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Abstract


Globally, energy standards for new buildings are being reinforced to improve energy efficiency, and remodeling policies are being promoted for old buildings. The South Korean Government is promoting green remodeling projects, and focusing on research and product development to improve the performance of old windows and curtain walls. In line with this, the present study proposes two remodeling methods using polymer dispersed liquid crystal (PDLC) films, which can adjust solar radiation for old office buildings. In addition, energy efficiency improvement and daylight performance according to remodeling were analyzed. Attaching PDLC films to the glass of old curtain walls was analyzed; this can reduce heating and cooling energy, reduce the annual discomfort glare occurrence rate, and increase the annual indoor appropriate illuminance ratio. Furthermore, producing a window by laminating a PDLC film between two sheets of glass and putting it over the existing curtain wall was also analyzed; this can reduce annual building energy consumption and the annual discomfort glare occurrence rate, and improve the annual indoor appropriate illuminance ratio. Therefore, PDLC film is expected to be applicable as a next-generation green remodeling material because using it in remodeling can improve energy efficiency of old office buildings and indoor daylight performance.
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1. Introduction


1.1. Research Background and Objective


Efforts are being made worldwide to reduce energy consumption in the building sector in order to address global warming, extreme weather events, and resource depletion challenges. The South Korean Government has also presented a roadmap to reduce energy consumption to zero in all new buildings by 2025 and is striving to improve energy efficiency for new buildings while gradually strengthening regulations related to building energy. South Korea has over 6.8 million buildings aged 15 years or more. As an effort to improve energy efficiency [1,2] for existing buildings as well as new ones, the South Korean government is promoting the green remodeling project. Seoul City, which has the largest number of buildings in South Korea, is separately promoting the building retrofit project [3].



Among the energy efficiency improvement projects for old buildings in South Korea, the most active project is building envelope performance improvement. Most activities are focused on improving insulation performance, for which frames using low-emissivity glass, argon gas, triple glass, and thermal bridging insulation materials are mainly applied. However, to implement zero-energy buildings [4,5], solar radiation control is crucial as well as insulation performance. Particularly in South Korea, where the winter and summer weather are clearly distinguished, the solar radiation inflow and blocking control of building envelopes can have a significant effect in terms of energy efficiency [6]. It is important to improve energy-related heat transmission rates and solar radiation control in order to enhance the performance of a building envelope; however, when retrofitting old buildings, structural stability must also be considered [7]. Furthermore, the development and application of building materials using renewable energy such as building integrated photovoltaics (BIPV) also play a significant role in the implementation of zero-energy buildings [8].



A general method to improve the solar radiation control performance of building envelopes has been applying separate shading devices such as blinds and roll shades. However, these sunshade devices require separate construction work, and rational control for energy reduction is not being conducted because they are manually controlled by users according to the external environment [9].



Consequently, technology for solar radiation control, such as smart glasses that can control transmittance by glass itself, is under active development and is anticipated as a next-generation solar radiation control device. Various types of smart glass products are being developed, such as polymer dispersed liquid crystal (PDLC), electrochromic (EC), thermochromic (TC), and photochromic (PC) products [10]. The advantage of these smart glass products is that they can control transmittance through the glass itself without a shading device and can easily control transmittance using electric signals [11,12,13,14].



Each type of smart glass has its own advantages and disadvantages. PDLC is most economical among smart glasses and has a quick response speed of less than one second [15]. The transmittance control property of PDLC can be varied by changing the material in the production stage. A PDLC that can control transmittance in the desired range between visible rays and total solar spectrum can be implemented [16]. Moreover, since PDLC can be easily produced as films, laminated glasses can be made through lamination between glass substrates, thus providing the advantage of attaching it to existing glasses as a film. Furthermore, PDLC can be used for privacy product as well as for energy efficiency improvement as exterior materials because it can separately implement transparent and opaque conditions [17]. By contrast, PDLC has the disadvantages of requiring continuous electricity supply to maintain transparent conditions and it has a narrow range of transmittance according to ON/OFF [18].



