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Numerical HVAC analysis of shape-stabilized phase change material plates coupling an active
building envelope system in a building
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Abstract

Effect of 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. Unsteady
simulation is performed using a verified enthalpy model,
with time period covering the summer season. 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 the present 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.

Keywords: Shape-stabilized phase change material,
active building envelope system, HVAC, renewable
energy

I. Introduction
The scientists all over the world are in search of new
and renewable energy sources. One of the options is to
develop energy storage devices, which are as important
as developing new sources of energy. The storage of
energy in suitable forms, which can conventionally be
converted into the required form, is a present day
challenge to the technologists. Energy storage not only
reduces the mismatch between supply and demand but
also improves the performance and reliability of energy
systems and plays an important role in conserving the
energy [1, 2]. It leads to saving of premium fuels and
makes the system more cost effective by reducing the
wastage of energy and capital cost. For example, storage
would improve the performance of a power generation
plant by load leveling and higher efficiency would lead

to energy conservation and lesser generation cost. One
of prospective techniques of storing thermal energy is
the application of phase change materials (PCMs).
Unfortunately, prior to the large-scale practical
application of this technology, it is necessary to resolve
numerous problems at the research and development
stage. One of problems is so called the Stefan problem
[3]. The heat transfer characteristics of melting and
solidification process arise in the presence of phase
change and expressing the energy conservation across
the interface. In literature, this solid-liquid interface
boundary is known as Stefan or moving boundary
problem. It may have low conduction heat transfer.
1. Shape-stabilized PCM (SSPCM)
In recent years, the Stefan problem has been resolved, a
kind of novel compound PCM, the, Shape-stabilized
PCM (SSPCM) has been attracting the interests of the
researchers [4-6]. Fig. 1 shows the picture of this PCM
plate. It consists of paraffin as dispersed PCM and
high-density polyethylene (HDPE) or other materials as
supporting material. Since the mass percentage of
paraffin can be as much as 80% or so, the total stored
energy is comparable with that of traditional PCMs.
Zhang et al. [7] investigated the influence of additives
on thermal conductivity of SSPCM and analyzed the
thermal performance of SSPCM floor for passive solar
heating. To the authors’ knowledge, no research work
reported in the 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,
0am~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.
2. Active building envelopes:
A brief description of the proposed ABE system is




provided here (see Fig. 2). For more details, see [9]. The
ABE system is comprised of two basic components: a
photovoltaic unit (PV unit) and a thermoelectric heat
pump unit (TE wunit). 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 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 [10] 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.

3. Hybrid system:
Zhou et al. [II] 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'l, 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.

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 [12,
13]. 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 temperature
dependent variable and constructs the latent heat flow
through the volume integration with the use of the
enthalpy of the system [14, 15]. 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.

I1. 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? C7,
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
50W (average value over the day). The summer climate
data is generated by the software Medpha [8]. A verified
enthalpy model [16] is applied for this simulation.

1 Heat transfer model of SSPCM wall and ceiling
The schematic of heat transfer through the exterior wall
is shown in Fig. 6. The transient enthalpy equation is

oH oT
Pig Thee M



where for SSPCM, y _ "¢, a7+ ["c, ,dT +[ ¢, dT>

for the insulation layer and the hollow brick layer,
pi=pi K=k, cp=cy 0<x<x
Pi=pPy» Ki=ky,, C,;=C,p X<X<X
P =Py K=k,
The initial condition is
T(X g =T @)
For the surfaces exposed to the outside and inside air,
the boundary conditions are

X, SX< X

oT
qr,out + hout (Tout _T'vf’”t)z B kl & x=0 (3)
oT 4
o (T =T ) ==k, — @
qr,m + m( n I‘m) P OX X=X

For the exterior wall, Grn and % are indoor and
outdoor radiation heat flux, respectively (Fig. 6). The

convective coefficients oy and iy are calculated
according to the ASHRAE Handbook [17].
The above equations are also applicable to interior walls

and the ceiling. For the interior walls, hy, and Jrot are

zero. For the ceiling (Fig. 7), the surface atX=0ig
assumed insulated and the inner surface corresponds to

. . h
convective heat transfer coefficient ¢ and thermal

radiation Or.c . Thermal radiations among the internal
surfaces of walls, floor and ceiling are calculated by
thermal radiation network method [18].

