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ABSTRACT

Phase change material board (PCMB) is considered
high potential as an efficient passive solution to energy
saving in building applications, especially in hot weather.
A numerical investigation is conducted on PCMB, with
both sides subjected to periodical temperature
variations to examine its thermal behaviour. The
experimentally validated model is based on the enthalpy
method. The inner surface temperature variation is used
as a comparison factor, further with two newly
introduced parameters, thermal comfort ratio (TCR) and
energy saving potential (ESP), to parametrically analyse
the influencing factors in terms of both thermal comfort
and energy saving aspect. Melting range, latent heat
capacity, convective heat transfer coefficients for
inner/outer surfaces, thermal conductivity and PCMB
thickness are studied parametrically. Furthermore, the
optimal heat storage capacity of a PCMB placed on the
inner side of a traditional brick-concrete exterior wall is
theoretically obtained.
Keywords: PCMB; energy efficient buildings; latent heat
storage; thermal comfort; influencing factor; optimal
thickness.

NONMENCLATURE
Co specific heat capacity (kJ/(kg-K));
H enthalpy (kJ);
Hm latent heat (kJ/kg);
h convective heat transfer coefficient (W/(m?K));
k thermal conductivity (W/(m-K));
L thickness (m);
P a 24-hour period (hour);
R thermal resistance (m?-K/W)
T temperature (°C);
T average temperature (°C);
AT amplitude of air temperature fluctuation;
X direction through thickness (m);
Greek symbols
density (ki/kg);
T time (s);
At time gap (s);
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1. INTRODUCTION

A report by Delay et al. [1] from the Carbon Trust™
suggests that the U.K. building sector represent 45% of
its whole carbon emissions, which is largely due to poor
insulation and consequent additional energy
consumption to maintain a desirable level of thermal
comfort. Thermal energy storage with phase change
materials (PCMs) has attracted ever-growing attention
due to its tremendous capability to save energy in
heating and cooling. Deng et al. [2] pointed out one of
the problems of renewable energy in building
applications being the mismatch between energy supply
and energy demand can be addressed by energy storage
system, in which thermal energy storage is the most
common. The increase of thermal inertia by
incorporating PCMs into traditional building structures is
an effective method. Potential building structures where
PCMs can be incorporated include walls, wallboards,
floors, roofs, windows and shutters, insulation materials,
furniture and indoor appliances [3-6]. Installing phase
change material boards (PCMBs) at the inner side of an
exterior or interior wall is, to date, the most popular
method due to its potential and ease of use in
refurbishing existing buildings.

Kuznik et al. [7] conducted an experimental research
on a PCMB called Energain® under the controlled thermal
and irradiative effects, showing that a 5 mm-thick PCMB
can double the energy stored and released. Later, Kuzinik
and Virgone [8] tested a full-scale room in summer hot
weather, mid-season mild weather and winter cold
weather, showing that the PCMB largely reduced the
room air temperature fluctuations in all cases. Meng et
al. [9] tested a room envelope incorporated with two
PCMs of different melting temperatures, showing that
the indoor air temperature fluctuation can be decreased
by 4.3°C in summer and 14.2 °C in winter. Jin et al. [10]
experimentally optimised the location of PCM thermal
shields (PCMTS) within the cavity of a typical North
American residential wall using a dynamic wall simulator.
The greatest impact on the peak flux reduction was
found by them when the PCMTS was placed next to the
internal face of the wallboard. Gounni and Alami [11]
experimentally studied the optimal location of PCM,
showing that highest energy saving was achieved when
the location was next to the interior rather than the
exterior, which reconfirmed the accepted fact that
placing PCMB at the inner side of the wall is effective to
maintain thermal comfort. Kong et al. [12] built PCM
panels for two full-size rooms, being installed on the
walls and roofs at their outside and inside surfaces,

respectively. Their conclusion was that the panels kept
the thermal comfort in all situations but the room with
PCM installation at the inner surface performed better
than that at the outer surface.

