of
water depends on the temperature and it is possible to create density
driven stratification with water as heat storage medium.

Copper pipes were used to store pebbles and PCM material. The
diameter of copper pipes is 2.54 cm with a wall thickness of 0.8
mm. The total number of pipes in the thermal energy storage tank is
10. The pipes are uniformly packed in three layers, the lower one
has 5 pipes, the medium one has 3 pipes and the higher one has 2
pipes. Fig. 2 illustrates the pipes distribution and locations, while
Fig. 3 shows the paraffin wax pipes before it were blocked.
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Due to the need high temperature difference between the inner
and stored water, two aluminumsheets were used as reflectors to
focus the dispersedsolar rays on the collector face. It was fixed on
collector both sides with 700 from the collector face. These sheets
were manufactured from wood panels and covered by aluminum
foils from one side and glass wool of 50 mm thick from the other. It
was used as a cover to the collector to reduce the night heat losses
from the exposed surface at night.

1. Solar collector pipes 2. Storage tank
3. Heat storage pipes 4. Hot waret exit cock
5. Cold water enfrance cock

Fig. 1, a photo of experimental Fig. 2, Schematic diagram of
setup pipes distribution and locations
inside the collector

ol

B

Fig. 3, photo of the paraffin wax pipes
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Method of selectionpebbles

The samples of pebbles were first dried by exposing it to sun for
several days. Its thermal properties were measured to remove any
moisture in the samples. The dried pebbles of diameters less than
0.6 cm were then stuffed inthe copper tubes of 1.0 in diameter and
1.5 m length. The apparent density of the dried sample can be
determined by calculating the difference between the weight of the
full and empty container then dividing this difference by the
container volume.

Method of selection of PCM

In order to select the best qualified PCM as a storage media
some criteria were considered according to thermal properties:

e The melting point of the PCM must be lying in a practical

range of operation. Temperature intervalgoing from 25 °C to
70 °C.

e The latent heat should be as high as possible to minimize the

physical size of the heat storage.

e A high thermal conductivity would assist the charging and

discharging of the energy storage.

According to chemical properties, a suitable Iraqi paraffin wax
was used. Due to its physical properties, it has limited changes in
density to avoid problems with the storage tank, low vapor
pressure, and favorable phase equilibrium. Moreover paraffin wax
is available in large quantities and cheap in order to make the
system economically feasible. The paraffin is used as PCM that has
a melting temperature of 45 + 1°C and latent heat of fusion of
217kJ/Kg.

Experiment trial

During the morning hours the water is circulated through the
thermal energy storage tank and the solar collector unit
continuously by natural convection. The water absorbs solar energy
sensibly, and exchanges this heat with thepebble and paraffin in the
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copper pipes inside storage tank, which is initially at feed water
temperature.

The discharging process used was by withdrawn a certain
quantity of hot water (20 liters) from the thermal energy storage
tank, divided in intervals of 2 liter/ 10 min. The tank was refilled
with new cold water to maintain a constant amount of water in tank.
This is then repeated for intervals of 1hour, in which time transfer
of energy from the pebbles and PCM would have occurred. This
procedure is continued till PCM reaches a temperature of entering
water.

The tests were conducted in Baghdad-Iragi wintertime weathers,
In December-2012, January and February-2013. Every case was
tested one a week in a shiny day to insure the measurement
repeatability, and the average temperature was used in the study.

Efficiency Calculation

The efficiency of the collector with an alternative working fluid
was calculated using the heat gained by water with respect to the
actual solar energy received by the collector (Egn. 1).

Overall efficiency of the system,

n = Quw/Q, (heat gained by water /input solar energy) (1)
Heat gained by the water
Qw =m cpAT(2)
Input solar energy (solar energy falling on the collector)
Q1= gAT (3)

Where

m = weight of water (gram)

cp= specific heat of water (joule/gram °C)

AT = temperature difference (outlet temperature-inlet
temperature, °C)

q = solar intensity (joule/ hour. m%), it was taken from Iraq
meteorology organization

A = area of the collector (m?)
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T =time (hour)

Experimental errors and uncertainties

The difference between measured and true values of quantity is
known as an error. By assigning a value of that error, an uncertainty
is defined. The uncertainties in each individual measurement lead
to uncertainties in experiment [37]. In general, the uncertainty in
the results is:

er = [(:_12 81)2 + (:71162)2 + -+ (:711 en)z]O.5 4)

Where:

eg - Uncertainty in the results

R : agiven function of the independent variables V4, V,, ..., V,
or R=R(Vy, Vo, ..., V)).

ei : uncertainty interval in the nth variable.
The partial derivative ;—5 IS a measure of the sensitvity of the

1
result to a single variable.

The summarized analysis of the experimental accuracy of the
measuring properties for some selected measuring devices is shown
in table (3). From these values the experiments uncertainties can be
calculated:

er = [(0.5)% + (1)? + (0.05)?]%° = F0.502

3. Results and Discussions

Solar domestic hot water systems are currently widely used due
to its simplicity, easily maintained, and relatively inexpensive. This
type of thermal energy storage eliminates the temperature drop
between transport fluid and storage medium. These systems
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performance is dependent on local climatic conditions, such as
solar radiation and ambient temperature.

The temperature histories for the three systems for Baghdad
winter weather 2012-2013 are represented in Figures 4, 5&6.
Water is heated in solar collector and its temperature is increased
till it reached its maximum value around 1 PM then it start to
decline especially after 4PM. During this time, the phase change
material undergoes an isothermal phase transformation at 45+1°C.
At this time the water temperature increased by up to 7°C, reaching
a maximum of about 60°C.