2 Heat transfer model of the SSPCM floor
For floor construction shown in Fig. 8, the transient heat
transfer equation is

oT o'T
pjcp,jgzkja—y2 (5)

pj.KjandC, ; are as follows:

Pi=Pi> kj:kja Coj=Cpi 0<y<y,
pj :paa kj = ka: Cp,j :Cp,a yl < y< y2

Pi= P> kj:kf Coj=Cot Yo2SY<Y,;

Again, the initial condition is

T, Do = Tini (6)
The boundary conditions are
oT
ki — y= 0
e )
oT
_qgap +EO—( i,4un _Ti.tp):kii y=y,
8y y=Yi
oT
_qgap+go-(Ti,4up _Ti,un)zkf | y=y,
Y=Y>
oT
Qf.up+hf(Tin _Tf.up):kfi Yy=Y;
oy y=Ys

Where %1wis the radiation heat flux from the walls and

ceiling to the wood floor; for the air gap, heat flux Goep

be calculated by the following equation [19]:

k
L : (Ti,up _Tf,un)
gap (8)
Where T Trnare the temperature at the upper surface
of the insulation layer and at the under surface of the

qgap = Nu

wood floor respectively. And N, (Nusselt number) is
calculated by the following equation:

N2 ]0212(GrR ), G =1x10°~4.6x10°  (9)
“0.061GLPY5,  Gr >4.6x10°
. 4 .
When CMis less thanl0" only thermal conductivity is
considered.

3 Model of the indoor air of hybrid system building
The energy conservation equation fir the indoor air is

daT,
Rodt

CpaPaV, = ZN:Q\Mi +Q, ¢ + QL HQuin + Qnee (10)

Where Qe is assumed 70% of the total energy from the

heat source [20], and QuirQu and Quin QABE [9,10]
are calculated by the following equations:

Quin = hin (Tw,i _Tin)x Aui (11)
Q. =C,.pVg x ACH x (T, —T;,)/3600 (12)
Quin =Uyin X (Tout _Tin)X AN,i (13)
Qaee = Qpn=Qpc + IV (14)

4. Model of the SSPCM
The phase change model is based on the enthalpy
method as modified by Zivkovic and Fujii [21]. They
split the enthalpy as sensible and latent heats and

included the melting fraction fin the one-dimensional
transient heat equation as given in Eq. (18) below,
H=h+Lf (15)

:
h= cdT
Where, T

The local liquid fraction fi : is given as,

0 if T<T,,(Solid)
1if T>T,,(Liquid)
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

oT  ko'T | of,

ot pox ot (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 (AX/ 2).

I11. Numerical technique

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 5S0mm 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)
2. Input parameters of the model room and applying
software
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. 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

4, Settings of the Fluent
Settings of the Fluent software as below:
1. Solver : Segregated
2. Space : 3D
3. Velocity Formulation : Absolute
4. Gradient Option : Cell-Based
5. Formulation : Implicit
6. Time : Unsteady
7.  Unsteady Formulation : 1%-Order Implicit
8. Porous Formulation : Superficial Velocity

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 capacity is 265MJ/m’ - The
initial condition (t=0) of indoor air temperature is
assuming 303 K On the contrary,

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 capacity is 265MJ/m’ o The
initial condition (t=0) of indoor air temperature is
assuming 289 K

Each time increment At is 0.1 sec, then iterations up to
the time we set, and need to satisfy the convergence
criteria.

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) °
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.

IV. Result and Discussion

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 results show the fan
can speed up TE cooling cold-side to spread quickly to
the entire room.

2. Simulated PMV results of active ABE

ISO 7730 has recommended the use of the comfort
indicators PMV (Predicted Mean Vote):

PMYV 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 PMV value
was about 0.69 to 1. When the fan was off the indoor
PMV value was about 0.5 to 0.9.

