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The self-sufficiency of buildings is becoming increasingly
important. Therefore, devices for natural ventilation, solar heating
and cooling, ground cooling (earth- air heat exchangers), natural
lighting, shading from the sun, and other devices that use a passive
mode strategy have been developed. Sustainability-oriented choices
that might in the pass have been considered to be optional are now
necessary. In this work, thin film photovoltaic technology is utilized
in buildings. An integrated photovoltaic /thermal (PV/T) air
collector to collect hot air and drive air flow, and mixing the air
flow from earth-air heat exchanger (EAHE) and hot air flow to the
floor that is made of shape-stabilized phase change material
(SSPCM) floor inside greenhouse, a SSPCM absorbs energy form



solar light that enters through windows and solar panels. A piston
cylinder air compressor adjusts the moderate control of air flow and
the ambient temperature and temperature of room in the hybrid
system. The hybrid system using natural ventilation in passive
strategies designs an innovative HVAC system can be called ' lung’
of abuilding. The design processintegrated with *‘whole building
approach’ and ‘‘new material’ is used to analyze the theoretical
performance of this building by energetic analyses for the weather
in HsinChu. A mathematic model will be resolved by the helps of
MATLAB 7.0 program and CFD software. The energy required by
air-conditioning and thermal will be predicted. A finite difference-
Fortran program (Hybrid-HVAC) is devel oped based upon the 2D
unsteady heat equation with a Stefan moving boundary problem.
This program is modified into a Hybrid-HV ACP and should enable
the hybrid system building with the PV/T ~ EAHE and SSPCM to
be solved numerically with high accuracy. The simulation resultsin
thiswork reveal that if the difference between ground temperature
and ambient temperature islessthan 5 K, such asin HsinChu city,
the HVAC results obtained using EAHE are unsatisfactory, and so
EAHE yields better results in areas with large temperature
differences.
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Theoretical performance of integrated photovoltaic /thermal air collector, earth-air heat
exchanger and greenhouse with a floor of shape-stabilized phase-change material: evaluation
by energetic analyses
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Abstract

The self-sufficiency of buildings is becoming
increasingly important. Therefore, devices for natural
ventilation, solar heating and cooling, ground cooling
(earth- air heat exchangers), natural lighting, shading
from the sun, and other devices that use a passive mode
strategy have been developed. Sustainability-oriented
choices that might in the pass have been considered to
be optional are now necessary. In this work, thin film
photovoltaic technology is utilized in buildings. An
integrated photovoltaic /thermal (PV/T) air collector to
collect hot air and drive air flow, and mixing the air
flow from earth-air heat exchanger (EAHE) and hot air
flow to the floor that is made of shape-stabilized phase
change material (SSPCM) floor inside greenhouse, a
SSPCM absorbs energy form solar light that enters
through windows and solar panels. A piston cylinder air
compressor adjusts the moderate control of air flow and
the ambient temperature and temperature of room in the
hybrid system. The hybrid system using natural
ventilation in passive strategies designs an innovative
HVAC system can be called “lung” of a building. The
design process integrated with “whole building
approach” and “new material” is used to analyze the
theoretical performance of this building by energetic
analyses for the weather in HsinChu. A mathematic
model will be resolved by the helps of MATLAB 7.0
program and CFD software. The energy required by
air-conditioning and thermal will be predicted. A finite
difference-Fortran ~ program  (Hybrid-HVAC) is
developed based upon the 2D unsteady heat equation
with a Stefan moving boundary problem. This program
is modified into a Hybrid-HVACP and should enable the
hybrid system building with the PV/T ~ EAHE and
SSPCM to be solved numerically with high accuracy.
The simulation results in this work reveal thatif the
difference between ground temperature and ambient
temperature is less than 5 K, such as in HsinChu city,
the HVAC results obtained wusing EAHE are
unsatisfactory, and so EAHE yields better results
in areas with large temperature differences.

Keywords: Photovoltaic/thermal air collector, Earth air
heat exchanger, Shape-stabilized phase change material,
HVAC, Solar energy.

I. Introduction

In Europe, almost half (about 40%) of all power
consumed is associated with buildings, especially in
their construction and maintenance, but mostly in their
operation. Therefore, an increasing attention is being
paid to the self-sufficiency of buildings, as
demonstrated by the new European (and national)
regulations concerning the energetic certification of
buildings. Sustainability-oriented choices that could
have been considered optional previously are now
necessary. Therefore, energy is no longer something of
interest only to researchers, but is now a ‘“new
consideration” in the design processes of architects and
engineers.

This investigation concerns the weather in
HsinChu city [1], and the application of thin film
photovoltaic technology in buildings. An integrated
photovoltaic/thermal (PV/T) air collector for collecting
hot air and driving air flow mixes the air flow from the
earth-air heat exchanger (EAHE). Hot air flows to the
floor that is made of shape-stabilized phase change
material (SSPCM) floor inside greenhouse. SSPCM
absorbs energy form solar light that enters through
windows and solar panels. A piston cylinder air
compressor adjusts moderate air flow and ambient and
room temperatures in the hybrid system. The hybrid
system using natural ventilation in passive strategies
designs an innovative HVAC system can be called
“lung” of a building.

The literature on the PV/T integrated hybrid system
is surveyed. Chow [2] analyzed the performance of a
photovoltaic-thermal collector by using an explicit
dynamic model and found a thermal efficiency of 60%.
Arrangements for utilizing thermal energy as well as
electrical energy that include a photovoltaic module are
referred to as the hybrid PV/T systems. The thermal
energy that is obtained from the hybrid photovoltaic
(PV/T) system is supplied to the greenhouse for heating.
Tiwari and Sodha [3] examined the thermal
performance of a hybrid with photovoltaic/thermal
(PV/T) air collector. Nayak and Tiwari [4] studied the
performance evaluation of a hybrid
photovoltaic/thermal (PV/T) integrated greenhouse
system. They obtained a thermal efficiency of the hybrid



photovoltaic/thermal (PV/T) air collector around 34%
and a thermal efficiency of the photovoltaic/thermal
(PV/T) without airflow is of 8.5%. The thermal
efficiency of the PV/T air collector was increased by
25.5% by causing the air to flow. Barnwal and Tiwari [5]
investigated the design, construction and testing of a
hybrid photovoltaic integrated greenhouse dryer. Dincer
[6] studied the energetic performance of heating systems
for building in two geothermal districts and found
energy efficiencies of heating systems in the Balcova
geothermal district and Salihli geothermal district of
39.36% and 59.31%, respectively. Dincer [7] examined
the relationships between energy and exergy, energy and
sustainable development, energy policy-making, exergy
and the environment and exergy. In study of the hybrid
system design, and the construction and testing of
integrated hybrid photovoltaics, the work of Nayak and
Tiwari [8] [9], Dincer [7] is drawn upon to conduct the
theoretical analysis and that of Tsai [10] is used to
design heat exchanger. The installation of a wall and
floor made of the shape-stabilized phase change
material (SSPCM) inside building has already studied
by the present authors [11-12].

