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Abstract: The interest in zero-energy buildings has increased in Korea recently. Following the
significant increases in cooling and lighting energy consumption in offices, various studies have been
conducted to implement energy-saving measures. The purpose of this study is to reduce lighting
and cooling energy consumption in the summer through the dimming control of a complex smart
window system. To achieve this, the optimal dimming control algorithm has been derived and
applied in simulations to analyze the energy consumption for lighting and cooling. A smart window
incorporates suspended particle display glass that actively responds to changes in indoor and outdoor
environments and controls light transmittance. It also includes a light-guiding glass that can actively
control solar reflectance. Simulations of office buildings were conducted to develop optimal control
algorithms and controllers based on solar radiation. Subsequently, we installed this complex smart
window in a test room along with the developed control algorithm and controller, which responded to
the amount of insolation and time. To ensure the accuracy of the experiment, we constructed separate
test and reference rooms. The experimental results obtained under the same conditions showed a
reduction of approximately 36.9% in cooling energy consumption in the test room compared with
the reference room and a 54.5% reduction in lighting energy consumption. Furthermore, based
on additional simulations and experiments, we confirmed that the application of complex smart
window systems in office buildings could reduce considerably the energy consumption for cooling
and lighting.

Keywords: complex smart window; smart skin; zero-energy buildings; suspended particle display;
energy savings; lighting-guide glass; dimming control LED; optimal control

1. Introduction

Korea is currently strengthening its green building roadmap. As part of this effort, we
are striving to implement energy-saving measures with windows based on the “Energy-
saving Design Standards” to minimize the energy demand for mandatory zero-energy
buildings in the public sector by 2020 and the private sector by 2025 [1]. Notably, office
buildings account for 60-70% of the total energy consumed by the building sector, making
energy savings in offices an increasingly important issue [2,3]. However, the development
of smart envelope and Energy Management System (EMS)-linked technologies to reduce
the cooling load of office buildings, which are the most thermally vulnerable parts when
implementing zero-energy buildings, remains insufficient.

Building energy consumption is increasing globally, and office energy consumption
is experiencing significant growth. Consequently, many studies are underway to reduce
building cooling loads. Some studies focused on active awning systems [4] and window
systems using double skins [5]. However, these efforts concentrated solely on reducing
the cooling load by blocking solar radiation from reaching the building. Consequently,
lighting energy consumption in office buildings is increasing. To minimize heat loss
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through windows in conventional buildings, it is essential to produce glass that can control
the transmittance of visible light radiation artificially. The need for such technological
advancement has become achievable recently, thanks to the progress in the development of
thin-film materials with various functionalities and research on liquid crystal materials. One
of these technologies is the use of variable transmittance glass, which can artificially adjust
its transmittance based on the presence or absence of light or an electric field. Such glass can
be broadly categorized into polymer-dispersed liquid crystal (PDLC) technology, vacuum
sputter-coated electrochromic technology, and others, depending on the type of functional
material used [6,7]. These advanced materials are being pursued as next-generation, high-
performance, and high-value-added products. Various foreign companies and research
institutions are investing substantial budgets in their development, alongside research
on control methods. Therefore, in this study, we conducted research on the reduction
of lighting and cooling energy consumption in zero-energy buildings through dimming
control of a developed smart window system incorporating variable transmittance glass.
To achieve this, the optimal dimming control algorithm has been derived and applied in
simulations to analyze the energy consumption for lighting and cooling. The developed
smart skin is a composite of suspended particle device (SPD) and lighting guide glass
(LGG) technologies.

To address this issue, our study aimed to develop an active technology capable of
reducing both cooling and lighting energy consumption by analyzing the correlation
between cooling and lighting. Therefore, in this study, we developed a complex smart
window by combining SPD glass [8,9] that can control light transmittance by actively
responding to changes in indoor and outdoor environments, such as indoor temperature,
illuminance, outdoor temperature, and solar radiation, with a LGG [10] that is capable
of actively controlling solar reflectance. In this case, SPD adjusts its transparency based
on the external conditions of the building to minimize the building’s energy loss through
heat, while LGG refracts sunlight to enhance the incoming light, thus conserving indoor
lighting energy. The refractive index of LGG has been calculated using an algorithm to
achieve the optimal value by adjusting its angle based on the elevation of the sun. In
addition, we incorporated a dimming LED [11] to maintain the indoor illuminance level
and a controller to optimally control the complex smart window [12,13]. To achieve this, an
optimal control algorithm and an EMS were developed using computer simulations [14].
Subsequently, we experimentally measured the reduction in cooling and lighting loads in
an office building [15]. This study involved the development of a complex smart window
system, the formulation of an SPD, LGG, and dimming LED control algorithm based on
solar radiation in office building modeling using EnergyPlus and TRNSYS, and the design
of a control algorithm in conjunction with a controller. Finally, we conducted a comparative
experiment by installing tests and reference groups to measure energy consumption.

