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Abstract—PCMs have always been viewed as a suitable
candidate for off peak thermal storage, particularly for refrigeration
systems, due to the high latent energy densities of these materials.
However, due to the need to have them encapsulated within a
container this density is reduced. Furthermore, PCMs have a low
thermal conductivity which reduces the useful amount of energy
which can be stored. To consider these factors, the true energy
storage density of a PCM system was proposed and optimised for
PCMs encapsulated in slabs. Using a validated numerical model of
the system, a parametric study was undertaken to investigate the
impact of the slab thickness, gap between slabs and the mass flow
rate. The study showed that, when optimised, a PCM system can
deliver a true energy storage density between 53% and 83% of the
latent energy density of the PCM.

Keywords—Phase change material, refrigeration, sustainability,
thermal energy storage.

1. INTRODUCTION

ELECTRICITY demand during the summer season [1-6]
represents a significant impact to the cost of electricity
[7]1. One of the contributors to this demand during peak
summer days is refrigeration. Therefore, there is a need for
off peak storage for refrigeration. However, as with all
commercial off peak storage systems, there is a need to
prevent an increase in energy consumption [8]. Storing the
‘coolness’ from the off peak period using phase change
material (PCM) is a potential option for refrigeration systems
[9].

PCMs are a substance in which the heat at the solid-liquid
phase transition point is used in applications for storing large
amounts of thermal energy [10,11] at a certain temperature. A
principle advantage of PCMs is the large energy storage
density relative to sensible energy storage with rock or water
(liquid) [12].

PCMs also have some disadvantages. The main drawbacks
with PCMs are the low thermal conductivity and the
encapsulation design. In a latent heat thermal energy storage
system, the heat transfer fluid (HTF) passes through an area of
encapsulated PCM. In a PCM, during melting or freezing, the
thermal resistance increases as the solid/liquid boundary
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moves away from the heat exchange surface [10]. This
resistance is significant and reduces the thermal capacity of
the system [13]. This resistance changes with the design of
the encapsulation.

In a PCM thermal storage unit, the percentage of the PCM
volume per total system volume is defined as the compactness
ratio. The challenge in PCM encapsulation design is to have a
large compactness ratio so that the maximum amount of latent
energy can be used. The compactness ratio can be as low as
50%, as in a sphere type PCM heat exchanger [14]. In this
project, a plate type thermal storage system is used because of
the high storage density of PCM which can be up to 95% of
the total volume [15].

II. SYSTEM DESIGN

Optimisation involves varying the PCM slab thickness, gap
width between slabs and the HTF mass flow rate. A PCM with
a melting point of -27°C is used for this analysis because it is
suitable for refrigeration applications [9] along with Dynalene
HC-40 as the HTF [14].

The amount of PCM used in this model is fixed at 1m’.
Therefore, when the slab thickness is varied, the number of
slabs is changed so that the total PCM volume is constant.

The actual performance of a PCM energy storage system
depends on the effectiveness of charging and discharging, and
the compactness ratio. These parameters can be incorporated
into the true energy storage density factor, a. The value of a
can be applied to the latent heat of fusion, H;. The resulting
product represents the true energy density of the PCM thermal
storage system.

III. THEORETICAL ANALYSIS

The storage system consists of several flat PCM slabs. No
heat transfer to the surrounding is assumed. The HTF is
flowing between these slabs as in Fig. 1.
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Fig. 1 Schematic diagram of the PCM model [9]

A latent heat thermal energy storage system can be
described as a heat exchanger. Effectiveness is an important
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parameter in heat exchanger design and can be applied to
PCM storage systems as well. The effectiveness of a phase
change storage system is equal to the ratio of the actual heat
transfer to the maximum possible heat transfer [16]. In this
work, the effectiveness of melting, ¢; and freezing, &, was
calculated by using equations (1) and (2) over the phase
change process. These equations ignore the sensible energy
storage.

_Tout)/zmcp(Tin

_Tin)/zmcp(Tpcm

g =y mCp(T,

82 = z m Cp(Tout

~T\0) (M
- Tin ) (2)

For ideal latent heat thermal energy storage, both values of
g and ¢, are 1. Theoretically, this means the exit temperature
of the HTF must be the same as the PCM phase change
temperature.