EC glass has the advantage of a broad range of transmittance for the entire solar spectrum according to coloring and discoloration, and possibility to operate at voltages below 5 V [19]. In addition, it can maintain its state without applying electricity when it reaches the desired transmittance if the electricity is only applied at the time of transmittance change [20]. By contrast, EC glass has the disadvantage of slow response speed at the time of transmittance change; it generally takes more than 10 min [21,22,23,24,25,26,27,28]. TC glass is characterized by changing transmittance according to ambient temperature, and PC glass is characterized by changing transmittance according to surrounding brightness [29,30,31]. The advantage of TC and PC glass is that they can control transmittance with no separate power device and the disadvantage is that the transmittance is controlled even when the user does not want it to be [32].



Among these smart glass products, PDLC film is most widely commercialized in South Korea owing to its economic efficiency, fast response, and durability. The market size of PDLC films in the interior market is growing rapidly and various research and product developments are being carried out for application as exterior materials such as yellowing prevention through UV screen coating and selective control of lighting through patterning using laser etching. It is also expected to be applied as a next-generation building solar radiation control device.



Therefore, in this study, curtain wall remodeling of old office buildings is performed by using the experimental analysis results for optical and thermal properties of PDLC films that can control four solar spectrum transmissivities developed by our research team. Furthermore, the heating and cooling energy efficiency improvement effect, discomfort glare reduction effect, and indoor appropriate illuminance performance are evaluated using dynamic building energy simulation. Two remodeling methods using PDLC films are also proposed and the possibility of using PDLC films as building materials for green remodeling of old buildings in South Korea is evaluated through energy and daylight performance evaluation.




1.2. Research Method and Scope


In this study, two curtain wall remodeling methods using PDLC films for old office buildings are proposed. The first method is to attach films to the glass of existing old curtain walls, and the second method is to produce a window frame by laminating a PDLC film between glass substrates and putting it over the existing old curtain walls. Then, the building energy and daylight performance of these two remodeling methods are evaluated through simulations based on the results of optical properties analysis experiments on PDLC films.



For the optical properties analysis experiment performed on PDLC films, four types of specimens were fabricated according to the solar spectrum transmittance property, and the optical properties data were collected as a txt file using a spectrometer. In addition, from the optical properties data of the PDLC films, the average transmittance, reflectance, absorptivity, and emissivity data for the spectrum range (300–2500 nm) were derived using Optic 6 of the Lawrence Berkeley National Laboratory (LBNL) [33].



To implement the first remodeling method, the glazing data of existing old curtain walls were extracted by using Optic 6 from the International Glazing Database (IGDB) of the LBNL. Subsequently, the optical and thermal properties data of the glass with a PDLC film were derived by using the analyzed optical properties data for PDLC films. To implement the second remodeling method that puts a PDLC window over the existing curtain wall, the optical and thermal properties data of the laminated glasses were derived from the IGDB data of the LBNL and the optical properties data for PDLC films. In this way, the optical and thermal properties data of the two types of remodeled curtain walls were derived after the curtain walls including frames were configured from the optical and thermal properties data of the glass with a PDLC film and the laminated glass by using Window 7.4 and Therm 7.4 of the LBNL [34,35].



To evaluate the building energy and daylight performance, an EnergyPlus 8.5 simulation was used in this study. The performance improvement effect was analyzed through the ratios of heating and cooling energy, discomfort glare, and indoor appropriate illuminance relative to the existing old curtain walls after entering the data derived from Window 7.4 and Therm 7.4 of the LBNL. Figure 1 describes the research method in general.





2. Optical Properties of PDLC Film


Our research team developed four types of PDLC films and conducted experiments using a spectrometer to examine the optical properties of PDLC films as building materials. To analyze their optical properties, four types of PDLC film specimens, with a size of 50 mm × 50 mm were fabricated, as shown in Figure 2. Transmittance, front reflectance, back reflectance, front emissivity, and back emissivity in the solar spectrum range of 0.3–2.5 μm were measured using a spectrometer. The transmittance and reflectance were measured in two modes, ON and OFF, for each PDLC film. The PDLC film became transparent when electricity was switched ON and translucent when electricity was switched OFF. Here, the voltage applied to the PDLC was 110 V and the applied current was 0.5 A in the switched ON condition.



