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Abstract . Shape-stabilized phase change material (SSPCM) plates combined with night ventilation in
summer is investigated numerically. A building in Hsinchu, Taiwan without active air-conditioning is
considered for analysis, which includes SSPCM plates as inner linings of walls  the ceiling and floor, and an
active building envelope system (ABE) is installed as well in the room becomes the Hybrid system. In the
present study, a kind of floor with SSPCM is put forward which can absorb the solar radiation energy in the
daytime or in summer and release the heat at night or in winter. In this paper, the thermal performance of a
room using such floor, wall and ceiling were numerically studied. Results show that the average indoor air

temperature of a room with the SSPCM floor was about 2 K to 4 K higher than that of the room without
SSPCM floor, and the indoor air temperature swing range was narrowed greatly. This manifests that applying
SSPCM in room suitably can increase the thermal comfort degree and save space heating energy in winter.
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1 Introduction problem. It may have low conduction heat transfer.

Energy storage not only reduces the mismatch
between supply and demand but also improves the .
performance and reliability of energy systems and 1.1 Shape-Stabilized PCM (SSPCM)

plays an important role in conserving the energy [1, In recent years, the Stefan problem has been
2]. It leads to saving of premium fuels and makes resolved, a kind of novel compound PCM, the,
the system more cost effective by reducing the Shape-stabilized PCM (SSPCM) has been
wastage of energy and capital cost. One of attracting the interests of the researchers [4-6]. Fig.
prospective techniques of storing thermal energy is 1 shows the picture of this PCM plate. It consists
the application of phase change materials (PCMs). of paraffin as dispersed PCM and high-density
Unfortunately, prior to the large-scale practical polyethylene (HDPE) or other materials as
application of this technology, it is necessary to supporting material. Since the mass percentage of
resolve numerous problems at the research and paraffin can be as much as 80% or so, the total
development stage. One of problems is so called stored energy is comparable with that of traditional
the Stefan problem [3]. The heat transfer PCMs.

characteristics of melting and solidification process Zhang et al. [7] investigated the influence of
arise in the presence of phase change and additives on thermal conductivity of SSPCM and
expressing the energy conservation across the analyzed the thermal performance of SSPCM floor
interface. In literature, this solid-liquid interface for passive solar heating. To the authors’
boundary is known as Stefan or moving boundary knowledge, no research work reported in the
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literature has made on the performance of
shape-stabilized PCM application coupling the
active building envelope system (ABE) in
buildings combined with night ventilation.
Therefore, the purpose of this study is to perform a
numerical analysis on the thermal effect of
shape-stabilized PCM plates as inner linings on the
indoor air temperature under night ventilation
conditions in summer, coupling the ABE system in
a building, and for overall system of the building
based upon a simulated room; a generic enclosure,
combined with the climate report of Hsinchu city,
Taiwan, 0Oam~24pm, 1% ~6™ July., 2008. [8] to
investigate: (1) feasibility study of the hybrid
system (2) heating capability analysis (3) cooling
capability analysis (4) indoor temperature levels.
For the sake of simplification, thermal
performance is the only consideration.

Several applications and system design of
building can be seen in papers of the
NAUN/WSEAS journals and proceedings [9-11]

1.2 Active Building Envelopes

A brief description of the proposed ABE system is
provided here (see Fig. 2). For more details, see
[12]. The ABE system is comprised of two basic
components: a photovoltaic unit (PV unit) and a
thermoelectric heat pump unit (TE unit). The PV
unit consists of photovoltaic cells, which are
solid-state devices that convert solar radiation
energy into electrical energy. The TE unit consists
of thermoelectric heaters/coolers (referred to here
onwards as TE coolers), which are solid-state
devices that convert electrical energy into thermal
energy, or the reverse. The PV and the TE units are
integrated within the overall ABE enclosure. As
shown in Fig. 2, the PV unit forms an envelope
surrounding the external wall such that a gap is
maintained between the wall and the PV unit. This
gap acts as an external heat dissipation zone for the
TE unit. The external walls of the proposed ABE
system consist of two layers, as shown in Fig. 2.
The external layer (facing the PV unit) is made of a
thermal insulating material, and the internal layer
is made of a material with high heat storage
capacity. In Fig. 2, the words ‘‘Thermal
insulation’” and ‘‘Thermal Mass’’ pertain to the
external and the internal layers of the ABE wall,
respectively. The TE coolers/heaters are dispersed
inside the openings that are provided in the
insulating layer. Each TE cooler/heater consists of
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two heat sinks. As shown in Fig. 2, the internal
heat sink either absorbs or dissipates heat to the
thermal mass layer. The external heat sink either
absorbs heat from, or dissipates heat to, the
surrounding air; through natural or forced
convection.