Il. PHYSICAL AND MATHEMATICAL ANALYSIS
AND MODELING
A rectangular U-shaped EAHE whose bottom is 40m
long, 10cm wide and 10cm high and 5m deep, and
whose sides are 5Sm high, 10cm wide and 10cm high on
both sides, the thickness of all channel duct surfaces is
10mm. (Fig. 1). The model room (with no roof) is 3.9m
long ~ 3.3m wide and 2.7m high. The cement layer is
300mm thick, the layer SSPCM is 100mm thick, the
cross sectional area of the air outlet is 100mm x 100mm,
and the temperature below 5m below the surface of
the ground surface is maintained at 298 K.
1. Energy balance equations for photovoltaic and
earth-air heat exchanger integrated greenhouse

The energy balance equations for different components
of a greenhouse that is combined with a photovoltaic
(PV/T) system and an earth-air heat exchanger (EAHE)
are as follows: (Fig. 2)
The term qy denotes the useful thermal energy that is obtained
from a photovoltaic (PV/T) system and Q, is the useful
thermal energy that is obtained from an earth-air heat
exchanger (EAHE).

(i) The amount of useful thermal energy obtained
hourly form the PV/T system
Tr)= cha {hp]hpz(az-)eff I(t)_UL(Tr _Ta)}[l_e(ibUL/maca)]

L

=FK {hplhpz(aT)eff I(t)iuL(Tr 7Ta)}

qU = maca (T

airout

| (M)
FR — maCa [l_e(beL/maca)]
where U,
(ii) The amount of useful thermal energy obtained
hourly form the EAHE

Qu = FF;maCa(TO _Tr) (2)

r_ ‘(Z”ﬁhg/maca)l-'
where Fr=1-¢

Combining equations of (i) and (ii) yields the first
order partial differential equation:

di+a.|.r _ B(t) S B(t): F(t)+(UA)eff Ta
dt M,Cy
— (3)
Maca
The analytical solution of Eq. (3) can be written as
Tr = ° t) (1 - e—at)+Troe—at (4)
a

where T,, is the greenhouse air temperature at t = 0 and
B(t)is the average of B(t) for the time interval 0 and t,
and a is constant during the time. The rate of daily
useful thermal energy obtained from PV/T system:

() gaiy = 7R {hpihpz () 1 (1) -uLZ(T, *Ta)} (5)
[‘2’”1%% Ca]"'

The rate of daily useful thermal energy obtained from
EAHE:

FR o =1-e

(Qu )daily = FR'MaCq [TO ‘Tr] (6)
And final the total useful thermal energy obtained
[(QU )tot ]daily B (qu )daily * (QU )daily ™

I11. NUMERICAL TECHNIQUE

1. Model room (with or without a roof)
The model room (with no roof) that is used in the
analysis is a concrete chamber with dimensions of 3.9 m
(length) x 3.3 m (width) x 2.7 m (height). The
dimensions of earth-air heat exchanger (EAHE) are
given above. (Fig. 3)
2. Input parameters of the model room and applying
software
In this study, Gambit was used to construct a solid
model and grid mesh, and then Fluent was used to solve
the flow and thermal field. Table 1 presents all
parameters of the building and material properties of
SSPCM. Table 2 presents the conditions of
environments outside the model room.
3. Establish grid cells
Fig. 4 presents cells in the grid mesh for this model
room (with no roof).

Ground (4662.791 m®) : 249,885 cells

Concrete layer (113.359 m’) 193,403 cells

SSPCM layer (3.441 m’) : 136,400 cells

Floor-wood (0.891 m*) : 7128 cells

EAHE (0.418m’) : 3352 cells

Air outlet (0.004 m®*) : 32cells



4. Settings of the Fluent
The settings used in the Fluent software are as

follows:
Solver : Segregated
Space : 3D

Velocity formulation : Absolute

Gradient option : Cell-Based

Formulation : Implicit

Time : Unsteady

Unsteady formulation : 1¥-Order Implicit

Porous formulation : Superficial Velocity

. Laminar

. Initial conditions

Energy stored in the cycle is absorbed heat

The ambient temperature and pressure are 303 K and
latm respectively. The temperature of SSPCM layer is
assumed to be at a constant temperature 293 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 303 K.  On the contrary,
Energy released in the cycle is lost heat

The ambient temperature and pressure is 289 K and
latm respectively. The temperature of SSPCM layer is
assumed to be at 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 289 K.

Each time increment At is 0.1 sec. Iterations are
performed up to the specific time until the convergence
criteria are satisfied.

The temperature Sm below the ground surface is kept
constant at 298K.

6. Boundary conditions

The embedding macro files in the Fluent are used to set
the boundary conditions and our case is unsteady. The
maximum of solar radiation on the south wall is
900Wm™ and in the HsinChu city, the wind in the
summer is southern at 6 ms™ and the average outdoor
temperature is 302.96 K, in winter, the wind is southern

GO0 N L AW~

6.6 ms™ and the average outdoor temperature is 288.9 K.

(Table 2)

7. Convergence criteria

To determine any number of flow field changes in the
iterative process, the simulation convergence criteria in
Table 3 are imposed.

8. Computational procedure of energy analysis
Equations of the energy balance derived for greenhouse
coupled with photovoltaic system and earth air heat
exchanger (EAHE), have been solved with the help of a
computer program, based on Matlab 7.1 software.