2. Materials and Methods
2.1. Development of Complex Smart Windows

A complex smart window is a sophisticated building envelope that responds to the
external environment and adjusts the conditions of the building envelope to optimize the
indoor environment. It includes sensors for detecting the external environment (outside
temperature, solar radiation) and internal environment (indoor temperature, illuminance),
a computer program to respond to the central EMS of the building control system, an SPD
and LGG, dimming LEDs, and a driving apparatus, among other components. Essentially,
it functions as a smart skin for windows. Figure 1 shows the configuration of a complex
smart window.
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Figure 1. Configuration of the complex smart window.

Single-skin-shading and double-skin-type windows were developed [16] considering
wind pressure and watertight performance [17,18] to account for problems in strength
and durability against external impacts depending on the location of the configuration.
A complex smart window was combined with an SPD and LGG to maintain the indoor
environment at optimal conditions. SPD reduces heat loss in a building by varying the
transmittance according to the external conditions of the building [19,20]. LGG refracts
light from the sun to increase the amount of light entering a building, thereby reducing
the lighting energy in the building. An optimal control algorithm for driving the SPD and
the LGG was developed using computer simulations. Additionally, the dimming LED was
designed to interlock so that it would not affect the indoor working environment and change
independently based on the variation in illumination intensity by blocking and distributing
sunlight through the SPD and LGG. Furthermore, a controller was developed to interface
with an EMS [21] that monitors data and controls signals based on an optimal control
algorithm in conjunction with the indoor and outdoor environments [22-24]. Figure 2
shows the image of complex smart window operation.
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Figure 2. Complex smart window operation.

2.2. Simulations

Transmittance and dimming controls for complex smart windows are required to ef-
fectively reduce the cooling load and lighting energy during the summer. Time-dependent
transmittance control is necessary to achieve optimal control of complex smart windows. To
establish the correlation between transmittance control and energy consumption, basic mod-
eling was conducted on an office building located in Seoul, and the energy consumption
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was calculated using DesignBuilder (version 5.5.2.003). Figure 3 shows the DesignBuilder
simulation setup.

7200 — _1
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(a) Visualized building image (b) Simulation model plan

Figure 3. DesignBuilder simulation setup: (a) visualized building model; (b) simulation model plan.

The simulated office building was located in Seoul, and a window was installed at a
height of 1.5 m on the south-facing side of the building, which covered 50% of the total wall
area. Table 1 presents the details of the simulated buildings. For office dimming control,
700 Ix was set as the standard for indoor illumination levels (range: 700-1500 1x). Regarding
the SPD, a simulation was conducted by dividing the shading on the south-facing window
into nine cases (with minimum and maximum shielding criteria of 0.1 and 0.9, respectively)
to determine the appropriate SPD control method according to time. The weather data
required for the analysis were based on the 2015 Seoul weather data provided by the Korean
Meteorological Administration. A simulation was conducted for the baseline model, a
model with the dimming control system was applied, and the dimming control system
was applied to a general office building under natural light. All other conditions were kept
constant. The results are summarized in Figure 4. In this study, the function that controls
the transmittance of the smart skin over time was determined using regression analysis.
This function is proposed to be a function of time to optimize the cooling load and lighting
energy by controlling the smart skin.

Table 1. Simulation conditions of test building.