The most critical objective in thermal energy design is to
get the highest a as possible. So the values of melting and
freezing effectiveness must be high enough together with the
proportion of PCM in the system, the compactness ratio, .
Values of @ and y was calculated using equations (3) and (4).

a=é&6,) (€)
y=t/(w+t “)

To consider pumping losses a modified effectiveness value
was determined using equations (5) and (6), total losses of the
system are then calculated using equations (7).

Ex=¢&, —(Losses 10,) (5)
&, =&, — (Losses /10,) (6)
Losses = APV / 7,7 s (7

The Losses define the primary energy of the pumping
losses. Pump efficiency, #, and power station efficiency, 7,
were fixed at 50% and 35% respectively. To consider these
losses, a value became o * as defined in (8).

a*=¢g.65y (®)

IV. SIMULATION SOFTWARE

In this work, the simulations were done using TRNSYS.
TRNSYS is a transient systems simulation program with a
modular structure [17]. The software has been used for
analysing the time dependent numerical model for many heat
exchanger types [11] in refrigeration systems [18].

In order to calculate the true energy storage density factor,
o, the value of g; and &, values need to be known. TRNSYS
was used to calculate these values.

V. PCM MODEL

An existing one dimensional computer model of latent heat
thermal energy [9] in TRNSYS was used in this research.
This experimentally validated model [19] consists of several
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flat PCM slabs which are then simulated in the computer using
the finite-difference calculation method.

The ideal performance occurs when the inlet temperature is
close to the melting temperature. Therefore a 1°C temperature
different was applied between the inlet temperature and the
PCM melting point.  This temperature difference also
minimised the sensible energy of the PCM. Simulations on
the model are based on the following assumptions:-

1. No super cooling occurs,

2. Simulation stops when Ty, — Ty (melting) or Ty - Tiy
(freezing) @ AT < 0.01. Results have shown that the
effectiveness values for melting and freezing have
minimal differences (comparing AT < 0.01 and AT <
0.001) and can be neglected,

3. Conduction in the PCM is ignored as it has been shown
that the resistance to heat flow is small due to the thin
slabs that are used [15,19,20],

4. Natural convection is ignored,

5. Sensible energy is ignored as it is only 2.5% of the
latent energy.

Table 1 show the parameters which had to be set on the
computer model. These values are fixed through simulations.

TABLEI
PRESET PARAMETERS

Parameter Quantity

Unit
HTF inlet temperature -25.7 (for melting) °C
-27.7 (for cooling) °C
Solid thermal diffusivity 0.0000014176245 m/s
Liquid thermal diffusivity 0.0000001105538 m?/s
Solid specific heat 1200 J/kg K
Liquid specific heat 3650 J/kg K
Solid thermal conductivity 2.2 W/m.K
Liquid thermal conductivity 0.55 W/mK
Solid density 1305 kg/m’
Liquid density 1363 kg/m’
PCM melting temperature -26.7 °C
PCM freezing temperature -30.6 °C
Initial temperature -26.9 (for melting) °C
-26.5 (for cooling) °C
Latent heat of fusion 144000 J/kg
Wall thermal conductivity 0.02 W/mK
Length of slabs 1 m
Width of slabs 1 m

The three main parameters investigated in this project are

the gap between slabs, w, HTF mass flow rate, 1 , and PCM
slab thickness, ¢. Table 2 shows the range investigated.
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TABLE II
CHANGING PARAMETERS

Parameter Quantity Unit
No of slabs 5to 105

Default is 45
Thickness of slabs 0.20056 to 0.009931 m

Default is 0.02264 m
Gap between slabs 0.005 to 0.75 m

Default is 0.01 m
Mass flow rate 50 to 7500 kg/hr

Default is 100 kg/hr

VI. SIMULATION FINDINGS

A. Gap width effects

The first simulation investigated the effect of the gap width
between PCM slabs, w on the true energy storage density
factor, . The w value is increased from 0.005m to 0.75m
through repeated simulations. The PCM slab thickness and
mass flow rate of the HTF are fixed at 0.01m and 100kg/hr
respectively. The result is shown in Fig. 2.
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Fig. 2 True energy storage density factor, & and a” versus gap width,
w (m)

There are two lines in the graph. As the values for both
theoretical, o and the one including losses, o are almost
identical, it can be concluded that the pumping losses are
negligible.