IV. Result and Discussion
A. Simulated temperature results of passive SSPCM

Energy stored in the cycle is absorbed heat

The ambient temperature and pressure are 303 K and
latm respectively. The temperature of SSPCM layer is
assumed to be at a constant temperature 293 K, the
optimal temperature (i.e. melting/fusing temperature,
and its latent capacity is 265MJ/m’. The initial
condition (t=0) of indoor air temperature is assumed to
be 303 K. At this time, initially t = 0, the indoor air
temperature exceeds the temperature of the SSPCM
layer. Then all SSPCM layers start to absorb heat.
Numerical results reveal that as time passes, the average
indoor temperature decreases. The average indoor
temperature drops from 303 K to 295.93 K within 60
minutes.

SSPCM + EAHE (indoor room temperature around
302.74 K)

In Table 4, the air temperature of EAHE rapidly
reaches thermal equilibrium with the ground
temperature, and temperature of air that moves
from EAHE to the indoor space of the model
room remained at around 302.74 K. Little change in air
temperature occurs after the heat is
exchanged through EAHE. Because the difference
between the ambient temperature and the EAHE
temperature is small. Figures.5 a-d plot simulated
indoor air temperature vs. time (YZ plane at middle X)
for the SSPCM + EAHE in an energy stored cycle.
Indoor air temperature does not fall but rises at t = 20
minute because SSPCM loses heat more
slowly than does the air-out from EAHE, but later at t =
30 minute the indoor air temperature is in thermal
equilibrium at 300.52 K.

On the contrary,

Energy released in the cycle is removed heat

The ambient temperature and pressure are 289 K, and
latm respectively. The temperature of the SSPCM layer
is assumed to be at 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 assumed to be 289 K. At
this time, initially t = 0, the indoor air temperature is
smaller than the temperature of the SSPCM layer,
subsequently, all SSPCM layers start to release heat.
Numerical results reveal that as time passes, the average
indoor temperature increases. The average indoor
temperature increases from 289 K to 298.8 K within 60
minutes. This process produces heating effect at night
time or in the winter.

SSPCM + EAHE (indoor room temperature around
291.35K)

In Table 5, the air temperature of EAHE rapidly
reaches thermal equilibrium with the ground
temperature, and the temperature of air from EAHE to
the indoor space of the model room remains at around
291.35 K. The air temperature changes only slightly



upon after the heat exchange through EAHE, because
the ambient temperature and EAHE temperature differ
only slightly. Figures 6 a-d plot simulated indoor air
temperature vs. time (YZ plane at middle X) for the
SSPCM+ EAHE in an energy released cycle. Indoor air
temperature does notrise but falls at t = 20 minute
because heat is absorbed by SSPCM more slowly than
the air-out from EAHE, but later at t = 30 minute the
indoor air temperature reaches thermal equilibrium at
294.42 K.

B. Comparison between numerical and analytical
results for hourly variation of outdoor air temperature
The above discussions of SSPCM concern idealized
cases since the temperature of SSPCM was forced to be
constant, therefore latent heat capacity causes melting or
fusing in a short period of time, and the temperature
difference between the average indoor temperature and
indoor air temperature is large around 8 K to 9 K. In
fact the average indoor temperature varies sinusoidal
cycle with relation to optimal SSPCM temperature. The
temperature differences between the average indoor
temperature and indoor air temperature in both energy
stored cycle and energy released cycle are around 2 K to
4 K. The analytical results have been reported by Xiao
[13]. Therefore we can compare our numerical results
with each other based upon the hourly variation of
outdoor air temperature in HsinChu city on one day in
July. (the indoor air temperature is simplified equal to
outdoor air temperature). From Fig. 7 indicates that
numerical and analytical results are mutually consistent.
C. Results of energy analysis

Eq. (4) has been used for calculating greenhouse air
temperature under weather conditions for HsinChu city
for the following case:

Photovoltaic is operated and earth air heat exchanger is
operated for 24 hr for a typical summer or winter day.

Hourly variation of room air temperature when operated
with earth air heat exchanger for 24 hr (with the
operation of photovoltaic/thermal system) for a typical
summer day is shown in Fig 8. In this case it is seen that
room air temperature is around 4 - 5 K lower than the
ambient air temperature at 4 pm, while it is 2-3 K
lower at 4 am, due to continuous flow of cold air from
earth air heat exchanger to the room.

Hourly variation of room air temperature when operated
with earth air heat exchanger for 24 hr (with the
operation of photovoltaic/thermal system) for a typical
winter day is shown in Fig 9. In this case it is seen that
room air temperature is around 3 - 4 K higher than the
ambient air temperature at 1 pm, while it is 5-6 K
higher at 5 am, due to continuous flow of hot air from
earth air heat exchanger to the room.

Fig. 10 shows the variation of hourly useful thermal
energy (MJ) when operated with photovoltaic (PV/T)
system and with earth air heat exchanger (EAHE) for a
typical summer day. It has been observed that at 12 pm,

useful thermal energy is calculated as 16 MJ with the
operation of photovoltaic/thermal (PV/T) system, while
between 5 and 6 pm, the useful thermal energy
decreases due to fall of temperature during evening.
And useful thermal energy continuously fall down to 4
MJ while between 3 and 4 am.

Fig. 11 shows the variation of hourly useful thermal
energy (MJ) when operated with photovoltaic (PV/T)
system and with earth air heat exchanger (EAHE) for a
typical winter day. It has been observed that at 12 pm,
useful thermal energy is calculated as 16 MJ with the
operation of photovoltaic/thermal (PV/T) system, while
between 4 and 5 pm, the useful thermal energy
decreases due to fall of temperature during evening. It
then increases to 14.5 MJ with the operation earth air
heat exchanger during night.

V. Conclusions
This study established a close to the actual physical
situation in a hybrid system as a whole including
sub-systems in this new analysis. The following
conclusions are drawn:
(1) The hybrid system’s BIPV ~ TE ~ SSPCM heat sink
and EAHE  efficiency gains can  ensure
energy-efficiency and cleanness. They can also reduce
the CO, emissions.
(2) The hybrid system has the low total input power and
its use constitutes an active approach to energy-saving.
(3) SSPCM consists of paraffin as dispersed PCM and
high-density polyethylene (HDPE) or another material
as a supporting material. The total stored energy is
comparable with that of traditional PCMs.
(4) SSPCMs of the ceiling and floor can use the same
material, temperature range of 297 K to 300 K start
energy stored cycle and temperature range of 289 K to
293 K start energy released cycle.
(5) Reducing the temperature difference between the
ceiling and the floor to less than 4 K increases the
comfortableness of humans.
(6) 297 K is the most comfortable temperature in the
HsinChu area.
(7) The simulation results reveal thatif the difference
between the ground temperature and the ambient
temperature is less than5 K, such as in HsinChu
city obtained results are unsatisfactory, so the use of
EAHE in areas witha large temperature difference
yields better results.
(8) The effect of EAHE is not superimposed on additive
with the effect of SSPCM, many parameters need to be
considered such as materials, size and operating
characteristics, therefore the design optimization is
needed.
(9)Working fluid air of EAHE may be replaced with
water or refrigerant which has a much larger
temperature range than air.
(10) Hourly useful thermal energy (MJ) when operated
with photovoltaic (PV/T) system and with earth air heat
exchanger (EAHE) for a typical summer day. It has



been observed that at 12 pm, useful thermal energy is
calculated as 16 MJ with the operation of
photovoltaic/thermal (PV/T) system, then the useful
thermal energy decreases due to fall of temperature
during evening. And useful thermal energy continuously
fall down to 4 MJ while between 3 and 4 am.