Simulation Condition Contents
Location Jeonju City, Jeollabuk-do
Area 85.95 m?
District Residential area
Usage office Illuminance 20 W/m?
Occupancy 0.2 persons/m? Lighting density 500 lux
) . N 02h"!
Occupancy hours 8:00-18:00 Infiltration (Air exchange rate)
-1
Ventilation 05h Cooling temperature 22°C

(Air exchange rate)

2.3. Pilot Plant

To develop the smart window system and algorithm, a pilot plant was built in the
laboratory to monitor changes in cooling, heating, and room lighting loads according to
changes in solar radiation. The collected data were used to develop control algorithms
using machine learning techniques. Figure 5 shows prototypes of the solar radiation
blocking rate measuring device [25], SPD production [26], and smart window [27], which
were used to construct an actual pilot plant [28-30].



Appl. Sci. 2023,13, 9647 5o0f 14

Lighting

14
12

10

8 |||
0 ||| ||| ““ “‘ ““ ““ ““ |||| ||‘

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
Time

=2}

F o3

Lighting energy consumption (Wh/m2)

3V ]

mBaseline mDimming mSPD_160 mSPD_140 =SPD_120 =SPD_100 mSPD_80 SPD_60 =SPD_40 mSPD_20
Cooling
80
70

0 ||| |||

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
Time

(2]
o

o
o

[#%]
o

Cooling energy consumption (Wh/m2)
] B
o o

-
(=]

uBaseline =Dimming mSPD_160 =SPD_140 =SPD_120 = SPD_100 mSPD_80 - SPD_60 =SPD_40 mSPD_20

Figure 4. Simulation result according to the application of the dimming control system.
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Figure 5. Images of (a) a solar radiation blocking rate measuring device, (b) SPD production, and
(c) a smart window.

2.4. Optimal Control Algorithm and Controller Development

In this study, the function that controls the permeability of the smart skin over time
was calculated using regression analysis. Consequently, a time function that optimizes the
cooling load and lighting energy by controlling the smart skin is proposed.

£(t) = 0.0008t° 4 0.1121#* — 2.8149¢> + 19.36> — 26.65¢ + 71.82 (1)

Different results were obtained when the direction of the building was changed to east,
west, south, or north. Using this result, the smart skin control algorithm (implemented to
achieve the maximum reduction of cooling and lighting loads in a zero-energy building)
can be derived, as shown in Figure 6. In the algorithm, the output level represents the
temperature and irradiation amounts obtained from the sensor attached to the SPD. The
SPD output is represented as a discrete value ranging from 0 to 1, with 1 indicating complete
light blocking and 0 signifying transparent control allowing light transmission.

. Input credit
Credit form card details
\/_\

Outside Temperature
Irradiation amount

spd output level down

Temp.>Set value

spd output level down radiation.>set value

spd output level down

|

spd output level down

spd output level
down

End

Temp.>Set value Yes,
rradiation.>set value
A 4
spd output

Figure 6. Control algorithm for load reduction.
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One disadvantage is that the effect of the change in insolation in real time cannot be
fully considered through SPD and dimming control based solely on time. To address this
limitation, precise, real-time control that considers the indoor environment is necessary.
Therefore, a dependent logic considering the amount of insolation is proposed as follows:

S(t) = —0.0185# + 0.2804¢ — 0.0935 2)
where
08:001
. 09:002
18 :00 10

IR — TR| > 100, X = (R — TR) /1000
R : Representative Insolation, TR : Hourly Insolation

S=S(H-X0<S<1), ®)

In Equations (2) and (3), S(f) is a control value, and t is a variable representing time. R
represents the representative solar radiation, and TR represents the hourly solar radiation.
Equations (2) and (3) were used to supplement the control value in cases where the hourly
insolation amount had a large error compared with the representative insolation amount.
The following algorithm incorporates real-time insolation from the previous algorithm,
resulting in a more accurate calculation of SPD values. Therefore, this algorithm allows for
the calibration of SPD values, thereby improving the accuracy of SPD values for cloudy
or rainy days. Finally, through algorithmic modeling, we were able to derive the optimal
SPD transmittance and dimming values, and using these, we controlled the smart window.
Figure 7 shows a control method that considers real-time insolation.

Credit Input credit
form Card details

Time amount

Spd output
i End

l l No
S(t) function
result (R— TR)/1000= X
Current solar . )
irradiation(R) §=8t-X
( )

l 0=5=1

base solar
irradiation(TR)

Figure 7. Control algorithm considering solar radiation for load reduction.