The thermal performance of a PCMB primarily
depends on the thermal properties of the PCM inside.
Analytical and numerical investigations can provide
useful instructions to guide the design and installation of
PCMBs in buildings by evaluating their thermal
performance. Neeper [13] proposed the optimal melting
temperature of a gypsum wallboard of fatty acid and
paraffin wax for interior and exterior use based on the
diurnal energy stored and released. He concluded that
the optimal value of the melting temperature is largely
related to the average room temperature, which varies
from building to building and from season to season. Xiao
et al. [14] found the optimal melting temperature is not
only related to the average room temperature but also
to the absorbed radiation. Not only does the optimal
melting temperature exist, but also the optimal thickness
exists. Kuznil et al. [15] found the optimal thickness was
1 cm in their simulation by an in-house software called
CODYMUR, while Koo et al. [16] found the optimal
thickness was around 15 mm depending on the given
heat transfer rate in their investigation of several
wallboard design parameters.

Solomon [17] pointed out that the purpose of
installing a PCM/wall is to make room thermal comfort
and to store heat and he suggested that the temperature
of the room surface of the wall should vary as little as
possible. Inner surface temperature history and diurnal
energy storage capacity are the two most important
criteria to measure the thermal performance of a PCMB.
Some parameters were proposed by researchers to
evaluate the inner surface temperature history, such as
‘time lag’, ‘decrement factor’ and ‘phase transition
keeping time’. Zhou et al. numerically studied these
parameters in a single shape-stabilised PCMB under
periodically changing temperatures [18] and periodically
changing heating fluxes [19]. Diurnal energy storage is
another useful parameter to evaluate the thermal
performance, which Neeper [13] and Peippo et al. [20]
used to optimise the melting temperature of PCM walls
with valuable results obtained. Zhou et al. [21]
conducted a comprehensive parametric analysis of the
thermal performance of interior and exterior PCMWs by
examining both the surface temperature variation and
the diurnal energy storage capacity which gave a useful
guide for the selection of PCMs in energy-efficient
buildings. In addition to these, several other parameters
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were also proposed. Zhang et al. [22] suggested two
parameters, which are the modifying factor of the inner
surface heat flux ‘a’ and the thermal storage ratio ‘b’ for
exterior and interior wall, respectively. Evola et al. [23,
24] pointed out that operative temperature was more
important than room air temperature, and therefore in
order to measure the thermal comfort improvement,
they used four indicators: ‘intensity of thermal
discomfort (ITD)’, ‘frequency of thermal comfort (FTC)’,
‘frequency of activation (FA)' and ‘storage efficiency
(mpcm ), which were all based on the whole building
rather than a single wall.

PCMBs can be placed on the inner surface of an
interior or exterior wall, but the roles are rather
different. An interior PCMB works only as thermal energy
storage system, storing heat when the room
temperature is above the melting temperature and
releasing heat when the room temperature is below the
melting temperature to keep the room temperature
more stable. An exterior PCMB works not only as a
thermal energy storage system but also as insulation
between the indoor and outdoor environment. A PCMB
placed on the exterior wall is expected to perform better
than the same PCMB placed on the interior wall in terms
of keeping room thermal comfort under the same
conditions in summertime [25].

It is of great interest to know the effect of some
important influencing factors on the thermal
performance of an exterior PCMB with both sides
subjected to periodical temperature variations. In most
existing studies relating to PCMB performance
simulation, their room air temperature was always kept
constant. However, due to varying internal heat loads,
outside environment conditions, solar radiation from the
window and many other factors, the room air
temperature will inevitably have a periodic change
within a small amplitude even under well-equipped
thermal control by air conditioning. To account for this,
a periodically changing room air temperature is adopted
in the current study. To further and better understand
the inner surface temperature variation, two new
parameters, thermal comfort ratio (TCR) and energy
saving potential (ESP) are introduced to evaluate the
thermal performance in terms of both thermal comfort
and energy saving aspect, for the first time. A series of
influencing factors are parametrically studied, including
PCM melting range, latent heat capacity, thermal
conductivity, convective heat transfer coefficients for
inner/outer surfaces and PCMB thickness. Through a
theoretical analysis, the optimal thermal energy storage

capability and thickness are given for a PCMB placed on
the inner side of a traditional brick-concrete wall.

2. THERMAL ANALYSIS MODEL OF A PCMB
2.1 Numeric model

Figure 1 shows the schematic of a PCMB with both
sides under sinusoidal conditions. T, and T, are the
outdoor and room air temperatures, respectively; h, and
hi are the convective heat transfer coefficient of inner
and outer surface, respectively.

PCMB

Figure 1. Schematic of a PCMB with both sides under sinusoidal
conditions.