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’ - The initial condition (t=0) of indoor air
temperature is assuming 303 K - Fig. 14 (a~f) 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 29593 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
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’ - The
initial condition (t=0) of indoor air temperature is
assuming 289 K - Fig. 15 (g~l) 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. 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 [22]. 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.

V. Conclusions
The above numerical results coincide with each other.
The active ABE system; a building installed the ABE
system wind, solar driven, bypass the 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 5K.
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 paraffin 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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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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Fig. 4. Schematic of the simulated room: (a) location of
the simulated room A in the building and (b) profile of
the room A with SSPCM.
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Fig. 9 : Schematic diagram of computational domain
means environments surrounding the model room °

Fig.10 : Schematic diagram of the model room
analysis of a building °
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Fig.11 : Grid mesh of the model room and environments
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Fig. 12 Comparison of temperature distribution of the
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Fig. 13 the PMV value when turning on (above) and off
(below) the fan
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Fig. 14 (a~f) Simulated indoor air temperature vs. time
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Fig. 15 (g~1) Simulated indoor air temperature vs. time
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Fig. 16 hourly variation of outdoor air temperature in
Hsin-Chu City -
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B — Analytical results [22]
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Table 1 : Material properties of the building

Materials P C, K U
(kgm®)  (kkg'ChH (Wm'ChH (WmC™H
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
(0) (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 | 302.85 297.91 302.96 | 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
30 302.45 296.38 | 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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(1)Develop physical/ mathematic models for
Hybrid system (OK)

(2)Enthalpy formulation, PCM solid-liquid
fraction model (OK)

(3)Finite difference-Fortran program code -
Hybrid-HVAC programming (OK)
(4)Numerical solutions of building with
SSPCM and ABE model (OK)
(5)Heating/cooling, COP, ACH and HVAC
performance of the Hybrid system (OK)

TSI
(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 paraffin 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.

ip B2 % Bedp B F L fpJ. of Applied
Thermal Engineering or J. of Building and
Environments °
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Effect of 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.
Unsteady simulation is performed using a verified enthalpy model, with time period
covering the summer season. 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 the present 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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Proposal of a new topic research for the new coming year

Where Do Solar Collectors Be Installed?

@ Panels and solar cells have to face sun light directly.

@ They occupy certain areas on roofs and grounds.

@ To collect more sun light, panels, mirrors and solar cells need to move to follow sun.

USING OPTICAL FIBERS TO COLLECT SUNLIGHT- new idea
@ In heating systems
@ Insolar cells



, Optical fiber
collectors

OPTICAL FIBERS SOLAR HEATING SYSTEM (OFSHS)

) Optical fibers >
Sunlight ——

Y ¥

Hot water

- Heat exchange

Heating tubes

|/

Sun light v 5]
u !

Cold water b
Aims of the study
@ Comparing our OFSHS with classic solar water heating system.

@ Study the relationship between efficiency of OFSHS with each of length of fibers,
@ Fibers density and the angle between fibers and sun rays.

Optical fibers solar cells (OFSC)



Sun light
v M Optical fibers

b : Focusing lens Solarcells
Aims of the study:

e Comparing our OFSC with classical solar cells.

@ Study the relationship between efficiency of OFSC with each of length of fibers, fibers
density and the angle between fibers and sun rays

Discussed with 10 representatives of the 4™ SNEC Exhibition companies!
In consideration of proposing new project in the year 2011.
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Active Building Envelope System(ABE) : Wind
& Solar driven Ventilation - Electricity ~ Heat Pump
Bor-Jang Tsai*! and Chien-Ho Lee*?

Abstract--This study takes the ventilation into consideration, making the active building envelope (ABE) system more
close to the realistic application conditions. The ABE system is comprised of a photovoltaic unit (PV unit) and a
thermoelectric heat pump unit (TE unit). The PV unit consists of photovoltaic cells, which convert solar radiation
energy into electrical energy. The TE unit consists of thermoelectric heaters/coolers (referred to here onwards as TE
coolers), which convert electrical energy into thermal energy, or the reverse. The PV and the TE units are integrated
within the overall ABE enclosure.