The author’s team; Tsai BJ [13] just finished a
project; In a building installed the ABE system

without SSPCM, wind, solar driven, bypass the

windmill flow as a air flow (as shown Fig. 3),
ambient temperature, To is equal to 308 K and
indoor temperature, Ti is 301 K. Numerical results
show the Ti will decrease 2 K when the ABE
operating with heat sinks, without fan. As fan is
opened, strong convective heat transfer, Ti will
decrease approximately 4~5 K.

1.3 Hybrid system

Zhou et al. [14] in 2009 reported effect of
shape-stabilized phase change material (SSPCM)
plates in a building (as shown Fig. 4) combined
with night ventilation in summer is investigated
numerically. Their conclusions show that the
SSPCM plates could decrease the daily maximum
temperature by up to 2 K due to the cool storage at
night. Under the present conditions, the appropriate
values for melting temperature, heat of fusion,
thermal conductivity and thickness of SSPCM
plates are 26 C, 160 kJ kg, 0.5Wm™ C" and 20
mm, respectively. The ACH at night needs to be as
high as possible but the ACH at daytime should be
controlled.

1.4 Literature Survey Of Numerical
Techniques

During the phase change the solid-liquid interface
moves away from the heat transfer surface. The
difficulty in solving a phase change problem is the
presence of a moving boundary or region on which
heat and mass balance conditions have to be met.
Generally, two approaches of the finite difference
and finite element techniques are used to solve the
phase change problems numerically. One of the
methods to solve the moving boundary problem is
enthalpy formulation [15, 16]. The enthalpy
method is used in a particular way so that the only
unknown variable is the temperature of the phase
change material and the solidification occurs at a
uniform temperature. In this work we use the
modified enthalpy method treats the enthalpy as a
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temperature dependent variable and constructs the
latent heat flow through the volume integration
with the use of the enthalpy of the system [17, 18].
Heat transfer with moving boundary involving
phase change is very important in latent heat
storage application, i.e., ice formation, freezing of
food, castings, metallurgy, crystal growth and
various other solidification techniques. The
predication of temperature distribution and rate of
melting or solidification is very important in order
to design such storage device.

2 Analysis Method—Physical And
Mathematic Analysis And Modeling

The analysis is designed to examine the indoor
thermal comfort level under night ventilation when
the SSPCM plates are used or not. A typical
south-facing middle room (room A shown in Fig. 5)
in a multi-layer building in Hsinchu city, Taiwan,
is considered as the model room for analysis,
which has only one exterior wall (the south wall)
and others are all interior envelopes. The
dimension of the room is assumed as 3.9 m (length)
x 3.3 m (width) x 2.7 m (height). The south wall is
externally insulated with 60-mm-thick expanded
polystyrene (EPS) board. There are a 2.1 m x 1.5
m double-glazed window and 1.5 m x 1.5 m ABE
system in the south wall and a 0.9 m x 2 m wood
door in the north wall which is adjacent to another
room or the corridor. The overall heat transfer
coefficients of the window and door are 3.01 and
0.875Wm™ C”, respectively. SSPCM plates are
attached to inner surfaces of four walls and the
ceiling as linings. Based on a practical
consideration, no SSPCM is included in the floor
structure. Thermo-physical properties of SSPCM
and materials of building envelopes are shown in
Table 1. The phase transition temperature range of
SSPCM is assumed to be 1 K. Natural ventilation
in the day and mechanical ventilation at night are
considered. The total indoor heat produced by the
equipments, furniture, light and occupants, etc. is
assumed to be SOW (average value over the day).
The summer climate data is generated by the
software Medpha [8]. A verified enthalpy model
[19] is applied for this simulation.