The development of hardware (HW) and firmware (FW) to control a complex smart
window system in an office utilizes a LoRa-based wireless communication method to collect
wireless sensor data. This supports LGG, SPD, and LED controls. The detailed hardware
configuration is illustrated in Figure 8.
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Figure 8. Hardware configuration of a complex smart window controller.

2.5. Test Building Construction and Complex Smart Window Experiment

To reduce the lighting and cooling loads in a zero-energy building, a test room was
established to conduct experiments on a complex smart window, and an optimal control
method was developed that applies both dimming control and variable transmittance
glasses. For the experiment, two identical rooms—the test and reference—were constructed
with an EPS panel structure, each with an area of 12 m?.

The experimental setup is shown in Figure 9. Smart skins with SPD and LGG were
installed in the test room, whereas ordinary glasses were installed in the reference room.
Their configurations are presented in Table 2. Temperature, humidity, illuminance, and
solar radiation sensors were installed in each room for monitoring purposes. The heating
and cooling units were installed separately to monitor the cooling energy consumption
using a meter.

Figure 9. Construction of test and reference rooms.
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Table 2. Glass compositions in the conducted experiment.

Skin Type Glass (i:fne) Th(l;ll;lll;' 58 EA (Each)
LGG 5CL + 22Ar (blind) + 5PLA ONE 1140 x 540 32 2
Test inside 5CL + 16Ar (SWS) + 5PLA ONE 26 4
room SPD outside  9.75SPD + 16Ar (SWS) + 5PLA ONE 1140 > 800 30.75 4
Reference top 5CL + 16Ar (SWS) + 5PLA UN 1140 x 540 26 2
room bottom 5CL + 16Ar (SWS) + 5PLA UN 1140 x 800 26 4

3. Results
3.1. Effect of a Complex Smart Window

The difference in energy consumption between the test and reference rooms is shown
below. Although the current control method exhibited a high-cooling effect in the summer,
it was slightly effective or ineffective in meeting the load required for heating and cooling
during the shoulder season. However, when the experiment was conducted, the energy-
saving effect was confirmed to be significant.

3.2. Site Experiments

The goal of this study was to reduce lighting and cooling loads in a zero-energy build-
ing by testing a smart skin and implementing an optimal control method that incorporates
both dimming control and variable transmittance glass. To achieve this, the sensor and
meter values were monitored using the EMS. The monitoring period for this study was
limited to June-September 2000. During the test period, the energy consumption of the test
and reference rooms was compared. Focus was placed on data collected from 9 am to 6 pm.
This timeframe was chosen to align with standard working hours in public buildings, and
changes in indoor temperature as well as the energy consumption of air conditioners and
lighting were closely monitored. The illuminance level was set to 500 Ix in both the test
and reference rooms. In the experimental site, the indoor temperature was controlled to
approximately 25 °C, and the indoor illuminance was maintained at approximately 500 lx,
which is the required illuminance level for office work in a public building. The illuminance
level measurement location was set at a height of approximately 0.7 m in both the test and
reference rooms, based on the height of the office desk.

3.3. Comparison of Cooling and Lighting Energy Consumptions

To reduce the cooling load and lighting energy in summer effectively, an experiment
was conducted using a complex smart window combined with a dimming LED to maintain
indoor illumination levels. For this purpose, we simulated the reduction of cooling and
lighting loads through actual monitored SPD transmittance and dimming control. This
window combines SPD glass, which actively responds to changes in indoor and outdoor
environments and can control light transmittance, with LGG, which can actively control
solar reflectance. The results of a comparative analysis of the energy consumption of the
test and reference groups in the experiment using a complex smart window are shown
in the following graph. In Figures 10 and 11, the data for days 1 to 15 refer to the period
from 1-15 August, which is when the cooling load is the highest during the summer season.
Also, in Figures 12 and 13, the monthly data include all days of the respective month.
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Figure 9 displays the lighting energy consumption from 1-15 August, revealing that the
Test group equipped with SPD and LGG generally exhibits lower consumption (<1.5 kWh).
Figure 11 presents cooling energy consumption, indicating larger daily variations due to
external temperature influences rather than lighting, yet similarly, the Test group demon-
strates lower cooling energy consumption, consistent with the lighting energy results.
Figures 12 and 13 depict lighting and cooling energy consumption from June to September.
Overall, the Test group consistently exhibits lower energy consumption, and the highest
reduction rate is observed in August, a period of heavy load.
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The experiment yielded energy consumption under the same external and internal
conditions, as shown in Table 3. The cooling and lighting energy consumptions of the
test room were 138.6 kWh and 124.1 kWh, respectively, whereas the cooling and lighting
energy consumptions of the reference room were 219.8 kWh and 272.7 kWh, respectively.
By applying smart skin, energy-efficient use was achieved in parallel with dimming con-
trol. By combining LGG and the dimer, the lighting load was reduced by 54.5% and the
cooling energy consumption was reduced by approximately 36.9% compared with the
reference room.