The new mechanism of a hybrid system was proposed. A ducted wind turine will be integrated with the ABE system
becoming dual core. Then the analytic model of original ABE system has to be revised and analytic solution will be
resulted and verified by the numerical solution of CFD. The ducted wind mill will provide air conditioning and power
the ABE system, to higher the thermal efficiency of the heat sinks of TE system. Numerical and experimental works
will be investigated. a building installed the ABE system wind, solar driven, bypass the windmill flow as a air flow,
ambient temperature, T, is equal to 35 °C and indoor temperature, T; is 28 °C. Numerical results show the T; will
decrease 2 °C when the ABE operating with heat sinks, without fan. As fan is opened, strong convective heat transfer,
T; will decrease approximately 4 to 5 °C. We hope findings of this study can make the dream of healthy living

comfortable room come true -

Key Words: Active building envelope system ~ Thermoelectric ~ Solar energy ~ Wind mill ~ Photovoltaic

1. INTRODUCTION

In the 1970s, the world's energy crisis occurred twice
successively, resulting in globalized affection for
obtaining energy. In order to ensure energy is used
efficiently, many advanced countries gradually enact
legislation to regulate energy management, which also
includes the energy conservation management of
building. It also has a considerable achievement.
However, energy efficiency of each country’s building
has different standards, such as in the United States and
parts of Southeast Asia, Overall Thermal Transfer Value
(OTTV) is used as the base line. In Europe and Canada
use the building construction envelope heat transfer rate
(U value). In Japan, Perimeter Annual Load (PAL) and
Co-efficient of energy consumption for air conditioning
(CEC) are used as the reference standards, while
Taiwan's energy consumption is use both Envelope
Load (ENVLOA) and Performance Air Conditioning
System (PACS) as the base reference systems.

Taiwan is not a self-produced energy country. 97% of its
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energy is dependent on imports. As environmental
consciousness awakening, development of energy, the
use of green energy is growing importance, in 1998
Taiwan government convened a national energy
conference and announced that by the year 2020, the
total installed capacity of renewable energy power
generation to be accounting for 10% of the national
power generation system as the goal. In 2002 the
government adopted the "Renewable Energy
Development Bill" set a renewable energy generating
capacity and total volume of 6.5 million kW incentives
and further declared to enhance and promote the
policies of renewable energy power generation. The
government also categorized renewable energy into
wind, solar, biomass, geothermal, ocean energy,
non-pump storage hydro, biogas, tidal waves,
temperature difference, etc, to drive the energy industry
and use, followed by “Kyoto Protocol” about the
problem of CO2 emissions. Therefore, based on 2006
Thermal and Energy Research Program of government,
the guidelines book of the second, third and eight
chapters’ contents, we conducted related researches
about the building energy science and technology.

Building Envelope System (ABE): Active Building
Envelope System represents a new thermal control
method - to compensate for the building in the surface
or other place that has heat transfer and resulted by heat
loss and gain. In ABE systems, solar radiation energy by
PV cells to convert sun light into electricity. Then, it
will provide the electricity needed by thermoelectric
power and heat sink system. Put it simply, ABE system
consists of two basic components, one for the



Photovoltaic (PV) systems and another for the
Thermoelectric (TE) system. PV system changes the
solar radiation energy into electrical energy. TE
system’s component changes the electrical energy into
heat energy, or the reverse to change the heat into
electricity. Thermoelectric (TE) components are located
in the various openings within the insulating layers,
each TE component has two heat sinks — one for heat
absorption, and another for heat dissipation. Regardless
of the external heat sink for heat absorption or
dissipation, both by natural convection or forced
convection of heat transfer into the air. The above study
was made by Dr. Steve Van Dessel’s research team of
the United States and assessed the feasibility of ABE
systems analysis model. From the total input voltage,
we can be observed electricity generated by BIiPV is
higher than the total input power of TE units, so the
ABE system is feasible.

