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Abstract: Light-emitting diode (LED) lighting should be considered for lighting efficiency
enhancement, however, waste heat from light-emitting diode (LED) lighting increases the
internal cooling load during the summer season. In order to solve this problem we propose
a thermal management system for light-emitting diode (LED) lighting with a heat
exchanger module integrated with the building’s heating, ventilation, and air conditioning
(HVAC) system to move the lighting’s waste heat outdoors. An experiment was carried out
to investigate the thermal effects in a test chamber and the heat exchange rate between the
heat sink and the duct air. The heat generated by the light-emitting diode (LED) lighting
was calculated as 78.1% of light-emitting diode (LED) input power and the heat exchange
rate of the lighting heat exchange module was estimated to be between 86.5% and 98.1%
according to the light-emitting diode (LED) input power and the flow rate of air passing
the heat sink. As a result, the average light-emitting diode (LED) lighting heat contribution
rate for internal heat gain was determined as 0.05; this value was used to calculate the
heating and cooling energy demand of the office building through an energy simulation
program. In the simulation results, the cooling energy demand was reduced by 19.2%
compared with the case of conventionally installed light-emitting diode (LED) lighting.
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1. Introduction

Light-emitting diodes (LEDs) have become widely available in various industrial fields concerned
with energy saving and offer positive environmental effects due to their advantages over conventional
light sources, such as low power consumption, long lifetime, rapid response time, compact physical
size, and physical robustness [1-3]. In particular, in order to reduce indoor lighting energy use, which
accounts for nearly 30% of the total energy use in buildings, high-efficiency LED lighting and daylight
dimming control technologies have been developed [4—6]. High-efficiency LEDs convert nearly 15%-25%
of electric power to visible light, while the rest is transformed into heat. If the heat generated by
an LED device cannot be effectively removed, LED performance becomes unstable and suffers,
for instance, lower light conversion efficiency, a change of color, and decreased lifetime [7,8].
Therefore, thermal management and control of the junction temperature of LEDs has become a crucial
research area in the overall development of high-power and high-efficiency LEDs.

Thermal management systems for enhancing the efficiency of LED lighting should be considered
from the chip level to the system level, involving optimum chip design with a patterned sapphire
substrate, structures for a direct thermal path to the heat sink, and a cooling method with a fan or
thermoelectric cooler to dissipate heat to the surroundings [9-13]. Among these aspects, the associated
heat sink must be considered and optimized for reliable cooling performance in high-power LED
lighting. Numerous researchers have analyzed natural- and forced-convection heat sinks with diverse
fin configurations in rectangular and radial shapes and heat pipe connections. The natural-convection
type is preferred on account of needing no additional fans or electric consumption, even though
natural-convection heat sinks are thermally less effective, being consequently less compact and
heavier than forced-convection types, and require careful design to achieve the required thermal
performance [14—17].

In terms of building environment, the waste heat from the heat sink generally stays within the
ceiling and can be transferred into an indoor space as a form of convective heat transfer that increases
indoor air temperature and cooling load during the summer season [18-21]. To prevent this negative
effect on energy demand during the cooling period in buildings, Ahn ef al. [22] suggested a movable
heat sink for LED lighting connected with the heating, ventilation, and air conditioning (HVAC)
ductwork in an office building to remove heat to the outdoors during the cooling period and to fully
reuse the heat indoors during the heating period. In that research, a cooling and heating energy saving
of 9.3% was obtained in the computational simulation result compared with conventional lighting
fixtures in an office building. However, the research involved only conceptual design for lighting heat
control and simulated verification, and neither experimental implementation nor verification.

In this study, therefore, we propose an alternative system of LED lighting integrated with a heat
exchange module and HVAC duct, and carried out a systematic experimental study to investigate
thermal effects in the test chamber with a manufactured prototype. The total energy savings in heating
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and cooling of an office building were calculated through an energy simulation program using the
experimental results to evaluate the effectiveness of our proposed method.

2. Methodology
2.1. LED Lighting Thermal Management System

In a thermal network model for the high-power LED device applied in this study, heat dissipated
from the LED is transferred to a PCB and through heat pipes and a cooling device (heat sink) to reject
heat to the surroundings as shown in Figure 1. The thermal resistances from the LED diodes to the

ambient surroundings are related in the following equation [23,24]:
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Figure 1. Illustration of LED lighting application and thermal network model.

This heat dissipated from the heat sink to the ambient background is transferred to the conditioned
space in the building, affecting the internal thermal condition, and increasing the cooling load in the
summer season.