Figure 3 shows a raw data graph of the PDLC film analyzed by the spectrometer. To examine the optical properties of the four types of PDLC films, the graphs of A and B type PDLC films focus on the change of transmittance in the visible light range depending on ON/OFF modes. The graphs of C and D type PDLC films show a wide range of transmittance in the visible light and near infrared (NIR) regions depending on ON/OFF modes.



In this study, the attached PDLC film for remodeling and remodeling PDLC window were configured using LBNL’s Window 7.4 and Therm 7.4 based on the raw data derived through a spectrometer, and then the solar heat gain coefficient (SHGC) and thermal properties were derived. Therefore, the raw data first need to be converted so that they could be used in Window 7.4 and Therm 7.4.



From the analysis of the PDLC specimens using a spectrometer, transmittance and reflectance raw data in 0.005 μm units in the range of 0.3–2.5 μm were derived and the data were saved as a txt file. To input the raw data in the txt file into the Window 7.4 and Therm 7.4 programs, they were converted to average spectral data. In this study, the raw data were converted to solar (0.3–2.5 μm) transmittance and reflectance and visible (0.38–0.78 μm) transmittance and reflectance by using the Optic 6 program developed by LBNL. The solar transmittance and reflectance represented the transmittance and reflectance in the ultraviolet, visible, and infrared spectrum ranges. The visible transmittance and reflectance represented the transmittance and reflectance in the visible spectrum range.



Table 1 lists the data derived through the Optic 6 program. Solar transmittance had a direct effect on the cooling and heating loads of buildings. An analysis of the average spectral data revealed that based on the OFF state where the sunlight was blocked, type A had the lowest solar transmittance, followed by types B, C, and D with values of 0.230, 0.390, 0.472, 0.733, respectively. Hence, solar transmittance gradually increased from A to D types. The transmittance variation range of solar transmittance for types A, B, C, and D was 0.043, 0.054, 0.166, and 0.100, respectively. Thus, type C had the largest transmittance variation range, followed by types D, B, and A.




3. Old Curtain Wall Remodeling Method Using PDLC Film


3.1. Overview of the Old Curtain Wall Remodeling Method Using PDLC Film


PDLC film can be switched to transparent or translucent states by turning electricity ON or OFF. Therefore, privacy can be secured by visually blocking light from the outside, and in terms of building energy, it can be used as a solar radiation control device for reducing heating and cooling energy because the transmission range can be adjusted over the entire solar spectrum.



As stated in the introduction, South Korea is reinforcing policies and regulations for new buildings to reduce their energy consumption and is striving to improve building energy efficiency of old buildings through green remodeling and building retrofit projects.



This study proposes a method of improving building energy efficiency by applying PDLC films to curtain walls that are mainly used in old office buildings in South Korea. Office buildings are expected to obtain energy reduction effects when solar radiation control devices such as PDLC films are applied because they are greatly affected by solar radiation due to their large window areas.



The glazing specifications of existing old curtain walls were assumed to be 26 mm double glazing (6 mm clear glass + 14 mm air + 6 mm clear). As shown in the optical and thermal properties in Table 2, the heat transmission rate is 2.813 W/m2K, the solar heat gain coefficient is 0.697, and the visible transmittance is 0.771. For the optical and thermal properties of double glazing, the LBNL’s Window 7.4 program was used. For the glass for simulation, the clear glass of KCC Corporation (IGDB No.13503) provided by the IGDB was applied. The environmental conditions were derived at the indoor temperature of 20 °C and the outdoor temperature of 0 °C in accordance with Korean Industrial Standard (KS) [36]. It was assumed that no thermal bridging insulation material was applied to the curtain wall frame considering the old building condition. The heat transmission rate of the old curtain wall frame was calculated by using LBNL’s Therm 7.4 program. As shown in Table 2, the heat transmission rate data for each part were derived [37].