Therefore, this study is under the motivation of 2004 Dr.
Steve Van Dessel’s [1] proposed Active Building
Envelope System (ABE) model and added by a wind
mill to drive the Swiss-roll heat exchanger, a new
thermal control technology --- trying to compensate for
the building envelopes or elsewhere being heat
transferred, resulting in heat loss and gain (Fig. 1). This
study has the simulation analysis and experimental
proof by the reduced size model.

Structure
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Fig. 1 Schematic diagrams of new (active) and old
(passive) model of ABE systems

2. LITERATUR REVIEW

In 2004 Dr. Steve Van Dessel’s research team [1]
presented Active Building Envelope System (ABE)
which included two basic components, one for the
Photovoltaic (PV) systems and another for the
Thermoelectric (TE) system. PV system is to change the
solar radiation energy into electrical energy. TE system
device to change the energy into heat energy, or reverse
the heat into electrical energy (Fig. 2), which from

Sun
¢ Internal Heat Sink
g - ~. 7 ’
Jﬂ./%\ N

Thermoelectric Cooler

External Heat Sink

Heat Dissipation Zone

Photovoltaic System

Thermal Insulation Ay Flow

Fig. 2 Schematic diagrams of the PV system and TE
system

model analysis we can explicitly calculate the thermal
conductivity of the envelope of the Qi = 6 W. In
2004 Buist et al [2] used of numerical software in the
TE cooling system and the estimated efficiency of heat
sink value was lower than that of Dr. Steve Van Dessel's
model, where when | = 8 amps, a model’s biggest
efficiency difference was about 10%.

On the fan part, firstly in 1999, Fuglsang and Madsen [3]
pointed out at the wind turbine rotors to optimize the
design with different parameters. In this research we
also included Wright and Wood’s [4] exploration of the
low-speed axial wind turbines design and integration of
empirical formula as well. In 2006 Epaarachchi and
Clausen [5] proposed a small fan blade to experiment
measurement the prediction of the fatigue test under a
load mode.

Heat exchanger was firstly applied in 2007 by BJ Tsai
[6] to the micro-turbine engine recuperator for
preheating combustion to improve engine efficiency.
Take advantage of heat-re-circulating or excess enthalpy
of combustion technology, the heat generated by
burning and through the heat exchanger or other
equipment will be recycled and reuse in order to
improve system efficiency, or for other purposes . The
Swiss roll burner takes advantage of this heat-recycling
technology to product high-temperature heat to preheat
the reactants to improve combustion efficiency and
combustible limit [7]. The above is combination of
physical components.

This study considered the actual physical status of the
increase in ventilation, so that ABE system is more
accurate and closer to the actual physical condition. As
described at right side of Figure 1, the so-called new
model of the ABE system for home space arrangement
clearly stated the innovative ideas of this study - to use
air-conditioning aerodynamic mechanisms to achieve
the integration of wind & solar driven ventilation,
electricity and heat pump.

3. OBJECTIVES AND APPROACHES
3.1 Model Summary

The studied model of author’s team could be compared
with the model of Dr. Steve Van Dessel’s group. We
added the return-air inlet (B vent opening) in the X
direction. In the y direction it was guided by the wind
turbine air flow through the Swiss roll heat exchanger to
produce air-conditioning of the forced convection from
an A vent opening. This opening could be considered of
several kinds of thermal generations and can become the
ABE system heat source. Here it was a simplified model.
These vent opening only set up for 1 to 2 people and
considered only for 1 to 2 people’s average heat volume
for heating and lighting system. The system’s total heat



load can better simulate the real buildings in a single
unit of about 4m x 4m x 4m of the ventilation, and
thermal conditions. The thermal resistance of the analog
circuit, such as (Fig. 3) shows, of which the best

Swiss-roll
SW. Heat Exchanger

E gan

T
Ambient

Materiall Material? Bovrall

T T....
Mankind ~ Lighting

Fig. 3 Thermal resistance-analog circuit of the new ABE
model system

insulation Ry setting becomes a dramatically large
value to make the calculation of overall thermal
resistance easier.