Table 3. Experimental glass compositions.

Energy Consumption

(KWh) June July August September Sum Savings
. Test 48.4 36.8 45.4 7.8 138.61 ]
Cooling Reference 718 55.0 80.6 117 219.76 36.9%
L Test 433 31.8 27.0 215 124.07 .
Lighting Reference 745 67.6 65.6 64.7 272.66 54.5%

4. Discussion

Additional simulations were conducted (not mentioned in this study). In particular,
after comparing the energy consumption of buildings with complex smart window systems
based on the orientation of the office building and analyzing the differences, it was found
that the highest energy savings occurred when the building faced south, whereas the lowest
savings occurred when it faced north. The order of energy savings according to building
direction was south, west, east, and north.

Furthermore, when comparing and simulating the amount of energy saved using
different building envelope materials, such as reinforced concrete and brick, the energy-
saving rate was found to be the same. However, when the window area differed from
that of the wall, energy savings were proportional to the window area. Additionally, deep
learning was applied to simulate the energy savings of a complex smart window system,
and it was confirmed that a certain amount of energy consumption could be predicted.

In this study, to reduce cooling and lighting energy simultaneously, a complex smart
window was developed by combining SPD glass, which is capable of controlling light
transmittance by actively responding to changes in indoor and outdoor environments
and outdoor air, with LGG, which can actively control solar reflectance. A dimming LED
is also incorporated to maintain the required indoor illuminance level. Therefore, it is
necessary to confirm the energy-saving effects associated with the use of this technology
in various buildings. Additionally, based on this study, the developed smart window is
considered effective in reducing lighting and cooling loads. However, from a long-term
perspective, when applying smart skin technology, it is deemed necessary to install real-
time sensors for detecting malfunctions in the SPD and LGG window systems and verifying
their long-term effects.

5. Conclusions

In this study, a system was developed to reduce the lighting and cooling energy
consumption in an office building during the summer period. Prior to the experiments,
we developed a control algorithm to derive the optimal SPD transmittance and dimming
values. The system simultaneously applied dimming control and smart skin with variable
transmittance, and an optimal control method was devised to maximize energy savings.
An experimental site was constructed to compare and study the actual energy consumption.
The experimental period was from June to September, and the cooling period and lighting
operation time were monitored from 9:00 am to 6:00 pm, aligned with the working hours
of office workers. As a result of this study, it has been confirmed that the application of the
developed complex smart window significantly reduces lighting and cooling loads during
the summer season. The major findings are as follows:
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(1) A complex smart window system was developed by combining SPD, LGG, and
dimming LED to simultaneously reduce cooling and lighting loads and address the
increasing energy consumption in offices during the summer period.

(2) An algorithm that can control the transmittance and dimming in parallel was devel-
oped to effectively control complex smart windows. The cooling load and lighting
energy were optimized by determining a function that controlled the transmittance
over time.

(3) To increase the effectiveness of the control and application of the complex smart win-
dow, an optimal control function was developed for each region using representative
solar radiation data for each area. To control the complex smart window in an office,
we developed HW and FW for the wireless controller using the LoRa-based wireless
communication method, which supports LGG, SPD, and LED control.

(4) Based on experimentation, it was shown that energy efficiency can be achieved in
parallel with dimming control when complex smart windows are used. By combining
LGG and dimming, the lighting load was reduced by 54.5%.

(5) An experimental site was constructed to monitor the energy consumption in the
test and reference rooms. In the test room with the smart skin system, the cool-
ing energy consumption was reduced by approximately 36.9% compared with the
reference room.
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