A curtain wall system that included both glazing and frame was finally set up by using Window 7.4 based on the optical and thermal property data for double glazing and frames. The curtain wall system had a size of 2 m × 2 m and included a divider at the horizontal center in accordance with KS. The U-values of the frame and edge parts of the existing old curtainwall were obtained by establishing a model using LBNL’s Therm 7.4 program; the model was then analyzed according to an indoor temperature of 20 °C and an outdoor temperature of 0 °C based on the Korean Industrial Standard (KS). The modeling results of the Therm 7.4 program are shown in Table 8 in Section 3.3, which compares the modeling shapes and U-values before and after remodeling. Table 3 outlines the analysis results of the optical and thermal properties of the existing old curtain wall system. As shown in Table 3, the heat transmission rate was 3.816 W/m2K, the SHGC was 0.583, and the Tvis (Visible transmittance) was 0.647.



Figure 4 shows the two remodeling methods using PDLC films proposed in this study, which can improve the performance of the existing old curtain wall system described above. The first method is to attach PDLC films to the double glazing of existing old curtain walls. It lowers the cooling load by decreasing the SHGC and can control transmittance according to the external environment. The second method is to configure a frame separately from the laminated glass with a PDLC film between two glass substrates and to attach a new window to the indoor side. It can not only control solar radiation but also can reinforce insulation by installing an additional window.



However, a disadvantage is reducing glazing area because an added retrofit frame must be installed to apply the PDLC window. The height of this frame is 43 mm. Thus, the edge part of the glazing area of the existing curtainwall is hidden by 43 mm. This study focuses on remodeling methods using PDLC films while leaving the existing glass as is. Another possible alternative is to remove the existing glass and apply a PDLC laminated glass. We will address the method of applying a new PDLC laminated glass in a follow-up study.




3.2. Optical and Thermal Properties According to the Application of Attached Remodeling PDLC Film


This section examines the changes in the optical and thermal properties of curtain walls when the PDLC film is directly attached to the indoor-side glass of the existing old curtain wall by the first remodeling method as shown in Figure 4a in Section 3.1. The analysis was conducted as follows: The optical properties (reflectance, transmittance, emissivity) of the single glazing with a PDLC film were analyzed using Optic 6 and those of double glazing were analyzed using Window 7.4. Then the optical and thermal properties (U-value, SHGC, Tvis) were compared with those of double glazing applied to the existing old curtain walls. Finally, the optical and thermal properties were compared using Window 7.4 between the existing old curtain wall system with integrated double glazing and frame and the curtain wall system with a PDLC film.



In the first step, the four types of PDLC films derived in Section 2 were set as applied films using the Optic 6 program, and then a PDLC film was attached to a 6 mm clear glass (IGDB No. 13503) used in the old curtain wall described in Section 3.1.



Table 4 outlines the optical properties of the single glazing with a PDLC film. As shown in Table 5, the solar and visible light transmittance decreased in general when the PDLC film was attached relative to the existing 6 mm clear glass. Based on the OFF state for blocking sunlight, the solar transmittance was 0.211 for A type, and gradually increased to 0.352, 0.416, and 0.650 for types B, C, and D, respectively. The transmittance variation range of the solar transmittance was 0.039, 0.050, 0.150, and 0.087 for types A, B, C, and D, respectively. Hence, as with the optical properties, type C showed the largest transmittance variation range, followed by types D, B, and A.



In the second step, double glazing (6 mm clear + 14 mm air + 6 mm glass with PDLC film) were set up using Window 7.4 program from single glazing with four types of PDLC films, and their optical and thermal properties were analyzed. Table 5 outlines the analysis result data. When the PDLC film was attached, the heat transmission rate changed very little by 0.02 W/m2K, but solar heat gain coefficient and visible light transmittance decreased.



In the third step, double glazing with four types of PDLC film was applied to the old curtain wall frame using the Therm 7.4 program, and then, their frame heat transmission rates were calculated. In the last step, the optical and thermal properties of the 2 m × 2 m curtain wall system were derived using the Window 7.4 program. Table 6 compares the optical and thermal properties data between the old curtain wall system and the curtain wall systems with four types of PDLC films. As can be seen, the attachment of the PDLC film did not have a significant effect on the insulation performance of the curtain wall system, but SHGC generally decreased. Therefore, it is expected to have an energy reduction effect when applied to an office building with a large cooling load. The building energy performance improvement effect of the PDLC film based on the data in this section is analyzed in detail in Section 4.