:qi +zj(Ti+Rij) (1)

T ="r—55=-"—7—

()

According to Gauss-Seidel iteration method [8] - steps
that the form of finite difference equations we can
achieve the inside ventilation and heat conditions of
active building envelope’s global driven. More details of
the building equipment configuration are shown in Fig.
4, which indicated the new analytical model of a single
dwelling space of ABE system.

Duct Fan Wind Mill Swiss-roll Motor
Generator Recuperator Generator
Fan Blade L 5 2
T

Air Flow 5?)0’ f/ s

B Vent

————— #f’
. Insulation [[j]
> i =

A Vent  Ajr Flow
Photovoltaic System
TE System 57
Heat Sink

Fig. 4 The new analytical model of a single dwelling
space of ABE system

ABE System

3.2 Software and Model Input Parameters

Use Airpak software [9] to input and establish building’s
models for analysis.

Model-related input data values are as follows:

1. Air flow volume rate at opening: 1.5m?%s.

2. Wind speed at opening: 10m/s

3. Numbers of opening: 1 set, 1 set for blow downward
wind, each of size 0.25 meters long, 0.2 meters
wide.

4. Temperature at opening: 14°C, return-air temperature;
24C.

5. The body heat volume of 1 to 2 people totaling 72 -
144W. Floor heat volume can be neglected. Lighting
heat flux is average 100W /m?

6. The surrounding air wind field can be incompressible.
The external flow field should meet the
three-dimensional dynamic flow control.

7. When simulate air flow of air conditioning the
volume is required to change the maximum load
value so the distribution of air flow can meet
environmental ~ requirements.  Therefore, the
air-conditioned environment used air-conditioning
designed day peak environmental load as the input
values. The model used is in a steady state condition
in order to simplify the ABE system air-flow
simulation procedure.

3.3 Input Parameters for Analysis of Wind Speed at
Opening

According to Nielsen’s (1978) [10] test for wind speed
at opening, we obtained the relevant data by Grapher
software (shown as Fig. 5). Similar curve of wind speed

o Nielsen(1978)
1| — Present Wrok

Fig. 5 Nielsen’s (1978) [10] test for wind speed at vent
opening

distribution obtained, in order to get quadratic
regression equation for the analysis as follows:

2
u_ (Vj . b(yj+ ¢ @)
U, h h
a=1.4287, b=1. 4287, c=0. 7619

Integration above equation from 0 to 1 yields the
average air speed value equal to 1.0.
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That means the above quadratic curve equation of speed
distribution integrated in the range of 0 to 1 (y/h) is
equivalent to speed with the same average flow speed.
In accordance with the wind speed at opening, obtain
results of the average wind speed from equation (3) at
10 grid-point locations of opening and then key in the
Airpack software.

©)

3.4 Input Parameters

When using the Airpack software the setting values is as
follows:
1. Steady
2. Flow model: Turbulent ( « - ¢ two equation model).
3. Opening:
Temperature at opening: 14 °C
Turbulence intensity: 10%

3.5 Set the Boundary Conditions

By using the Airpak software together with the Central
Weather Bureau’s meteorological data to calculate and
simulate atmospheric wind field as boundary conditions.
Input parameters of the external environment are the
local wind direction, wind speed, boundary layer
thickness and terrain factor. The prediction equation of
atmospheric wind field is:

N,
umet=[%j “h<d ()
U(h Hmel

U =[LJ h>d
t

mef

Unet = The average wind speed in the vicinity of
weather station

Hmet = Anemometer’s height

amet = Weather station terrain factor

dmet = Weather station boundary layer thickness

a = Different ground conditions of the terrain
factor
d =different ground conditions of the boundary

layer thickness

In this paper, we use the Hsinchu area anemometer
height of 15.6m, terrain factor of 0.19 and boundary
layer thickness of 350m.

3.6 Relaxation Factor

When doing analytical analysis, variables cross effects
each other so easily led to divergence of various
numbers of flow field data, it is necessary to introduce
relaxation factor to increase the number of data values
to deliver the stability of the simulation data set, such as
the relaxation system shown in Table 1.