As shown in Figure 2, we designed an alternative thermal management system with an LED
lighting heat exchange module (LHEM) capable of reducing the internal heat gain in an indoor space
by transferring LED lighting heat to the outdoors using the HVAC system. In this system, the
dissipated heat from the LED is transferred to the heat sink located in the module via a connected heat
pipe; this heat is exchanged by air flow from the HVAC fan. The heated air passing the heat sink is
moved outdoors through the exhaust duct to reduce cooling load during the cooling period and is
returned to the internal space during a heating period to increase internal heat gain, depending on the
seasonal operating scheme.
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Figure 2. Schematic view of an alternative thermal management system with an LED
lighting heat exchange module (LHEM).

2.2. Experimental System and Theoretical Method

Figure 3 presents an operational illustration of the thermal management system with the LHEM for
the experimental test. A baseline test without the heat exchange module was conducted to determine
the heat generated by the LED lighting under various input powers. Because the calculation of the heat
generated by the LEDs is quite complex as derived in Equation (1), we assumed that the heat generated
from lighting is approximately equal to the heat lost from the internal test chamber to the ambient
environment in a steady state. Thus, the heat generated by LED lighting can be expressed as:

Pheat = QL (2)
QL = UeAe (T;n - T;l) (3)
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Figure 3. Operational illustration of the thermal management system with the LHEM.

In the LHEM system, owing to heat removal through the supply air passing to the outdoors across the
heat sink, the total heat generation from LED lighting can be calculated by combining the heat loss and
heat removal values at the steady state. The heat generated by LEDs is given by the following equations:

B 20, + 04 4)

0, =pcvd, (T, -T,) (5)
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2.3. Experimental Setup

The major equipment items include a small-scale test chamber, an LED lighting system with a heat
exchange module, a fan connected with the air duct, and a monitoring and control system. The test
chamber consisted of EPS insulation (50 mm) and plywood (9 mm), and the inner space was 0.8 m
wide, 0.8 m long, and 0.8 m high. In the LED lighting system, a chip-on-board (COB) packaged LED,
which was 40 mm in width and 40 mm in length, was used to enhance heat transfer efficiency because
of high heat flux in a small area [25,26]. The luminous flux of the LED was 5800 Im with 5700 K
color temperature, and more than 95 Im/W in luminous efficiency at the 60 W output power. The heat
pipe attached to the back side of the LED consisted of copper, with water as the working fluid [15].
The aluminum-plate heat sink was connected to the heat pipe and was located in the heat exchange
module to cool the device by dissipating heat by air flow. To provide air flow in the module, the fan
was connected with a spiral duct 150 mm in diameter. An Agilent data logger was used for monitoring
the air temperature of the inner space of the test chamber, the inlet and outlet of the heat exchange
module, and the ambient environment by using thermocouples in one-minute intervals. The air flow
rate in the duct was calculated based on air velocity measured at the outlet/inlet of the heat exchanger
module by a Kanomax 6035 anemometer. In order to ensure uniform distribution of the internal air
temperature, a convection fan was installed in the test chamber.

For comparison, indoor thermal effects were examined under various LED lighting input powers
(40-80 W) supplied by a CEN-100-36 (Meanwell, Taiwan) adjustable-current DC power supply.
Because the air flow rate from the HVAC fan is determined based on the ventilation rate for different
space types [27], it is necessary to estimate the heat exchange rate of the LHEM system on various air
flow rates. Thus, the fan operation speed was controlled in three steps, 1, 3 and 5 m/s, where the duct
diameter was 150 mm. The calculated air flow rate through the air duct was 60 cubic meters per hour
(CMH), 180 CMH, 300 CMH, respectively. The equipment and temperature sensors for the baseline
and LHEM test are shown in Figure 4a,b, respectively, and the overall view of the test chamber with
the LHEM system is shown in Figure 4c.
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Figure 4. The equipment and temperature sensors for (a) the baseline test; (b) the LHEM test;
and (c) the overall view of the test chamber with the LHEM system.

3. Results and Discussion
3.1. Experimental Results

This section describes measurement results when the ambient temperatures of the each case were
quite similar: close to 21 °C on average. Because the ambient temperature was not constant, the
baseline test was carried out three times at the same conditions, and the LHEM test was also carried out
three times at 60, 180 and 300 CMH in terms of air flow rate. LED lighting was turned on ten minutes
after the initial state was monitored.