2.1 Heat Transfer Model Of SSPCM Wall
And Ceiling
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The schematic of heat transfer through the
exterior wall is shown in Fig. 6. The transient
enthalpy equation is

OH o'T
P =k~ (1)
ot Ox
where for SSPCM, ,, _ J"! ¢, dT + J‘TT ¢, ,dT + J‘TT ¢, dT>

for the insulation layer and the hollow brick layer,
p;=ps k;=k;, c,,=c,, 0<x<x

Pi=Py ki=ky, c,;=c,, x<x<x

p;=p, k =k, X, SX <X,
The 1nitial condition is
T(x, Do =T (2)

For the surfaces exposed to the outside and
inside air, the boundary conditions are

Groue T hnul (Tnuz - TZ out ) == kt’ or (3)
’ ' Ox |,y
oT €))
n (T =T, )=k
ql ,in + m( in l,m) P 6x

For the exterior wall, 9rin and 9ro« are indoor
and outdoor radiation heat flux, respectively (Fig.

6). The convective coefficients Pou and " are
calculated according to the ASHRAE Handbook
[20].

The above equations are also applicable to
interior walls and the ceiling. For the interior

walls, hou and9rou - are zero. For the ceiling (Fig. 7),

the surface at* =0is assumed insulated and the
inner surface corresponds to convective heat

transfer coefficient h, and thermal radiation "< .
Thermal radiations among the internal surfaces of
walls, floor and ceiling are calculated by thermal
radiation network method [21].

2.2 Heat Transfer Model Of The SSPCM
Floor
For floor construction shown in Fig. 8, the
transient heat transfer equation is
oT o’T
PiCrigy =5 P ®)
p;.k andc, ; areas follows:

P =ps ki=k; c,;=c,; 0<y<y,

P; = Pa> kj:ka’ Cpj =Cpa NSY<H
Pi=Pp ky=ky ¢, =0, 1 Sy<y;

Again, the initial condition is
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T(y,t),o =T, (6)
The boundary conditions are
k, or y=0
Ve
or (7)
Gy +eolTl - TS, )=k S =y
Y=0
or
" Deap +€o—(7: T; ) 7 5)/ Y=>»,
or
Gyp + 1, (T, =T ) =k, Y=
6J} Y=y

Where 9/w#is the radiation heat flux from the
walls and ceiling to the wood floor; for the air gap,

heat flux %« be calculated by the following
equation [22]:

k,
(7., -

9 =N,
Lé’a]’

Tyan)
®)
Where TwrTrmare the temperature at the upper
surface of the insulation layer and at the under
surface of the wood floor respectively. And

N (Nusselt number) is calculated by the following
equation:
(€))

N, =

u

0212(Gr,R Y4, Gr, =1x10* —4.6x10°
0.061(Gr,P)5,  Gr, >4.6x10°

When 9% is less than 10°
conductivity is considered.

C. Model of the indoor air of hybrid system
building

only thermal

The energy conservation equation fir the indoor
air is

P apa R ZQM i Qa c + QL +an QABE (10)

Where Q“ls assumed 70% of the total energy

from the heat source [23], and Qui Qs and Qo
QABE [12,13] are calculated by the following
equations:

O,..=h, ><(T -T. )><AW.

(11)
0, =c,.pVux ACH (T, ~T,)/3600 (12)
Qi =U,, x(T,,, =T, )x 4, (13)
Oupe = Opi= Ope T IV (14)

D.  Model of the SSPCM
The phase change model is based on the
enthalpy method as modified by Zivkovic and Fujii
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[24]. They split the enthalpy as sensible and latent
heats and included the melting fraction/ in the
one-dimensional transient heat equation as given in
Eq. (18) below,
H=h+L.f
h={ cdr

(15)

Where,

The local liquid fraction /1 is given as,

0 if T<T,,(Solid)

B 1 if T>T,,(Liquid)
fi=

druing melting or solidification of the CV
f, is time dependent and between 0 and 1
Substituting in the one dimensional transient heat
equation for constant conductivity, density, specific
heat gives
T _kOT o,

at p Ox* 5t (16)
The whole domain of the rectangular storage is

partitioned in N equidistant nodes. The control
volume (CV) associated with each node has a

thickness AX , while nodes 1 and N have
half-thickness (2%/2).