Table 1 Under-relaxation coefficients

Pressure 0.7
Momentum 0.3
Temperature 0.9
Viscosity 1.0

Body forces 0.1
Turbulent Kinetic energy 0.5
Turbulent dissipation rate 0.5

3.7 Set of Convergence Value

For the purposes of solving any number of flow field
changes in the iterative process, Simulation convergence
criteria as shown in table 2.

Table 2 Convergence criteria

Flow | Energy | Turbulent Turbulent
Kinetic dissipation
energy rate

0.001 le-6 0.001 0.001

3.8 Analysis of Independent Grid

Due to coarse or fineness of grid points may lead to
different numerical results, thereby affecting the
credibility of the results, analysis of independent grid
must be used at different set of grid points in the same
physical quantity and observe when the grid points
increases, whether the physical quantities will be
differed. If it were very different, continued to increase
grid points until the grid is fine enough did not affect the
physical quantities then to stop the increase of grid
points. Fig. 6 is this paper’s numerical model to solve

1
- Om : - | Om /.

Fig. 6 Numerical model to solve the domain outside the
30m x 30m x 15m volume with a simulated
outdoor environment around 4m X 4m X 4m
volume within the analog ABE system



the domain outside the 30m x 30m x 15m volume with a
simulated outdoor environment around 4m X 4m x 4m
volume within the analog ABE system, while the
numerical simulation of computational domains as
shown in Fig. 7, including 24 thermoelectric cooling
module and ventilation of air inlet and opening.

Fig. 7 The numerical simulation of computational
domains

Verification of the numerical grids (Fig. 8, Fig. 9): in the
same the settings conducted analysis of independent
grid. Compared calculation results differences and the
results showed that the grid point number of 91,646,
124,892, 132,762, 187,542, etc. different grid numbers
generated slight different results. With the best error R
is the best set of grid points.

Fig. 9 The 3D numerical grid system

(4)

U n+1: The speeds (m/s) obtained from previous
number of grid points
Un:  The speeds (m/s) obtained from current
number of grid points
Uo:  Speeds of the opening (10m/s)
N:  Number of sampling points
Error R results as shown in Table 3. Compared grid 4
and grid 3, u/u error was 7.3E-07 <8.9E-06, both are
completely convergent. Namely, the set of grid with grid
number of 187,542 is the best grid. Therefore, we use
grid 4 to calculate air flow field.

Table 3 Verification of independent grids

Test Grid1l | Grid 2 Grid3 | Grid4

Error% 0 3.7e-4 8.9e-6 | 7.3e-7

4. RESULTS AND DISCUSSION
4.1 Airflow Simulation Results

Fig. 10 is the ventilation flow distribution with fan
turned on and turned off, which is based on the
cross-section for the opening where the height of 3.6m.
Another plane is for the location of the fan where the
height of 4m.

(b)



Fig. 10 The ventilation flow distribution with fan turned
on (a) and turned off (b)

Fig. 10 (a) (b)’s air flow distribution, analysis and
comparison of air flow at fan was on (at the top of Fig.
10 a, b) and the fan was off (at the bottom of Fig.10 a,
b), we can see from the velocity vector and the flow line,
the wind comes from the environment. Path from the
upper right corner and then along the right wall TE
system, back down to the floor, flow to the left wall
outlet and then lastly go out from the upper left corner.
When the fan was on, compared with turned off, it has
stronger air flow and wind speed. Taking Z = Om at the
air-flow situation. The air flow speed of fan turned on
and turned off can be separated as on (Una. = 3.9872m /
s), off (Umax = 1.03314m / s).

4.2 Temperature Simulation Results

Fig. 11 is the comparison of temperature distribution for
the fan was on (above) and off (below). The gap is
between solar panels and the TE wall as the hot side.
The temperature can reach 40 to 45°C. 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 29 to 32 “C with fan turning on, or the
indoor temperature is about 31 to 34°C without turning
on the fan. The results show the fan can speed up TE
cooling cold-side to spread quickly to the entire room.
(Take 6 temperature test points, the ambient temperature
is 35°C)

46.3756
44,0279
41.6802
39.3325
36,9840
3463
32.2894
29.9417
Temperature
469495
450121
43.0748
a1.1374

39.2000

33.3880
31.4508

Fig. 11 The comparison of temperature distribution for
the fan was on (above) and off (below)

4.3 PMV Value Simulation Results
ISO 7730 has recommended the use of the comfort

indicators PMV (Predicted Mean Vote) and PPD
(Predicted Percent of Dissatisfied):

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 O for
moderate heat conditions.