To simplify the simulation, some assumptions have
been made in this study: (1) the thermal properties of
PCMB are temperature independent; (2) constant
convective heat transfer coefficients of inner surface (h;)
and outer surface (ho) are used; (3) one-dimensional heat
transfer is analysed through the wall thickness direction,
considering that the PCMB thickness is small compared
to its length and width; (4) PCMB has a single and
uniform initial temperature. Based on such assumptions,
an enthalpy method is applied in the simulation to solve
the phase change heat transfer problem. The energy
conservation equation for PCMB is:

2
ppZ_I:Z p% (1)
where p, and k, are the density and thermal
conductivity of PCMB, respectively; T, is the
temperature; H is the enthalpy, which is a function of
temperature:

f; CpsdT <1

H= If:: Cp,sdT + f; CpmdT T,.<T<T1,
Ik f:ol CpsdT + f:: CpmdT + f:z CpdT T>T,

(2)
where 1, is the temperature point when enthalpy is
zero; 7; and T, represent the start and finish time of
phase change, respectively; c,s and c¢,; are the
specific heat capacity (under constant pressure) in the
solid and liquid state, respectively. In this simulation, the
specific heat capacity values in the solid and liquid states
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are set to be equal. ¢,,, denotes an equivalent specific
heat capacity during phase change, calculated from a
widely accepted formula ¢, =Hp, /(71 — 72), where
H,, is the latent heat.

2.2 Boundary conditions

The boundary and initial conditions are given by
Equations (3-5).

d
ho (Tsol—air - Tp)|x=0 = _kp % x=0 3
aT,
hi(Tr - Tp)|x=LP = kpa_‘: x=Lp (4)
T, (6, D __, = Tini ©)

where Tso;_gir IS the outdoor air temperature
reflecting the combined effects of the actual outdoor
temperature and the incident solar radiation; Lp is the
thickness of PCMB; Tj,; is the initial temperature
(Tini=15 °C). PCMB is subjected to convective heat
transfer boundary conditions on both sides. For the
outside boundary, the ‘sol-air temperature’ is used,
which could also be considered as sinusoidal variation
during a 24-hour period [15]. In the current study, the
daily sol-air temperature is assumed to vary sinusoidally
between 18 °C and 32 °C, as follows:

Tsol—air = 25 + 7 X sin(2nt/P — 2m/3) (6)
where P is a 24-hour period with the highest sol-air
temperature appearing at 14:00. Despite that the room
temperature is thermally controlled by the air
conditioning, the room temperature is still usually
considered as varying sinusoidally during a 24-hour
period as the room temperature is influenced by many
factors: internal heat loads, outside environment
conditions, solar radiation from the window. In this
study, the room temperature is assumed as follows:

T, = 22 + sin(2nt/P — 21/3 — 21AT/P) (7)
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Figure 2. Profiles of sol-air temperature and room air temperature
variation with a 2-hour delay.

InEqg. (7), At isthe time delay between the peaks of sol-
air temperatures and room air temperatures. A positive
time delay is considered favourable for thermal comfort
and energy saving purpose in summer. Figure 2
schematically gives an example of the sol-air
temperature variation and room air temperature
variation with a 2-hour delay.

2.3 Numerical procedure and validation

In order to specify the effects of influencing factors on
the thermal performance of PCMB with both sides
subjected to convective heat transfer with periodically
changing temperatures, a standard set of parameters
should be clarified. A commercial PCMB called DuPont™
Energain’ was used, whose thermo-physical properties
are: melting temperature of 22 °C, melting range of 1 °C,
density of 885 kg/m3, thermal conductivity of 0.2
W/(m-K), sensible heat of 2.4 kl/ (kg-K), latent heat of 70
kJ/kg and thickness of 1 cm.

A convective heat transfer coefficient between 5
W/(m2K) and 12 W/(m?-K) is usually adopted for the
inner surface according to the existing literature: 5.67
W/(m?K) and 8.3 W/(m?-K) in Ref. [13], 7 W/(m?:K) in Ref.
[15], 8 W/(m?*K) in Ref. [20], 8.7 W/(m?K) in Ref. [22], 9
W/(m?K) in Ref. [26] and 12 W/(m?K) in Ref. [16]. The
selection of heat transfer coefficient for the outer
surface varies from case to case: 17 W/(m?K) was used
in Ref. [26] and 25 W/(m?-K) in Ref. [15]. In the current
study, the standard heat transfer coefficients for the
inner and outer wall surface are set to be 8 W/(m?-K) and
17 W/(m?-K), respectively.