The internal temperatures for LED powers of 40, 60 and 80 W in the baseline test and LHEM test
were monitored as shown in Figure 5a. The average internal temperatures in the baseline test of each
case increased by 10.2, 15.5 and 21.3 °C at the steady state when 40, 60 and 80 W of electric power
was supplied to the LED lighting, respectively. On the other hand, in the LHEM test with the three
cases of air flow rate, the average internal temperatures with LHEM system increased by 0.6, 1.1 and
1.4 °C at the steady state when 40 60 and 80 W of power was supplied, respectively. This indicates
that the LHEM system removes a significantly greater amount of lighting heat from the LED device by
air flow than in the baseline case, and has a cooling effect on the internal environment. The heat
generated by the LED lighting, calculated through Equations (2) and (3), can be expected to form a
regression line with 3.6% of standard error:

Prew =0.781P (6)

where P, ., represents the electric power of the LED. Thus, the experimental result of the baseline
test confirms that the LED lighting heat was emitted as nearly 80% of input power, as found in
previous research.

In order to estimate the heat removed by the LHEM system; the air temperature difference between
the front and rear sides of the heat sink in the module was monitored at 60, 180 and
300 CMH of air flow rate; as shown in Figure 5b. In the 40 W LED case with the LHEM system; the
temperature difference was measured as 1.5, 0.4 and 0.3 °C at 60, 180 and 300 CMH; respectively.
The heat removed in the 40 W LED case was calculated through Equation (5) as 27.0 W to 28.3 W.
In the 60 W LED case; the temperature difference was measured as 2.3, 0.7 and 0.4 °C at 60, 180 and
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300 CMH, respectively; and the heat removed was calculated as 42.5 W to 45.0 W. In addition; in the
80-W LED case; the temperature difference was measured as 3.2, 1.0 and 0.6 °C at each air flow rate;
and the removed heat was calculated as 59.9 W to 61.3 W.
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Figure 5. (a) Average internal temperature rise in the baseline and LHEM tests and
(b) temperature difference between the front and rear sides of the heat sink with the LHEM.

Figure 6 shows the calculated result of the internal heat gain and removed heat according to the
LHEM system using experimental data from 40 W to 80 W. Compared with the heat generated by the
LED lighting and the heat removed by the LHEM system, in the 40 W LED case, the heat exchange
ratio was calculated as 86.5% to 90.6%, according to the air flow rate. As a result, the internal heat
gain from the LED lighting was 1.7 W when the LHEM system was operating, and the contribution
rate of the LED power to internal heat gain was estimated as 4.3%. In the 60 W LED case, the heat
exchange ratio was determined as 90.7% to 96.0% according to air flow rate, and the internal heat gain
was 3.0 W, with a 5.1% contribution rate to internal heat gain. Finally, in the 80 W LED case, the heat
exchange ratio was calculated as 95.9% to 98.1% according to the air flow rate, and the internal heat
gain was 4.1 W, with a 5.1% contribution rate to internal heat gain.

Although there were differences in the result of the heat exchange ratio calculation, results showed
that most LED heat could be removed by air flow, consequently reducing the internal heat gain of the
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test chamber. Table 1 compares the internal heat gain of the baseline and the LHEM tests and the
contribution rate in each case.

80 T T T
e  Generated heat
{22277 Removed heat

z 60 L B Internal heat gain M:_,_i_ T

- o

e [

b y=0.78Ix S | !

o rP=0.99379 .« ] : I
= 40| | | : t

- [

a L | | : I

-’ | | |

E r -+— | ! | . I

=) i I I I : |
N 1 | | | _

20 : : ) : [ :

| | | | : |

| 1 ! 1 : I

] | | | |

Y I — i =]

40 60 80
LED input power (watt)

Figure 6. Output heat from the LED lighting with the LHEM system.

Table 1. Internal heat gain with and without the LHEM system.

40 W LED 60 W LED 80 W LED
. Internal Contribution Internal Contribution Internal Contribution
Tide Heat Gain Rate Heat Gain Rate Heat Gain Rate
(i) Q! Fip) (Q.) (O Fip) (i) (Qu! Bip)
Baseline 312 W 78.1% 469 W 78.1% 62.5W 78.1%
LHEM System 1.7W 4.3% 3.0W 5.1% 4.1W 5.1%

3.2. Heating and Cooling Energy Savings in an Office Building

To investigate the energy-saving effect of an office building with the LHEM system, we estimated
the heating and cooling energy demand of an office building at the Korea Institute of Energy Research
in Daejeon, Republic of Korea, using the simulation program EnergyPlus [28]. The net floor area of
the office building is 6164.8 m? and the maximum height is 24.1 m, with five floors above ground and
one underground. The building was designed to have a double skin on the south side and a central
atrium to allow natural light in. However, daylight entering through the atrium is currently only used to
light the hallways, so artificial lights are required in the perimeter zones for the recommended
illuminance. The office building was modeled in 3D using the OpenStudio software provided by the
National Renewable Energy Laboratory of the U.S. Department of Energy as shown in Figure 7.