(11) hourly useful thermal energy (MJ) when operated
with photovoltaic (PV/T) system and with earth air heat
exchanger (EAHE) for a typical winter day. It has been
observed that at 12 pm, useful thermal energy is
calculated as 16 MJ with the operation of
photovoltaic/thermal (PV/T) system, while between 4
and 5 pm, the useful thermal energy decreases due to
fall of temperature during evening. It then increases to
14.5 MJ with the operation earth air heat exchanger
during night.
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Fig. 2. Self-sufficient building with integrated PV/T,
SSPCM and EAHE as well as passive natural
ventilation

Fig. 3. Model room (without roof) to be analyzed



Tvptical day weather of July in Hsin-Chu City
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Fig. 10 Variation of hourly useful energy (MJ) when
operated with photovoltaic (PV/T) and earth air heat
exchanger (EAHE) for 24 hr for a typical summer day.
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Fig. 11 Variation of hourly useful energy (MJ) when
operated with photovoltaic (PV/T) and earth air heat
exchanger (EAHE) for 24 hr for a typical winter day.

Table 1 : Properties of the building materials

Materials P C, K U
(kgm®)  (kKkg'ChH  (Wm'CH  (WmC™
SSPCM 850 1.0 0.2 -
Concrete 2500 0.92 1.75 -
Wood 500 2.5 0.14 0.875
Ground 2600 2.2 0.52 -

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 1e-06

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

Time concrete indoor- floor- EALE

. X airout
min air wood

1 302.99 302.75 302.98 302.74 302.74
5 302.95 300.42 302.92 302.74 300.53
10 302.91 299.38 302.84 302.74 299.38
20 302.83 299.56 302.68 302.74 299.68

30 302.76 300.52 302.53 302.74 300.63
60 302.55 300.87 302.14 302.74 300.97

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

Time concrete inside-a floor- EALE

. . airout
min ir wood

1 289.01 289.42 289.02 291.33 289.35
5 289.06 291.90 289.13 291.35 291.78
10 289.12 298.31 289.27 291.35 298.36
20 289.23 293.78 289.54 291.36 294.04

30 289.28 294.42 289.67 291.36 294.37
60 289.34 295.93 289.79 291.36 295.74
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(1)Develop physical/ mathematic models for the passive
hybrid system (OK)

(2)MATLAB 7.0 program develop to gain the analytical
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solutions of the passive hybrid system (OK)
(3)Finite difference-Fortran program code
Hybrid-HVACP programming (OK)
(4)Energy & Exergy analysis methods (OK)
(5)Heating/cooling, n ,COP, ACH and HVAC

performance of the hybrid system (OK)

AR AR AE

(1) The hybrid system’s BIPV ~ TE ~ SSPCM heat sink
and EAHE  efficiency gains can  ensure
energy-efficiency and cleanness. They can also reduce
the CO, emissions.

(2) The hybrid system has the low total input power and
its use constitutes an active approach to energy-saving.
(3) SSPCM consists of paraffin as dispersed PCM and
high-density polyethylene (HDPE) or another material
as a supporting material. The total stored energy is
comparable with that of traditional PCMs.

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

(5) Reducing the temperature difference between the
ceiling and the floor to less than 4 K increases the
comfortableness of humans.

(6) 297 K is the most comfortable temperature in the
HsinChu area.

(7) The simulation results reveal that if the difference
between the ground temperature and the ambient
temperature is less than5 K, such as in HsinChu
city obtained results are unsatisfactory, so the use of
EAHE in areas witha large temperature difference
yields better results.

(8) The effect of EAHE is not superimposed on additive
with the effect of SSPCM, many parameters need to be
considered such as materials, size and operating
characteristics, therefore the design optimization is
needed.

(9)Working fluid air of EAHE may be replaced with
water or refrigerant which has a much larger
temperature range than air.

(10) Hourly useful thermal energy (MJ) when operated
with photovoltaic (PV/T) system and with earth air heat
exchanger (EAHE) for a typical summer day. It has
been observed that at 12 pm, useful thermal energy is
calculated as 16 MJ with the operation of
photovoltaic/thermal (PV/T) system, then the useful
thermal energy decreases due to fall of temperature
during evening. And useful thermal energy continuously
fall down to 4 MJ while between 3 and 4 am.

(11) hourly useful thermal energy (MJ) when operated
with photovoltaic (PV/T) system and with earth air heat
exchanger (EAHE) for a typical winter day. It has been
observed that at 12 pm, useful thermal energy is
calculated as 16 MJ with the operation of
photovoltaic/thermal (PV/T) system, while between 4
and 5 pm, the useful thermal energy decreases due to

11

fall of temperature during evening. It then increases to
14.5 MJ with the operation earth air heat exchanger
during night.
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Numerical HVAC analysis of shape-stabilized phase
change material plates coupling an active building envelope
system 1n a building

Bor-Jang Tsai ~ Sheam-Chyun Lin and Wei-Cheng Yang

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
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I. INTRODUCTION

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. 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.

A. 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.
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B. 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 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, ambient temperature, To is equal to 308 K and
indoor temperature, T; 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, T; will decrease approximately
4~5 K.

C. Hybrid system:

Zhou et al. [I1] in 2009 reported effect of
shape-stabilized phase change material (SSPCM) plates
in a building (as shown Fig. 3) 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.

II. ANALYSIS METHOD—PHYSICAL AND
MATHEMATIC ANALY SIS 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. 3) 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
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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 summer climate data is generated by the
software Medpha [8]. A verified enthalpy model [12] is
applied for this simulation.