3.3. Optical and Thermal Properties According to the Application of PDLC Laminated Glass


In this section, the changes in the optical and thermal properties of the curtain wall are examined when the PDLC laminated glass is attached to the existing old curtain walls in the second remodeling method as shown in Figure 4b in Section 3.1.



Firstly, the four types of PDLC films derived in Section 2 were set as interlayers by using the Optic 6 program, which were then laminated between two sheets of 6 mm clear glass. Secondly, the optical and thermal properties when the PDLC laminated glass derived using Optic 6 was added to the existing double glazing were analyzed using the Window 7.4 program. Table 7 outlines the analysis results. The heat transmission rate changed from 2.813 to 1.758 W/m2K, showing an improvement in the insulation performance by 37.5%. The SHGC decreased from 0.697 to a range of 0.536–0.584, but the difference in SHGC by film type was not larger than that of the method described in Section 3.2 where the PDLC film was attached to the double glazing. This seems to be an effect of the stagnant air layer of 23.1 mm between the existing double glazing and the PDLC laminated glass. Furthermore, the variation range of SHGC by ON/OFF and the visible light transmittance were smaller than those of the method in Section 3.2 where the PDLC film was directly attached to the existing double glazing.



Thirdly, the variation in the insulation performance of the frame and edge when a PDLC window was applied to the existing old curtain wall using the Therm 7.4 program was analyzed. Table 8 outlines the heat transmission rates of the frame parts of the existing curtain wall. Because no thermal bridging insulation material was applied to the frame, the heat transmission rate was 8.570–10.602 W/m2K in the frame part and 2.561–2.685 W/m2K in the edge part, indicating a very low insulation performance.



A PDLC laminated glass was applied as an additional window to the existing curtain wall as shown in Table 9, and the heat transmission rate was analyzed. The analysis result showed that the insulation performances of the frame and edge greatly increased. In particular, the insulation performance of the divider part significantly improved by 61.9% from 10.605 to 4.043. There are various factors affecting the U-values of the edge and frame, including the frame shape, frame material (polyamide, polyurethane), spacer material, thickness of air layer between glasses, and the composition of this layer (argon, air). In this study, it is considered that the addition of the layer of air by the addition of laminated PDLC glass to the existing double glazing affected the improvement in the heat transmission rate of the frame and edge of the indoor-side glass. Thermal breaking materials (polyamide and polyurethane) were not applied to the frame for economic efficiency; however, applying such materials to the frame for remodeling can further improve the insulation performance.



Finally, the optical and thermal properties of the curtain wall system with a PDLC laminated glass window were analyzed using the Window 7.4 program. The analysis results revealed that, as shown in Table 10, the U-value improved by 23.4% from 3.806 to 2.915 W/m2K by the application of the PDLC laminated glass window to the existing curtain wall system. Even though the SHGC and visible light transmittance decreased compared with the existing curtain wall and the PDLC film attachment method described in Section 3.2, the PDLC window application method showed a smaller variation range of transmittance than the PDLC film attachment method.



Section 3.2 and Section 3.3 presented an analysis of the remodeling method of the old curtain wall system using a PDLC film. Based on this data, Section 4 demonstrates the energy reduction and building environment improvement effects analyzed through a building energy analysis simulation.





4. Analytical Simulation Model for Building Energy Performance Evaluation


4.1. Overview of the Analytical Simulation Model


In this section, the possibility of improving the building energy and daylight performance by remodeling methods using PDLC films is analyzed for old office buildings with a curtain wall envelope. As described in Section 3, the two remodeling methods are as follows: The first is to attach a PDLC film to the indoor side of the existing curtain wall glazing, and the second method is to laminate a PDLC film between two sheets of glass and then configure and attach a window with a separate frame.