3 Numerical Technique

3.1 Description Of The Model Room

The model room for analysis, which has
dimension assumed as 3.9 m (length) x 3.3 m
(width) x 2.7 m (height) concrete chamber. The
thickness of chamber is 300mm, except the floor
and the south wall each wall was installed 50mm
thick SSPCM. The south wall is externally
insulated with 60-mm-thick expanded polystyrene
(EPS) board. There are a 2.1 m x 1.5 m
double-glazed window and 1.5 m x 1.5 m ABE
system in the south wall and a 0.9 m x 2 m wood
door in the north wall which is adjacent to another
room or the corridor. Floor is made of the first
30mm thick wood layer, under that the second
layer is 40mm SSPCM layer, in between is the air
layer with 30mm thick. And the extended
computational domain is six times larger than that
of the model room. ( see Fig. 9, Fig. 10)

3.2 Input Parameters Of The Model Room
And Applying Software
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In this study, using the Gambit to construct the solid
model and grid mesh, then applying the Fluent as the
solver of flow and thermal field. All parameters of the
building and material properties of SSPCM were
tabulated in Table 1. Regarding conditions of outside
environments of the model room were listed in Table 2.

3.3 Establish Grid Cells
Cells of grid mesh of this model room as Fig. 11.

Outside environment (7505.784 m’) : 188520 cells
Concrete layer (11.565 m’) : 285517 cells
SSPCM layer (2.364 m®) : 154989 cells

Inside air of room (18.72 m’) : 149760 cells
Floor-wood layer (0.2673 m’) : 7128 cells
Floor-air gap layer (0.2673 m’) : 7128 cells
Floor-SSPCM layer (0.3564 m’) : 7128 cells
Door-wood (0.09 m®) : 720 cells

Window-glass (0.21 m®) : 1680cells

Air layer front glass window (1.26 m®) : 4320 cells
Air layer front wood door (0.54 m®) : 10,080 cells

3.4 Settings Of The Fluent

Settings of the Fluent software as below:

1. Solver : Segregated

2. Space : 3D

3. Velocity Formulation : Absolute
Gradient Option : Cell-Based
Formulation : Implicit

4
5
6. Time : Unsteady
7. Unsteady Formulation : 1%-Order Implicit
8

Porous Formulation : Superficial Velocity

3.5 [Initial Conditions

The energy stored in cycle is: absorption heat
The ambient temperature is 303 K, latm and

temperature of SSPCM layer is assuming a

constant temperature 293 K, the optimal time

(ie. Melting/fusing temperature, and its latent
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capacity is 265MJ/m’s The initial condition
(t=0) of indoor air temperature is assuming

303 Ko

The energy release in cycle is: removal heat
The ambient temperature is 289 K, latm and
temperature of SSPCM layer is assuming a
constant temperature 303 K, the optimal time
(i.e. Melting/fusing temperature, and its latent

On the contrary,

capacity is 265MJ/m’s The initial condition
(t=0) of indoor air temperature is assuming

289 Ko

Each time increment 2 t is 0.1 sec, then

iterations up to the time we set, and need to
satisty the convergence criteria.

3.6 Boundary Conditions

Using the embedding macro files of the Fluent
to select our boundary conditions and our case is
unsteady. And the maximum of solar radiation on
the south wall is 900Wm™ and the Hsin-Chu city in

summer wind speed is southern 6 ms” . average
out door temperature is 302.96 K in winter wind

speed is southern 6.6 ms' . average out door

temperature is 288.9 K (see Table 2),

3.7 Convergence criteria

For the purposes of solving any number of flow
field changes in the iterative process, Simulation
convergence criteria as shown in Table 3.