The phase change heat transfer equations of PCMB
were solved by a finite difference method (FDM) and
executed in Fortran. An implicit computational scheme
was adopted to solve parabolic equations for better
stability and rapid convergence [27]. The stopping
criterion was to terminate iterations when the relevant
difference was less than 10® (0.0001%). The meshing
along the thickness and time direction were carefully
chosen to ensure the mesh accuracy and independence.
It was found that 1500 nodal points along the thickness
and a time step of 2 s were sufficient, as further refining
the mesh could not increase the accuracy.

The data was recorded for the 7" to 9*" simulated day by
which time the variation in temperatures became
completely periodic and the effect of the initial
conditions had disappeared. To fully understand the
inner surface temperature variation, two parameters
were introduced to value the thermal performance of
the PCMB, ‘Thermal Comfort Ratio (TCR)" and ‘Energy
Saving Potential (ESP)’. As the room temperature is
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thermally controlled between 21 °C and 23 °C, TCR is
defined as the percentage of the total time within a day
when the inner surface temperature of PCMB is within
such a comfortable temperature range. ESP is defined as
the energy needed for air conditioning (both heating and
cooling) to keep the room air temperature within that
range divided by the energy needed with a 10 mm-—thick
traditional wallboard. Such two parameters are used to
evaluate the thermal performance of the PCMB in the
aspect of thermal comfort and energy saving.

To validate the reliability of the model and numerical
method used, a simulation was conducted for the
melting process of paraffin RT 27 [28] which has a similar
melting point to those used in buildings. Figure 3 shows
the simulation results against experimental data. For
such a complicated phase change heat transfer problem,
a very good agreement was observed between the two,
only with very small discrepancy, which can be attributed
to uncertainties in experimental data affecting the
accuracy and those assumptions in the simulation:
constant thermophysical properties and natural
convection neglected in the liquid phase. The most
evident discrepancy only appears in the closing stage of
phase change at 15 mm away from the heating board,
because the start of natural convection accelerates heat
transfer. Since the overall agreement is sufficient,
natural convection was safely neglected. In fact, in our
study the PCM inside the PCMB only became jelly-like at
its liquid state due to high viscosity and therefore natural
convection was not strong. More importantly, PCM
should not fully finish phase change under design
conditions, because heat storage capacity beyond phase
change becomes significantly small and is therefore not

desirable.
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Figure 3. Comparison of the experimental data [28] and simulation results for
paraffin RT27.

3. RESULTS AND DISCUSSION
3.1 Effects of PCM thermal properties

Melting temperature is one of the most important
influencing factors. Based on the method by Zhou et al.
[25], the optimal melting temperature of PCMB in this
case is 22 °C, which is perfectly equal to the selected
standard melting temperature. Most low-temperature
organic PCMs melt with a temperature range rather than
a single and sharp melting point. Figure 4 shows the inner
surface temperature variations with different melting
temperature ranges. Since the current study is based on
the summer hot environment, the decrease rate of the
highest daily temperature is an important evaluating
factor. From Figure 4, it can be seen that the melting
range has little effect on decreasing either the highest
daily temperature or the lowest daily temperature.
However, the surface temperature variation of the PCMB
during the phase change process is slightly different due
to different melting ranges.
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Figure 4. Inner surface temperature variations with different melting
temperature ranges.

Figure 5 shows the influence of the melting
temperature ranges on TCR and ESP. No matter what
melting temperature is, as long as the melting
temperature is within the room air variation range [21 °C,
23 °C], the narrower the melting temperature, the higher
TCR and ESP are. For the same melting range, the TCR for
the optimal melting temperature is always the highest
among all the cases. When the melting temperature of
the PCMB is far above the optimal temperature, for
example when T,=25 °Cand 26 °C, both TCR and ESP are
very low, being only around 10% for TCR and less than
5% for ESP in both cases. When T = 24 °C, a higher
melting range results in a higher TCR, that is because of
a large melting range, sometimes the PCMB melting
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happens within the room air temperature variation
range which is beneficial to the TCR. However, no matter
what melting range it has, the ESPs for T, = 24 °C are still
very low, being around 6.5%.
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Figure 5. Melting temperature range effects on (a) TCR and (b) ESP.