A. Heat transfer model of SSPCM wall and ceiling

The schematic of heat transfer through the exterior
wall is shown in Fig. 4. The transient enthalpy equation
is

oH o'T 1
P M .
where for SSPCM,  _ _[: C,.dT + '[TT C,ndT +J'TT ¢, dT

The initial condition is
T, =T,

ok 2

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

1 )=k (€)
qr,oul+hout(Tout Ti,nut)_ kl ox -
oT
+h (T =T )=—k.— )
qr,m + m( in |,m) p ox

X=X3

For the exterior wall, Grin and Yo are indoor and
outdoor radiation heat flux, respectively (Fig. 4). The
convective coefficients ™« and " are calculated
according to the ASHRAE Handbook [13].

The above equations are also applicable to interior
walls and the ceiling. For the interior walls,"wand %o
are zero. For the ceiling (Fig. 5), the surface atX=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 [14].

B. Heat transfer model of the SSPCM floor

For floor construction shown in Fig. 6, the transient
heat transfer equation is

oT o°T
c —=k — (5)
pl p.J at JayZ
Again, the initial condition is
T(Y, )0 = Tini (6)

The boundary conditions are
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aT
ki —_ y= 0
v ™
aT
~lgep + go_(Tij‘un _Tij:m): ki — Y=Y
oy Y=y,
or
7qgap+€U(Tiij 7Ti,un):kf ~ y=Y,
oy Y=Y
oT
qf,up+hf(Tin _Tf,up):kfi Y=Y,
y=Y3

Where %1wis the radiation heat flux from the walls
and ceiling to the wood floor.

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

N
CraaVe % - ZQ\NJ +Qc + QL +Qui *+ Qage (8)
i1

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

heat source [15], and Qui-Qu and Qun QABE [9,10]
are calculated by the following equations:

Qwin = hin X (Tw,i _Tin)X AN,i

)
Q. =C,.pVg x ACH x (T, —T,,)/3600 (10)
Qwin =UWin ><(Toul _Tin)x AN,i (11)
Qage = Qph=Qpc + IV (12)

[II. NUMERICAL TECHNIQUE

A. 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. 7)

B. 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.

C. Establish grid cells
Cells of grid mesh of this model room as Fig. 8.
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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

D. 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.

E. 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) °

F. 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

A. Simulated temperature results of active ABE

Fig. 9 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
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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.

B. 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. 10 (a~d) 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
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 - Fig. 11 (e~h) 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.

C. 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
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energy stored cycle and energy released cycle will
around 2 K to 4 K. The analytical results have been
reported by Xiao [16]. 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.
12 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]

Thermoelectric

Cooler
Internal

Heat Sink

External
Heat Sink

Heat
Dissipation
Zone

Photovaltaic
System

Thermal
Insulation

Fig. 2 Active bsuilding envelope (ABE) system [9]

SSPCM
floor and wall
for heat storage

ABE-wall

PASSIVE |-

ACTIVE

Fig. 3 Schematic of the simulated room with Hybrid system:
profile of the room A with SSPCM and ABE wall

thermal rodition g, o thermal radistion g, 0 _
- e reinforced concrete
onor T ) SSPOM e
leluuu\.ll--u.l-'.ir..-:? //x e
e v

7y heat convection b
thermal radiation g,

Ox;  x3xp t

Fig. 4 Exterior wall surface
Fig. 5 Schematic of the ceiling heat transfer

thermal radiation

N
4 heat convection ﬂ

wood floor
air layer

insulation layer

Fig. 7 Schematic diagram of the model room for analysis of a
building °
Fig. 8 Grid mesh of the model room and environments



Recent Researches in Mechanics

Fig. 9 Comparison of temperature distribution of the active
ABE system for the fan was on (above) and off
(below)

(c) 20 minutes (d) 60 minutes
Fig. 10 (a~d) Simulated indoor air temperature vs. time

(e) 1 minutes (f) 5 minutes

(g) 20 minutes (h) 60 minutes
Fig. 11 (e~h) Simulated indoor air temperature vs. time
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Table 1 : Material properties of the building
Materials P C, K ]
(gm (Kkg'Ch)  (Wm'Ch) (W
SSPCM 850 1.0 0.2 -
Concrete 2500 0.92 1.75 -
Win/Glass 1400 1.05 0.58 3.01
Door/Wood 500 2.5 0.14 0.875
Table 2 : Weather data of Hsin-Chu City
Season  Temperature Wind speed Pressure
(C) (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 1e-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 | 30291 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 | 29593 | 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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Thermal Analysis of a high power LED multi-chip Package
Module for Electronic Appliances

Bor-Jang Tsai, Sheam-Chyun Lin and Wei-Kuo Han

Abstract—By using multiple high-power LEDs in
products, some difficulties occur in predicting the
temperature distribution because of the interaction of heat
generated by each single-chip LED in the same module.
To determine the heat dissipation of a multi-chip LED
module, solid physical models for both single-chip and
multi-chip LEDs with cooling fins were constructed.
Simulation of the temperature distribution under natural
convection was conducted using numerical analysis and
by introducing formulas to estimate change in heat
resistance. In addition to elucidating the heat dissipation
of multi-chip LED modules, this study attempts to
identify the major factors affecting the temperature
distributions of LEDs.

Simulation results from the finite element program
indicate that expressing the temperature distribution of a
single LED chip using a spherical coordinate system is
appropriate. The temperature curve of a copper plate
away from the chip is nonlinear since the distribution
curve declines dramatically and is no longer linear. The
temperature of a multi-chip LED module is slightly less
than that of linear superposition. A comparison of the
estimated value for a multi-chip LED with the simulation
result confirms the practicability and accuracy of the
proposed thermal resistance formula in this work. This
study provides reference data for estimating of thermal
resistance in a multi-chip module.