4 Result And Discussion
4.1 Simulated Temperature Results Of
Active ABE

Fig. 12 is the comparison of temperature
distribution of active ABE for the fan was on
(above) and off (below) in the summer. The gap is
between solar panels and the TE wall as the hot
side. The temperature can reach 313 to 318 K.
Another side of TE produced the cooling effect,
and through air-conditioning spread cool air to
indoor space. Take the temperature condition at Y
= 1.2m. The indoor temperature is 302 to 305 K
with fan turning on, or the indoor temperature is
about 304 to 307 without turning on the fan. The
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results show the fan can speed up TE cooling
cold-side to spread quickly to the entire room.

4.2
ABE
ISO 7730 has recommended the use of the
comfort indicators PMV (Predicted Mean Vote):
PMV provides for an average reference, to
measure the comfortableness of human body in an
environment. PMV index produced from many
different testers, in the specific measurement
environment, their subjective assessment for a
number of environmental conditions. It is divided
into seven stages, ranging from -3 (very cold)
extends to +3 (extremely warm), neutral point of 0
for moderate heat conditions.
Fig. 13 is the PMV value when turning on and off
the fan, i.e., the smaller the value of PMYV, the
more satisfaction. When the fan was on the indoor
PMYV value was about 0.69 to 1. When the fan was
off the indoor PMV value was about 0.5 to 0.9.

Simulated PMV Results Of Active

4.3 Simulated Temperature Results Of
Passive SSPCM

The energy stored in cycle is: absorption heat

The ambient temperature is 303 K, latm and
temperature of SSPCM layer is assuming a
constant temperature 293 K, the optimal
temperature (ie. melting/fusing temperature, and its

latent capacity is 265MJ/m’s The initial condition
(t=0) of indoor air temperature is assuming 303

Ko Fig. 14 (a~e) simulated indoor air temperature

vs. time (YZ plane at middle X) for the SSPCM in
an energy stored cycle. At this time, initially t = 0,
indoor air temperature is bigger than temperature
of SSPCM layer, then all SSPCM layers start to
absorb heat, Numerical results show as time
increasing and the average indoor temperature will
decrease. The average indoor temperature from
303 K drops to 295.93 K within 60 minutes. It
produces cooling effect in the daytime or say in the
summer. Except the average indoor temperature

includes temperatures of wall-concrete .

floor-wood .  floor-air . door-wood and

window-glass were tabulated in Table 4.
On the contrary,
The energy release in cycle is: removal heat
The ambient temperature is 289 K, latm and
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temperature of SSPCM layer is assuming a
constant temperature 303 K, the optimal time (i.e.
Melting/fusing temperature, and its latent capacity

is 265MJ/m’s The initial condition (t=0) of indoor

air temperature is assuming 289 K. Fig. 15 (f~))

simulated indoor air temperature vs. time (YZ
plane at middle X) for the SSPCM in an energy
released cycle. At this time, initially t = 0, indoor
air temperature is smaller than temperature of
SSPCM layer, then all SSPCM layers start to
release heat, Numerical results show as time
increasing and the average indoor temperature will
increase. The average indoor temperature from 289
K climbs to 298.8 K within 60 minutes. It produces
heating effect at night time or say in the winter.
Except the average indoor temperature includes

temperatures of wall-concrete , floor-wood ,

floor-air , door-wood and window-glass were
tabulated in Table 5.

4.4 Comparison Between Numerical And
Analytical Results For Hourly Variation Of
Outdoor Air Temperature

Both of above discussions of SSPCM are idealized
cases since the temperature of SSPCM was forced
as constant, therefore latent heat capacity will be
melting or fusing in a short period of time, and the
temperature difference of the average indoor
temperature will be large around 8 K to 9 K. In fact
the average indoor temperature will be sinusoidal
cycle with relation to optimal SSPCM temperature.
The temperature differences of the average indoor
temperature of both energy stored cycle and energy
released cycle will around 2 K to 4 K. The
analytical results have been reported by Xiao [25].
Therefore we can compare our numerical results
with each other based upon hourly variation of
outdoor air temperature in Hsin-Chu city on one
day of July. (in here, indoor air temperature is
simplified equal to outdoor air temperature). From
Fig. 16 shows results of numerical and analytical
are pretty consistent with each other.