Latent heat is another important influencing factor on
thermal performance. Figure 6 shows the effect of PCMB
latent heat on the inner surface temperature variation.
The latent heat has little effect on the daily highest
temperature decrease, but only about 1 °C of reduction
in the daily lowest temperature when latent heat
increases from 50 kl/kg to 110 kJ/kg. However, in the
summer time, change of the daily lowest temperature
would not be a concern in term of thermal comfort.
Furthermore, a higher latent heat also leads to a longer
time staying around melting temperature, meaning a
longer phase change period.
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Figure 6. Effect of PCMB latent heat on the inner surface temperature
variation.

The increase of the latent heat capacity has a positive
effect on both TCR and ESP, seen in Figure 7. The effect
of latent heat capacity on the TCR is almost linear, with
an increased TCR from 33.3% to 39.2%, to 44.8% and
then to 50%, when latent heat is increased from 50 kJ/kg
to 110 kJ/kg with a 20 kl/kg increase rate. Meanwhile,
the ESP can also be increased from 12.8% to over 23.2%.
Therefore, the latent heat of PCMB can be said ‘the

higher the better’. However, the latent heat of PCMB
depends on the quantity and latent heat capacity of PCM
inside. It is known that the solid-liquid phase change can
lead to a potential leakage problem. The commercial
PCMB is better to be shape-stabilised. Supporting
materials, such as polymers, can be used in the
manufacture of PCMB. In order to enhance the total
thermal mass of the PCMB, the minimum amount of

supporting materials should be suggested.
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Figure 7. Latent heat capacity effects on ESP and TCR.

The thermal conductivity of PCMB has an effect on the
daily highest temperature. As seen in Figure 8, the
highest daily temperature rises with the increase of
thermal conductivity. From keeping thermal comfort
aspect, increasing the thermal conductivity of PCWB is
not beneficial to improve the thermal performance.
When the thermal conductivity of PCMB is increased
from 0.2 W/(m-K) to 0.3 W/(m-K), the daily highest
temperature is increased by about 0.5 °C. The PCMB
used on the exterior wall functions partly as insulation
and partly as thermal energy storage. As insulation, low
thermal conductivity prevents heat from going through
both ways (into and out of the room). However, as
thermal energy storage, low thermal conductivity
prolongs the charging and discharging process, which is
undesirable. In this study, both sides of PCMB are
exposed to convective heat transfer with periodical
temperature variation. The PCM in a 10 mm-thick PCMB
will be fully charged and discharged rapidly due to a large
temperature difference and a low thermal resistance
between the outdoor and indoor environment. When
there is no ongoing phase change process, the PCMB
functions fully as the insulation, thus, a low thermal
conductivity is better for the overall thermal
performance of the PCMB.
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Figure 8. Effect of PCMB thermal conductivity on the inner surface
temperature variation.
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Figure 9. Thermal conductivity effects on TCR and ESP.

Figure 9 shows the TCR and ESP influenced by different
thermal conductivities. There is no doubt that increasing
the thermal conductivity in this study has a negative
effect on both factors. The TCR decreases from 39.2% to
37.1% when thermal conductivity increases from 0.2
W/(m-K) to 0.3 W/(m-K). However, the decrease of TCR
slows when further increasing the thermal conductivity
to 0.5 W/(m-K) with an average decrease of 0.7 % per 0.1
W/(m-K) increase. There is only 0.4% decrease when the
thermal conductivity increases from 0.5 W/(m-K) to 0.6
W/(m-K). Increasing the thermal conductivity can also
decrease the ESP. However, the effect of thermal
conductivity on ESP decrease is more significant than
that on TCR decrease, seen from Figure 9. The ESP for a
PCMB with a thermal conductivity of 0.6 W/(m-K) is only
1%, meaning it works almost the same with a traditional
wallboard. Therefore a lower thermal conductivity of an
exterior PCMB proves good in terms of both thermal
comfort and energy saving purpose.