The interior LED lighting was installed in the office building with a light power density (LPD) of
8.0 W/m?. The heat fractions of the lighting fixtures for EnergyPlus are listed in Table 2; these were
determined by the contribution rates found in the experiment. In the baseline case, the heat fraction of
visible light was 0.22 and the convective heat gain was 0.78. On the other hand, when the LHEM
system was applied with the seasonal operating scheme, which is presented in Figure 2, the heat
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removal fraction was 0.73 during the cooling period and the convective heat gain was 0.78 during the
heating period. To calculate the energy demand of the reference building, the “Ideal Loads Air System”
of EnergyPlus was used. Occupancy, lights, heating and cooling schedules, and input parameters [29,30]
for EnergyPlus are summarized in the Appendix at the end of this paper.

Figure 7. Illustration of the office building model.

Table 2. Lighting heat gain fractions for energy simulation estimation.

Heat gain fraction

Title . : , Period
Visible Light Convection Heat Heat Removal
Baseline 0.22 0.78 - for all period
0.22 0.05 0.73 for cooling period
LHEM Syst
ystem 0.22 0.78 - for heating period

Figure 8 shows the simulation results for both cases. The annual energy demand of the office
building without the LHEM system in the baseline case was calculated as 186.2 MWh for heating and
154.2 MWh for cooling. Compared with the baseline case, the cooling energy demand of the LHEM
case decreased by 19.2%, from 154.2 MWh to 124.6 MWh, thanks to lighting heat removal during the
cooling period. The annual energy (for heating and cooling) of the LHEM system case was reduced by
8.6% compared with the baseline case, from 340.5 MWh to 311.1 MWh, even though the heating
energy demand was calculated equally during the heating period because the lighting heat gain
fractions of both cases were set at the same value. Furthermore, LHEM required no additional fan
power to exchange the lighting heat with the air flow in the HVAC ductwork because the LED heat
could be nearly removed at the minimum ventilation rate for occupancy, as explained in Section 3.1.
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Figure 8. Heating and cooling energy demand for the model office building with and
without the LHEM system.

4. Conclusions

LED lighting should be considered for its superior lighting conversion efficiency compared with
conventional illumination. In terms of the building environment, however, waste heat from LED
lighting can be transferred into indoor spaces by convective heat transfer, increasing the internal
cooling load during the summer season. In order to prevent this adverse effect on cooling energy
demand in buildings, we proposed a thermal management system for LED lighting integrated with
a heat exchange module and HVAC ductwork to move lighting heat outdoors, and carried out
a systematic experiment to investigate the heat exchange rate of the module and the cooling effect in
a test chamber. In the experiment, the heat generated by the LED lighting was calculated as 78.1% of
the supplied power to the LEDs, which ranged from 40 W to 80 W. The heat exchange rate of the
LHEM module was estimated as 86.5% to 98.1% according to the LED input power and the air flow
rate passing the heat sink at 60, 180 and 300 CMH. Based on these experimental results, we determined
the average LED lighting heat contribution rate for internal heat gain as 0.05. The heating and cooling
energy demand of the office building was calculated through an energy simulation program using this
contribution rate. Simulation results show that cooling energy demand was reduced by 19.2%
compared with the case of conventionally installed LED lighting. This indicates that the heat generated
by LED lighting, which affects the internal cooling load, could be removed by using the LHEM
system, furnishing cooling energy savings in the office building. However, because the lighting heat
lost to the outdoors was not considered in this simulation study, there was no reduction in heating
energy demand since the heat gain fraction during the heating period was equal in both test cases.
We expect that the heat-reusing mode, which was not exploited in this study, could be effective in
saving heating energy during the winter season; this can be evaluated by estimating the heat loss of the



Energies 2015, 8 6668

lighting heat through measuring the thermal conditions of the inner and plenum spaces in a real office
building with conventionally installed lighting fixtures.
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Table Al. Office building specifications, internal heat gains, thermal performance of the

envelopes, ventilation and infiltration rates for EnergyPlus.

Title

Input Parameter

Location
Number of floors
Net floor area
Internal heat gains: Equipment
Lights
Occupancy
U-value of Envelopes: Exterior wall
Roof
Floor
Window
Ventilation rate
Infiltration rate

Daejeon, Republic of Korea (36° N, 127° E)

0.51 L/(sm?) (flow per exterior surface area)
0.30 L/(sm?) (flow per exterior surface area)

6 floors (B1F, 1{-5F)

6164.8 m’

15.5 W/m?

8.0 W/m?
120 W/person
0.45 W/(m’K)
0.29 W/(m*K)
0.35 W/(m’K)
2.60 W/(m?K)
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