5 Conclusions

The above numerical results coincide with each
other. The active ABE system; a building installed
the ABE system wind, solar driven, bypass the
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windmill flow as a air flow, ambient temperature,
is equal to 308 K and indoor air temperature, 301
K. Numerical results show the indoor air
temperature will decrease 2 K when the ABE
operating with heat sinks, without fan. As fan is
opened, strong convective heat transfer indoor air
temperature will decrease approximately 4 K to SK.
Similarly, the hybrid system integrates the passive
SSPCM system. The temperature differences of the
average indoor temperature of both energy stored
cycle and energy released cycle will around 2 K to
4 K. Hence the hybrid system will increase the
function of ventilation. In comparison to natural
convection, COP increases significantly, and it is

quiet, clean, energy-saving and cost-saving.
Therefore, this study established a closer to the
actual physical situation in Hybrid system as a
whole, including sub-systems in this new analysis.

Several brief summary as:
(1) The Hybrid system’s BIPV, TE. SSPCM heat

sink efficiency gains can achieve energy-efficiency
and clean. It can also reduce the CO, emissions.

(2) The Hybrid system can reduce the total input
power and achieve proactive approach to achieve
energy saving goals.

(3) SSPCM consists of paraftin as dispersed PCM
and high-density polyethylene (HDPE) or other
materials as supporting material. The total stored
energy is comparable with that of traditional
PCMs.

(4) SSPCM of ceiling and floor can use the same
material, temperature range between 297 K to 300
K start energy stored cycle, and temperature range
between 289 K to 293 K start energy released
cycle.

(5) Reduce the temperature gradient between
ceiling and floor to under 4 K will increase the
comfortableness

of humans.

(6) 297 K is the most comfortable temperature.
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Figures

a

Fig. 1. The photos of the shape-stabilized PCM: (a)
photo of the PCM plate; (b) electronic microscopic
picture by scanning electric microscope (SEM) [6]
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in Hsin-Chu City,

Table 1 : Material properties of the building

Materials P G, K U
(kem?)  (qgkglec’y  (wm'ech — (Wm?LT)
SSPCM 850 1.0 0.2 -
Concrete 2500 0.92 1.75 -
Window / 1400 1.05 0.58 3.01
Glass
Door 500 2.5 0.14 0.875
/Wood

Table 2 : Weather data of Hsin-Chu City

Season  Temperature Wind speed Pressure
() (ms™) (Pa)
Summer 29.6 6 (Southern wind) 1044.8
Winter 15.9 6.6 (Northern wind) 1017
Table 3 : Convergence criteria
continuity X- y- z- energy
velocity velocity velocity
0.001 0.001 0.001 0.001 le-06

Table 4: Average indoor air temperature vs. time
for SSPCM storage energy, absorption heat

Time | concret | indoor- | floor- floor- door- Windo-
min e air wood air wood w glass
1 302.97 | 302.35 302.97 | 298.00 | 302.99 | 302.99

5 302.88 300.27 | 302.85 | 29791 302.96 | 302.95
10 302.78 | 298.60 | 302.71 297.82 | 302.91 302.90
20 302.60 | 296.99 | 302.42 | 297.66 | 302.81 302.80
30 30245 | 296.38 302.14 | 297.51 302.70 | 302.69
60 302.08 | 295.93 301.37 | 297.12 302.40 | 302.40

Table 5: Average indoor air temperature vs. time
for SSPCM release energy, removal heat

Time | concret | inside- floor- floor- door- Windo-
min e air wood air wood w glass
1 289.03 289.83 289.03 296.00 | 289.00 | 289.01
5 289.16 | 292.78 | 289.19 | 296.06 | 289.05 | 289.06
10 289.30 | 295.09 | 289.40 | 296.17 | 289.12 | 289.13
20 289.55 | 297.28 | 289.83 296.41 289.26 | 289.28
30 289.76 | 298.12 | 289.27 | 296.63 289.40 | 289.43
60 290.29 | 298.80 | 291.47 | 297.25 | 289.82 | 289.84
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