3.2 Effects of PCWB thickness

The PCMB thickness has the largest effect on the inner
surface temperature variation among all, because a
thicker PCMB not only has a larger total latent heat
capacity but also a larger thermal resistance benefited
from the thickness. As shown in Figure 10, the decrease
rate of peak daily highest temperature is almost even
with every 5 mm thickness of increase, being about 0.6
°C, when the PCMB thickness changes from 0.005 m to
0.02 m. However, the daily lowest temperature changes
differently. For a PCMB with a thickness of 0.02 m, the
daily lowest temperature peak almost disappears. The
daily time when the inner surface temperature is within
the thermal comfort temperature range should be the

longest.
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Figure 10. Effect of PCMB thicknesses on the inner surface temperature
variation.

The same results are obtained from Figure 11. The TCR
is hugely increased to 62% when the thickness is 0.02 m.
The ESP is also increased by a thicker PCMB, for example,
the ESP increase is 12% when the PCMB thickness
increases from 0.01 m to 0.015 m. However, further
increasing the thickness leads to a slower increase of ESP,
because the PCM inside the PCMB would not be fully
charged or discharged in a daily cycle. From this aspect,
the optimal thickness of the PCMB in this model is
considered to be 0.15 m. In this model, both sides of the
PCMB are directly subjected to periodical temperature
variations. The large daily temperature variation of
outdoor environment enhances the heat transfer to
PCMB, thus requiring for a thicker PCMB to store the
heat from outside. In practical applications, one side of
the PCMB is supposed to connect with outdoor
environment by thermal conduction through other
traditional exterior envelops and then by convective heat
transfer with outdoor environment. In that case, the
total thermal resistance between outdoor environment
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and PCMB is larger compared to the case in this model
that will require a thinner PCMB.
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Figure 11. PCMB thickness effects on ESP and TCR.

3.3 Effects of convective heat transfer coefficients of the
inner and outer surfaces
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Figure 12. Effect of convective heat transfer coefficients on the inner surface
temperature variation.

Figure 12 shows the effect of inner and outer
convective heat transfer coefficients on the inner surface
temperature variation. In general, the smaller the
difference between the inner and outer convective heat
transfer coefficients is, the larger the daily highest
temperature decreases, for example, the most two
decreases of the daily highest temperature happen at
when h; = 12 W/m?K and h, =17 W/m?K and h; = 8
W/m2K and h,=13 W/m?K, respectively. With the same
difference, higher inner and outer convective heat
transfer coefficients result in smaller temperature
variation. The outer convective heat transfer coefficient
is largely influenced by the local environment. In
practical applications, the outer surface of the PCMB
always connects with outer environment by other wall
structures. Therefore, the convective heat transfer
coefficient of an inner surface has a larger effect on the

thermal comfort and heating/cooling loads in a room
than that of an outer surface. Thus, when designing a
PCMB, the convective heat transfer coefficient for an
inner surface should be selected carefully by considering
PCMB location, occupants, furniture, window location
and other influencing factors.

4, CONCLUSION

This paper conducted a numerical investigation on the
thermal performance of PCMB. The model was validated
by experimental data before being used in parametrical
simulations to examine the effects of all influencing
factors on the thermal performance. The inner surface
temperature variation was used as the main evaluation.
Two new parameters, ‘Thermal Comfort Ratio (TCR)’ and
‘Energy Saving Potential (ESP)’ were introduced to help
further understand the thermal performance of PCMB.
When the PCMB is at its optimal melting temperature,
melting range has little effect on the daily highest and
lowest temperature. A narrower melting range leads to
a higher TCR and higher ESP. If the PCMB temperature is
over 3 °C above the optimal melting temperature, both
TCR and ESP become very low, being around 10% for TCR
and less than 10% for ESP.

Latent heat also has little effect on decreasing the
daily highest temperature, but the daily lowest
temperature is smoothed and therefore TCR is largely
improved, with ESP also improved slightly. In general, the
latent heat can be said ‘the higher the better’. To avoid
leakage potential, a supporting material can be used to
shape-stabilise the PCM inside PCMB, but doing so will
affect the overall heat storage capacity. Therefore, the
minimum amount of supporting materials should be
suggested when designing PCMB in order to have the
maximum heat capacity.

A larger thickness not only results in a higher heat
capacity, but also a larger thermal mass of the building
envelopes. In order to get the optimal thickness, a
theoretical analysis was also conducted. Different from
the simulation, a brick-concrete exterior wall structure
was added to the analysis. The effects of the outdoor
environment and convective heat transfer were
investigated. For most studied cases, a 10 mm- thick
PCMB worked sufficiently well as a heat storage system.
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