Keywords—LED(Light Emitting Diode), Heat dissipation,
Thermal resistance
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[. INTRODUCTION

Most conventional Light Emitting Diode (LED) chips
are small, approximately 0.16mm” in area and 0.11mm
thick with 20mW input power and a low luminance level.
Since 2000, the Iuminance efficiency of LEDs has
increased and high-luminance LEDs have been developed.
However, single-chip LEDs are insufficient as a light
source. Thus, multi-chip modules are used currently. The
advantages of an LED as a light source are single-color
light emission, colorfulness, wide color range, no
ultraviolet rays, small volume, light weight, and no
environmental issues. However, an LED still has the
disadvantage of inadequate luminance efficiency resulting
in low LED light levels. Regular luminance requires
hundreds to thousands of lumen. Conventional small
chips fall far short of this luminance level. Currently,
luminance is achieved using a large multi-chip array of
LED chips. Conversely, use of a multi-chip high-power
LED package is likely to produce a temperature
exceeding 100°C. Notably, thermal dissipation is difficult.
Although an LED is a cold light source, luminance
efficiency is currently low. These high temperatures
decrease LED luminance efficiency and its capacity to
emit light. Additionally, its lifespan is also greatly reduced.
Therefore, the thermal resistance of an LED light module
has a determining effect on product quality.

Using the definition and model of single-chip package
thermal resistance in a multi-chip module remains
difficult. Sofia [1] hypothesized that a heat source is
available on a sectional thermal rod (conductor). Both
ends of the thermal rod have fixed temperatures and the
remaining parts are thermally insulated. The temperature
distribution of a thermal rod is inversely linear distance
from the heat source. Therefore, the principle of the heat
transfer superposition model is established, which is
represented by a thermal resistance matrix to account for
insufficiencies of traditional thermal resistance analysis.
This hypothesis cannot be applied to multi-chip LED
modules because multi-chip LED thermal-dissipation
base plates are generally not strip-shaped and contain heat
sinks for convection. Nevertheless, interface temperatures
measured for each chip coincide with theoretical basis of
superposition in thermal conduction. Kim et al. [2] used
instruments to measure the thermal resistance of
multi-chips and substitute this thermal resistance into the
superposition principle based upon the thermal resistance
matrix. Thermal resistance system is then subdivided into
LED chip thermal resistance and thermal resistance of the
thermal dissipation base plate. When thermal resistance of
the chip is significantly higher than the thermal resistance
of the base plate dissipating into environment, the ratio of
both is 10:1. As the number of chips increases, thermal
resistance decreases. When the ratio of number of chips
increases to thermal resistance is 1:1 or 1: 10, the number
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of chips has almost no effect on thermal resistance. The
experiment in this study does not contain heat sink
package modules. When tens to hundreds watts from a
high-power LED chip package module are applied, the
condition changes and such approach is infeasible. Thus,
analysis of LED multi-chip applications for high-power
LED multi-chip products is necessary. Thus, this study
simulates a model with heat sink and discusses process in
detail. Experiments will be performed next year.

Methods and analysis related to the application of the
electrical method for junction temperature measurement
applies  thermal  characterization of  packaged
semiconductor devices. This study is essential for anyone
involved in the collection, interpretation, or application of
semiconductor component thermal data, not only those in
the LED industry but also those of developing new
products such as high- frequency and high power devices
with a total power dissipation of energy for a clock
frequency of 200MHz and gate power switching
requirement of 0.15 pW/NG/MHz [3]. Sikka, et al.
identified the thermal and mechanical challenges of a
multi-chip module (MCM) used in a high-end computer
system. The chip and thermal paste carrier for an IBM
MCM package [4]. A futuristic microprocessor package
uses micro channels and an embedded thermoelectric
device [5]. An innovative concept based on Advanced
Thermal Solutions minimizes spreading resistance by
using a Forced Thermal Spreader (FTS) in a BGA
package [6] Along with optimizing spreading resistance,
thermal transport must be managed to dissipate high heat
fluxes in electronic devices. Such an example is provided
by Colgan, et al. [7]. In their application, the chip
operated at 400 W/cm®. Micro channels were fabricated
inside the package, for the required cooling during chip
operation.

Therefore, analysis of multi-chip applications for
high-power multi-chip products is necessary. In Year 2007,
Sofia [8] used of thermal resistance measurements [9-11]
and combined methods and analysis related to application
of the electrical method for junction temperature
measurement to thermally characterize packaged
semiconductor devices, including using thermal transient
data [12-15] to build the electrical thermal resistance
measurements for hybrids and multi-chip packages.
However, the illuminations of LEDs vary with junction
temperature variation due to self-heating of LEDs and
variation of ambient temperature. Hence, the thermal
effect will affect both illumination intensity and output
color of LED. Masana [16] derived a RC thermal model
for a general semiconductor package. Muthu et al. [17]
proposed a constant luminous model which ignores the
thermal effect. Farkas et al. [18] developed a thermal
model for luminous output and thermal I resistance in
monochromatic light-emitting unit. Huang et al. [19, 20]
derived a system dynamics model of a luminaire to relate
the energy input to LED junction temperature.

II.  OBJECTIVES OF ANALYSIS

First, this study focused on simulating the thermal
resistance of an LED single-chip package, and the
temperature distribution of an LED chip with a heat
source on a copper plate. Error in thermal conduction of
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spherical coordinates was calculated. Then, the input
power of this thermal resistance simulation of an LED
single-chip package is divided into three levels, three
various power inputs. Whether the temperature of an LED
chip with the same position and structure as thermal
resistance coincides with the superposition principle is
discussed. Finally, four LED chips are arrayed at 2x2
pitches. Only one LED chip is illuminated to calculate
thermal resistance based on the pitch between the copper
plates. The four LED chips undergo linear temperature
superposition, and then compared with four simulated
LED chip temperatures when all are illuminated to verify
the predicted accuracy of the four LED chips at 2x2
pitches.

A. Simulation of the CFdesign program

Single-chip LED illuminated with different power
inputs.To verify CFdesign this program, a flat copper
plate with four edge surfaces at 25°C, top and bottom
surfaces are insulated based upon Sofia’s hypothesis
(LED chip as point heat source without heat sink) was
simulated and compared with the heat transfer calculation
using spherical coordinates. This program is feasible for
analyzing this LED multi-chip package module problem
(Fig. 1). To verify whether the superposition principle
model is suitable for LED chip cases, an LED single-chip
is input with different powers to determine whether the
temperature distribution is linearly proportion with
respect to distance from top to bottom.

Multiple LEDs illuminated separately at a fixed LED
pitch distribution.Although the package module has four
LEDs, if the LEDs are arrayed symmetrically (Fig. 2),
only one needs to be illuminated to determine
temperatures of the other LEDs. The temperature
difference between the LED chip interface and
environment is utilized to calculate the temperature
superposition and attain the final temperature of each chip
when all four chips are illuminated simultaneously under
the same power. The four chips illuminated
simultaneously under the same power are simulated for
verification.