If heated water is assumed to mean water with temperature
higher than feeding water with about 20°C, then the activity of
water system stopped about 5PM for the three tested months. While
for water and pebble system it stopped at 6PM for the tested period.
In other hand water and PCM system activity stopped about 7PM,
8PM and 9PM for Dec., Jan. and Feb. respectively. These results
decline that the stored energy in PCM materials is better than for
other systems. Pebbles system introduces an insignificant
improvement may be because it need more mass to achieve
significant amelioration.

The paraffin slowly gets heated, sensibly at first, until it reaches
its melting point temperature. During the melting process there are
three stages namely; solid heating, phase change and liquid heating
as mentioned by [38]. The paraffin wax used in this experiment is
characterized by its melting starts at a temperature of 45°C and is
completed at 45.3°C. As the charging proceeds, energy storage as
latent heat is achieved as the paraffin wax melts at constant
temperature (45+1°C). After complete melting is achieved, further
heat addition from the water causes the PCM to superheat, thereby
again storing heat sensibly. The charging process continues till the
PCM and the water attain thermal equilibrium at about 2 PM. The
PCM is charged through the day, whenever hot water is not
demanded by the user.
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Figures 7, 8&9 show the stored energy distribution around day
hours. The stored energy increased as the day time proceeds till
noon hours (1 PM). Due to continuous withdrawing from the
system, the stored energy declined rapidly after 2 PM. The pebble
and PCM systems preserved their energies for longer time. For
pebbles system the stored energy persisted until 7 PM. PCM system
preserved energy until 10 PM.

Energy storage is usually in the form of sensible energy of a
fluid or solid medium, or in the energy associated with the phase
change of a material. In general, sensible energy storage is
characterized by low cost and the availability of the storage
medium. Water is not a latent heat medium for the operating
temperature range; it is common to use it for solar heat storage
application. For this reason, water was used as the baseline and
compares the results with pebbles and PCM. The water exchanges
its energy to pebbles and paraffin wax in tubes and at the beginning
of the charging process.Pebbles stored this temperature as
sensibleheat and this why it kept about 2 to 3°C less than water to
preserved heat transfer from water to it. The temperature of the
paraffinwas raised until it reached 45°C (its melting point). Initially
the energy is stored inside the wax as sensible heat until it reached
its melting temperature. As the charging process proceeds, energy
storage is achieved by melting the PCM at a constant temperature.
Finally, the PCM becomes superheated. The energy is then stored
as sensible heat in liquid PCM.

System efficiency is defined as the amount of energy stored in
the storage tank and the heat energy available from the solar
radiation. Systems efficiencies behaved as temperature and stored
energy as Figures 10, 11&12 illustrate. Water system efficiency
preceded other system at first day hours until 1 PM, then it declined
and retarded from the other for the evening hours. PCM material
delayed from water and pebbles systems in the first hours, due to its
need for the stored energy to changeits phase. At afternoon the
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PCM efficiency exceeded the other system, due to phase change
benefits.

As the time preceded the system efficiency decreased during
sensible heating of pebbles and solid PCM and it remains nearly
constant during phase change period for PCM. The decreasing
efficiency can be accredited to decreasing temperature differences
between PCM and water during charging, which lowers the amount
of heat transferred to the wax. This decreases the amount of heat
transferred to the storage tank and thus the energy stored decreased
with the time moving forword. Also the increase in water
temperature at the inlet of solar collector decreases the heat
absorption rate from the collector.

4. Conclusions

The main conclusions are:

1. Hot water (temperature 15-20 °C > feed water
temperature) can remain throughout the day and night, and
the fluctuations in water temperature decrease.

2. Commercial phase change materials are available
around the temperatures of interest, as paraffin wax used in
this study. Their cost is achievable, but their long term
performance not sufficiently tested.

3. Although interesting possibilities of innovation exists
by using this kind of storage, further research is needed for
the design of the storage system and heat exchanger, which
are tasks probably out of the scope of this study.

4. It is important to select the PCM on the basis of its
melting temperature, rather than its latent heat, because the
melting temperature has a significant effect on system
performance.

5. There are many factors which affect system
performance such as:

I. the average temperature of the storage unit,
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Ii. the fraction of time that the storage unit is charged
(collector to storemode),
iii. the fraction of time that the storage unit is
discharged (store to load mode),
iv. the fraction of time that the storage unit is isolated
(collector to load mode),
These factors depend primarily on the amount of incident
solar energy relative to the heating load.
6. The advantages of using PCMs as storage medium
over the conventional methods (i.e. sensible storage) are:

a. significantly reduced storage mass,

b. high storage efficiency,

c. Reducedwater temperature fluctuations
because the energy exchanged in phase-change
materials takes place at approximately constant
temperature.
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Experimental Accuracies

Measurements Accuracies in this study
Temperatures measurement 0.5
Water flow measurement 1
Time measurement 0.05
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Fig. 4, time average temperatures distribution for the day
hours in December
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Fig. 5, time average temperatures distribution for the day
hours in January
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Fig. 6, time average temperature distribution for the day
hours in February
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Fig. 7, stored energy distribution for the day hours in

December
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Fig. 8, stored energy distribution for the day hours in

January
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Fig. 9, stored energy distribution for the day hours in
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Fig. 10, system efficiency distribution for the day hours in
December
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Fig. 11, system efficiency distribution for the day hours in
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Fig. 12, system efficiency distribution for the day hours in
February
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