PPD is used to estimate the extent of dissatisfaction of
human body on the environment.

Fig. 12 is the PMV value when turning on and off the
fan, i.e., the smaller the value of PMV, the more
satisfaction. When the fan was on the indoor PMV value
was about 0.69 to 1. When the fan was off the indoor
PMV value was about 0.5 to 0.9.

0521873

0.167856

3.00000

]

1.37598
10518
0.726377

- 0.401574

Fig. 12 the PMV value when turning on (above)and off
(below) the fan

4.4 The Results of Experimental Verification

According to Fig. 13 measurement from Steve Van
Dessel's simple models, instrumentation equipment
including: Weather Pro 2317 weather instrument,
TM-203-type luminance meter, YK-2005AH-type of
hot anemometer and RH520-type of thermometer and

L DV Solar Panel

Fig. 13 Setup of the experimental ABE system[1]

hygrometer (show as Fig. 14), solar panels,
thermoelectric cooling module, heat sink and ventilation



of air inlet and opening... etc. In accordance with
experiments of various parameters, uncertainty in this
study was about 10%. We took six test points. The
ambient temperature is 35°C. We carried out air
conditioning and ventilation performance test. The
results were shown in Table 4 and Table 5.

Fig. 14 Devices of measurement instrument

Table 4 Measured parameters of environment by
numerical and experimental analysis
(with fan opened, ambient temperature 35°C)

Test Temp. Humidity Aiir speed
+1C 5% £0.1m/s

Num Exp Num Exp Num Exp

Ptl | 29.0 | 29.1 | 45 45 39 | 37
pt2 | 29.8 | 299 | 43 46 33 | 30
pt3 | 30.4 | 30.5 | 46 45 | 28 | 26
Pt4 | 31.0 | 31.2 | 45 46 22 | 2.1
Pt5 | 31.5 | 31.4 | 47 46 20 | 20
Pt6 | 32.0 | 32.0 | 48 46 15| 14

Table 5 Measured parameters of environment by
numerical and experimental analysis
(without fan opened, ambient temperature 35°C)

Test Temp. Humidity | Air speed
+1C 5% +0.1m/s

Num Exp Num Exp Num Exp
Pt1 |31.0|311| 51 | 52 | 1.0 | 1.0
pt2 | 31.8 | 31.9 | 53 52 | 09 | 0.9
pt3 | 324 | 325| 50 | 52 | 0.9 | 0.9
Pt4 | 33.0 | 33.2 | 51 51 | 08 | 0.8
Pt5 | 33.5| 334 | 52 51 | 08 | 0.8
Pt6 | 34.0 340 | 52 | 51 | 08. ] 0.8
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5. CONCLUSION

The above numerical results and experimental results
coincide with each other and prove that the function of
Ventilation driven by wind power is just as turn on the
fan. This evidenced that forced convection greatly
improved TE and heat sink efficiency 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 ABE system as a whole, including
sub-systems in the new analysis model

(1) ABE system’s BiPV, BITE, heat sink efficiency
gains can achieve energy-efficiency and clean. It can
also reduce the CO2 emissions.

(2) ABE system can reduce the total input power and
achieve proactive approach to achieve energy-saving
goals

(3) ABE system uses fewer materials to achieve cost
reduction targets

(4) Active Building Envelope System (ABE) model and
added by a wind mill to drive the Swiss-roll heat
exchanger, a new thermal control technology

(5)Completion of the relevant simulation
verification of sub-systems, TE, heat
air-conditioning and ventilation system analysis

(6) Fan type wind turbine to provide air-conditioning
and electricity and to assist ABE system’s input
power and to enhance the thermal efficiency of heat
sink

(7) The natural convection without turning on the fan is
comforter.

and
sink,
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