Each LED chip in the package module is heated by
current. According to thermal conduction theory, as the
distance of an LED chip from a neighboring LED
increases, the temperature drop increases. That is, the
self-heating LED chip and the thermal effects of
neighboring LED chips determine final temperature.
Taking the four LED chips at 2x2 pitches as an example,
the regular matrix distance is fixed at 8Smm. This distance
is the best choice discussions related to multi-chip
temperature.

B. Establishment of the finite volume model and
hypothesis

The CFdesign is adopted for finite element calculation
of heat transfer. Temperature and heat flux of an LED
chip module are also calculated.

Structure of and material in the chip module, notably,
LED chips sized ImmxImm are typically studied. A blue
sapphire 0.lmm thick in GaN chip structure is used to
represent the current model (Fig. 2). The top surface of
the structure Omm in thick is the heat source surface
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setting that simplifies the heat source of the Sum-thick
epitaxial layer. Transparent silicone package material
measuring 2 mm thick covers the LED chip to protect the
chip and for light conduction. The base of the blue
sapphire is attached to the copper plate. The copper plate
is a commonly sold in markets. Size of it is simplified
into a rectangle measuring 20mm long 20mm width, and
2mm thick. The copper plate dissipates heat. Heat is also
conducted to the copper fin below it. Natural convection
between the copper fin and atmosphere helps module
thermal dissipation. Table lists the properties of materials.

Boundary conditions: Electrical power (1W) is
considered when the model comes to input luminance.
The Internal Quantum Efficiency (IQE) is 20%; the
remainder, 0.8W, is released as heat. As luminance
surface of the LED epitaxial layer down when the heat
sink faces upward. The atmospheric temperature is set at
25 °C for natural convection. The computational domain
of the LED light module is surrounded 7-times by the
entire atmospheric layer as the simulation condition of
natural convection.

C. Equations for calculating thermal resistance
between chips

We assume the total thermal resistance of modules in a
chip package is as follows:

R =Ry + Rb(mding + Ry + Rﬁn + R_

which, R,, : LED chips thermal resistance,
R
R
Ry,
R

fin—ambient

die fin—ambient ( 1 )

sonding - Di€ layer thermal resistance,

: Copper plate thermal resistance,
: Heat sink thermal resistance,
! Heat sink to atmospheric thermal
resistance (thermal convection).
Although each LED chip does not heat up itself,
neighboring LED chips will also be heated. However, the
longer pitch distance, the less likely it is for neighboring
LED chips to be affected. Thus, the chip pitch thermal
resistance of LED multi-chip R e is as shown in Fig. 3.
Assuming LED chip area is small as compared to the
entire package module, it may be regarded as a point heat
source. Thermal conduction resembles a sphere that
conducts heat outwards. The equation of pitch thermal
resistance value for LED chip on copper plate surface
may be estimated using spherical coordinates. It is
inferred as follows:
Thermal  conduction
coordinates(r, @, and 6)

EAES ko O . P R . 54 S
ror or) risin“@0¢\ 0O¢) r-sinf o6 00
T

Pe, o

base

equation of  spherical

Sphere radius r: internal radius is expressed as r; and
external radius is expressed as r,. Under a static condition,
when the thermal conduction material is homogenous and
isotropic and when the Azimuth angle @ and polar angle 6
are symmetrical structure. The simplified Eq. (1) is:

4o
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The integral solution is,
a
T(r)=2+b (4)
r
Boundary conditions: heat flux is set as ¢;" at » =r; and
the heat source is the internal sphere surface. Temperature
is set as T, at r=r, to define the temperature of the
external sphere surface.
Fourier’s Law:
When the heat source is at r;

. .dT
= (6)
b:TZ_q{l’?zi 7
5

Substituting Eq. (5) ~ Eq. (7) into Eq. (3) to yields
T“7=%#[1‘1J+T )
k\r n

Thermal resistance is

T-7, (1 1
R,/,(Vl—rz)=12=‘(—j
g9  Ak\n 1

)

II.  RESULTS AND DISCUSSIONS

Based on simulation results, this study determines
whether the temperature distribution is coincident with
the linear superposition principle. Finally, four LED chips
arrayed at a 2x2 pitch are used to ensure temperature
prediction accuracy.

A. Temperature depression curve is nonlinear

After obtaining numerical simulation results of a
single LED-chip, heat sink possesses geometric structural
direction (Fig. 4). The direction of heat sink is expressed
as vertical direction (V) while the other direction is
expressed as parallel direction (P). Therefore, the
contribution ratio of thermal conduction is higher
compared with thermal convection (Figs. 5 and 6).
However, the area of the LED from center to outer
periphery is roughly 4mm, and has a symmetrical
temperature distribution. This symmetrical temperature
distribution is caused by the 2mm-thick copper plate and
the 0.3mm-thick heat sink. They conducted heat
symmetrically to the outside in a hemispherical manner.

After obtaining Eq. (8) results for thermal conduction
of spherical coordinates (denote cal) and numerical
simulation results of a single LED chip, the temperature
decline is consistent with that of analytical calculation
(Fig. 7). In other words, the heat sink has certain physical
effects in thermal conduction. Nevertheless, since thermal
convection is involved, the thermal dissipation
mechanism is complex and requires further study.

B.  Linear superposition of copper plate temperature
at the same position as below the LED
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After simulating results for three LED single-chip watt
settings, the temperature of the copper plate below the
LED (0.8mm) minus the environment temperature of
25°C serves as basis for reference. The 1/2-fold and 2-fold
temperatures are added to the environment temperature to
obtain results of copper plate temperature distributions of
numerical simulation (by the superposition principle) and
analytical calculation by the Eq. (8) for a LED single-chip
package module under different powers (Fig. 8). Although
these results may deviate by 2~7°C, estimation results still
serve as reference. Among analysis, higher watts tend to
result in overestimation of calculation values, because the
temperature difference between fins of the heat sink and
the atmosphere increases, heat dissipation increases, and
the yielded temperature decreases to achieve thermal
equilibrium.

C. Thermal resistance comparison between a chip with
and without attached soldering tin at same position
of an LED chip

Thermal resistance of a LED single-chip is simulated. The
temperature differences between the LED (heat source)
top surface and bottom surface, both attached soldering
tin copper plate. They are consistent with calculated
values by equations of formulas. Consequently, the
thermal resistance yielded by equations of 1-D spherical
coordinates is suitable for use for LED temperature
predictions.