The a values declined sharply for w < 0.lm due to a
decreasing compactness ratio, y. As shown in Fig. 3, an
increasing w had a small effect on the effectiveness. The
small reduction was due to the decrease in overall heat transfer
coefficient between the wall and the HTF that a larger gap
would cause. The range of w < 0.1m is typical for many flat
slabs type of PCM storage because of their high value of a.
The system became in-efficient for larger gap widths.
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Fig. 3 Melting effectiveness, €; and &;+versus gap width, w (m)

B. Mass flow rate effects

The impact of HTF mass flow rate was investigated. The
result is shown in Fig. 4.
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Fig. 4 True energy storage density factor, o and o." versus mass flow
rate, ! (kg/hr)

The heat transfer from the HTF to PCM occurs best for low
mass flow rates. This can be explained by referring to Fig. 5.
The melting effectiveness, €; and &;+decreased with increasing
flow rate as expected in heat exchangers. The impact of losses
is small, increasing at higher flow rate.  The same
phenomenon applies to the freezing process.
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Fig. 5 Melting effectiveness, £; and &4« versus

mass flow rate, " (kg/hr)

C. Slab thickness effects

The impact of the PCM slab thickness, ¢ is shown in Fig. 6.
The number of slabs was increased from 5 to 105, as the
thickness decreased from 0.20056m to 0.009931m. The
simulation is run repeatedly with 50, 100, 500, and 1000kg/hr
mass flow rate of the HTF (from top to bottom in the graph).
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Fig. 6 True energy storage density factor, « and a" versus slab
thickness, ¢ (m)

The graph shows an increasing a at small slab thicknesses.
Given that the gap width, w is fixed, this increase is due to an
increasing compactness ratio. Fig. 7 shows the melting
effectiveness decreasing at larger slab thickness which is due
to the decreasing heat exchanger area as the number of slabs
decreased. Therefore an optimal slab thickness exists.
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Fig. 7 Melting effectiveness, €; and &;+versus slab thickness, 7 (m)

This optimal thickness increases with decreasing flow rates.
At the lowest flow rate, o reaches a constant maximum and
this is due to the effectiveness also being relatively constant
(Fig. 7). This occurs as with a decrease in area there is also an
increase in the overall heat transfer coefficient between the
wall and the HTF as the mass flow rate is fixed.

VII. OPTIMAL DESIGN

The most critical finding is depicted from Fig 6. It can be
seen that the slab thickness plays an important role in thermal
energy storage design. It is clearly shown that the optimum
value for o is different depending on the mass flow rate
supplied into the system. As the mass flow rate increased, the
maximum a dropped off.

In Fig. 6, the top line represents o for 50kg/hr flow rate.
Slab thickness greater than 0.06712m gives an almost constant
o. It was concluded that for low flow rate, the optimum size
of thickness is 0.06712m with 15 slabs in this thermal storage
unit (with 0.01m gap between slabs). Another conclusion is
that, for low flow rates, the o values are independent of losses.
Overall an optimal a of 0.83 was obtained.

1000k/hr represents a typical high flow rate for the system.
The optimum slab thickness is 0.02264m with 45 slabs. It can
be seen that, the losses from pumping have a small effect. At
this flow rate, the optimum o was 0.53.

Overall, it has been shown that with a plate design, the true
energy storage density of a PCM thermal storage facility is
heavily dependent on the design and the flow rates used.
Optimisation has shown that the true energy storage density of
a PCM system can be increased to within the range of 53% to
83% of the latent energy storage density of the PCM. With
PCMs being many times more energy dense than sensible
storage systems, it can be concluded that optimized PCM
systems with plates can deliver true storage densities
considerably higher than sensible systems.
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APPENDIX
TABLE II1
NOMENCLATURE

Symbol Quantity Unit
€ melting effectiveness -
& freezing effectiveness -
&px modified melting effectiveness -
& modified freezing effectiveness -
1 mass flow rate of HTF between kg/hr

slabs
Cp specific heat J/kg K
Tin inlet temperature °C
Tout outlet temperature °C
Tpem temperature of PCM °C
O theoretical stored energy /s
Qe actual stored energy J/s
AP pressure drop kg/m®
My pumping efficiency -
Tps power station efficiency -
f relative roughness -
/ length of PCM slab m
p density of the HTF kg/m®
v velocity of the HTF m/s
Dy, hydraulic diameter m
Re Reynolds number -
w width of gap m
/ length of gap / PCM slab m
t thickness of PCM slab m
u dynamic viscosity of the HTF kg/ms
y proportion of PCM -
a true energy storage density factor -
a” modified true energy storage

density factor -
Ogensible sensible heat J
Olatent latent heat J
H, latent heat of fusion J/kg
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