D. Comparison of thermal resistance by numerical
simulation and analytical estimation between an
LED multi-chip

In terms of thermal resistance of the entire LED chip
module, the heat sink is subject to the greatest natural
convection heat resistance R(fin-a). The four LED chip
symmetrical case shows that if one LED chip temperature
can be measured, the thermal resistance equation can be
used to calculate the temperature difference between the
chip and copper plate (Fig. 2). The thermal resistance
value from the first LED chip luminance surface to the
second LED chip luminance surface is calculated as

R =R, +R +Rpirch(:Rr/7(rl_r2))+R + Ry (10)

j1-j2 diel ‘bonding bonding 2

When the heat source of LED chips is expressed as diel,
based on result of one of the 0.8W chips, the heat flux of
the contact surface between the LED and resin is only
0.0029W. This heat flux is negligible as it is too small. We
hypothesize that all power is conducted from diel to the
copper plate and the thermal resistance of the pitched
copper plate below of the first LED chip to the copper
plate below the second LED chip; thus R, is
calculated by Eq. (9). When heat is conducted to die2, the
thermal dissipation area of this LED is negligible as it is
too small. The heat flux shows that the attached soldering
tin heat flux below the non-heat source LED chip is
negligible as it is too small. Therefore, the contribution of
this thermal resistance can be neglected. Thus, Eq. (10) is
expressed as

R R, +R +R (11)

j1=j2 = bonding1 pitch
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Calculations for the symmetrical four LED chips at 2x2
pitch array are as follows :

R, ,,=3.492+1222
R =3.492+1.245

J1=j3

R =3.492+1.222

J1-j
AT,, = Temperature difference between horizontal chips
AT,, = Temperature difference between adjacent chips
AT,, = Temperature difference between vertical chips
AT, =AT,, =R, ;,xQ=3.71°C
AT, =3.79°C

In this study, since the 8mm distance between two
LED chips markedly exceeds cooper plate thickness and
fin thickness (2.3mm), the temperature difference is
overestimated and requires further study. In the same
package, the interface temperature (7)) of input power of
one LED chip is measured. Then, Eq. (11) calculates the
four LED chips with the same simultaneous input power
as results. The 4-fold watts greatly exceed the original
1-fold watts. Therefore, the junction interface temperature
difference of 20°C at 111.9°C (numerical simulation) and
132.07°C (superposition calculation) is produced (Fig. 9).
Although the single LED chip is overestimated, we infer
to be attributed to the temperature difference between
junction and heat sink. It is especially true for heat sink
and atmospheric temperatures. The higher temperature
difference between junction and heat sink is, the higher
cooling efficiency will be. Therefore, the error in
temperature calculated by superposition is related to heat
generation of the high power. As the power increases, the
likelihood of overestimating calculation will be. In the
future, factors contributing to this error be examined to
ensure accurate estimations

In view of the above results, it shows that the thermal
resistance of different LED chip packages varies and that
thermal dissipation devices (copper plates and heat sinks)
have different mechanisms, therefore, thermal dissipation
need to be calculated separately. The Eq. (10) is used to
calculate the thermal resistance of the LED multi-chip to
obtain the temperature of the LED multi-chip. Eq. (10) is
expressed in matrix below:

(R ][R ] R D¥[O)-[AT ] (1)
Thermal convection R;, ., Will be incorporated in the
calculation in the future to derive accurate estimations.

IV. CONCLUSIONS

Due to superposition of the LED multi-chip thermal
distribution, calculation of heat dissipation becomes
difficult. Arrangement of thermal management will likely
increase difficult too. After systematic parameter analysis,
we have increased knowledge of LED multi-chip package
properties. Conclusions are summarized as follows.
(1) Simulation results for LED chip thermal dissipation

indicate that the copper plate temperature depression

curve distance away from the chip is non-linear.
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(2) Under different powers, the temperature of the copper
plate below the LED is feasible for superposition
principle. Analytical estimation using addition is
acceptable; however, as power inputs increases,
calculated values will be overestimated. In this
study, the interface temperature (7)) of input power
of one LED chip is measured. Then, analytical
calculates the four LED chips with the same
simultaneous input power. The 4-fold watts greatly
exceed the original 1-fold watts. Therefore, the
junction interface temperature difference of 20°C at
111.9°C  (numerical simulation) and 132.07°C
(superposition calculation) is produced. The
percentage of deviation is approximately 10%.
Calculating the thermal resistance of 1-D spherical
coordinates is suitable for use in predicting
temperature differences in an LED structure.

When the thickness of a copper plate is limited, LED
multi-chip pitch thermal resistance of the copper
plate can be calculated using equations of thermal
resistance in 1-D spherical coordinates; however, the
high wattage tends to result in overestimation of
calculated values of thermal resistance.

Comparison between the thermal resistance
estimation and numerical simulation of LED
multi-chip pitch shows that thermal resistance of an
LED chip combined with a thermal dissipation
copper plate should be calculated separately. The
equation of thermal resistance is valuable as a
reference.
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Fig. 1 Flat copper plate-Cu base (LED chip as a point heat
source without a heat sink) the heat transfer calculation using
spherical coordinates.
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Fig. 2 Geometrical dimensions and materials of an LED 4-chip
package module

Fig. 3 Schematic diagram of thermal resistance of an LED
4-chip package module

LED junction 64.7°C

Fig. 4 Geometrical structure direction and temperature field of

an LED single-chip package module (top view)
Fig. 5 Temperature field of an LED single-chip package module
(front cross-sectional view)
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Fig. 6 Temperature field and analog circuit of thermal resistance

for an LED single-chip package module (side view)
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Fig. 7 Copper plate temperature depression curves by numerical
simulation and analytical calculation by Eq. (8) for an LED
single-chip package module
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LED junction 97.4°C

LED junction 46.9°C

Single-chip LED 1.6W Single-chip LED 0.4W

Fig. 8 Copper plate temperature distributions by numerical
simulation (via the superposition principle) and analytical
calculation by Eq. (8) for an LED single-chip package module
under varying power.

LED junction 54,6°C LED junction,112°C

Fig. 9 Junction interface temperature distributions of a

single-chip module and an LED 4-chip package module
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