In this study, EnergyPlus 8.5 developed by the U.S. Department of Energy was used as a simulation tool. EnergyPlus can facilitate the building energy analysis for smart windows such as PDLC films because it provides switchable glazing components that can control the transmittance of glass according to the changes in indoor and outdoor environment [38,39,40,41,42,43]. Furthermore, EnergyPlus can analyze the glare reduction performance by PDLC film application because it provides components to enable analysis of the glare of window surfaces by using the Daylight Glare Index (DGI) developed by Hopkinson [44]. EnergyPlus 8.5 also has the advantage of evaluating the appropriate indoor illuminance by natural light because it can analyze indoor light environment through a daylight sensor [45].



Figure 5 shows the analysis model and building elevation for simulation. As shown in the plan on the left in Figure 5, the floor area of the analysis model was set to 50 m × 50 m, the story height to 3 m, and the window area ratio to 60%. The plan is divided into a core zone and perimeter zones. The analysis in this study focused on the south, east, and west perimeter zones, which are affected by solar radiation. The right side of Figure 5 shows the EnergyPlus 8.5 analysis model using OpenStudio, modeling a three-floor office building, and the middle layer was analyzed.



Figure 6 shows the elevation of the analysis model, which largely consists of a wall area, spandrel area, and vision area. The vision area accounts for 60% of the elevation, and the interval between vertical members was assumed to be 1.2 m. The intervals for horizontal members were set to 1.3 m for the top members and 0.7 m for the bottom members.



For the glazing and frame properties of the old curtain wall applied to the vision area, the optical and thermal properties of the double glazing and frame derived using LBNL’s Window 7.4 and Therm 7.4 in Section 3.1 were applied. Table 11 outlines the glazing and frame properties of the vision area input to EnergyPlus 8.5. The Therm 7.4 program calculates the heat transmission rates of the frame separately for head, jamb, and sill. However, the average value was applied in EnergyPlus 8.5, which requires a single value for the frame. In Table 11, when the ratios of frame-edge glass conductance to center of glass conductance of the frame and divider were input, the average frame-edge glass conductance value was calculated for the head, jamb, and sill parts.



Table 12 shows the wall and spandrel areas corresponding to the exterior wall of the analysis model. They were configured in accordance with the insulation standards of the Building Energy Saving Design Standard of South Korea (2008) [46]. The insulator used in this study is expanded polystyrene (EPS) with a thermal conductivity of 0.034 W/mK. South Korea established regulations for the minimum performance of insulation materials for exterior wall to improve the building energy efficiency on January 1, 2008. Accordingly, this study assumed and applied the exterior wall (wall, spandrel) insulation standards corresponding to the time when the energy saving design standards of buildings were established in South Korea as the insulation performance of old buildings.



The temperatures of the analysis model were set to 20 °C and 26 °C according to the indoor temperature standards for capacity calculation of cooling and heating systems on the Building Energy Saving Design Standards. For heating, ventilation, and air conditioning (HVAC), the IdealLoadsAirSystem provided by EnergyPlus was applied for load analysis excluding the interferences of system variables to the maximum.



For internal heat acquisition, an overhead lighting of 10.8 W/m2, a peak occupancy of 22.3 m2/person, and equipment of 8.6 W/m2 were applied in accordance with the standards of ASHRAE (American society of heating, refrigerating and air-conditioning engineers) Fundamentals (2009) [47]. For the internal heat acquisition schedule of human body, lighting, and devices, the Office Schedule in the Schedules of DataSets in EnergyPlus was applied. For the outside air intake, 1.1 m3/m2h was applied in accordance with the operation regulations of the building energy efficiency grade certification system.



For the weather data, the weather data of the Incheon region on the EnergyPlus website were used. The climatic conditions of the Incheon region are characterized by continental climate where summer and winter coexist with a cold high pressure of the continent in winter, high temperature and humidity of the oceanic air mass in summer, and an annual temperature difference of 30 °C.




4.2. PDLC Control Condition


The film-attached PDLC and the added PDLC window have differences in remodeling methods, but both require the ON/OFF control of PDLC. The PDLC control methods can be divided into manual control by user and automatic control by the external environment. The variables for automatic control include outdoor temperature, indoor temperature, external solar radiation, and external illuminance. From the user’s point of view, the purpose of shading devices such as PDLC is to prevent glare. Therefore, in this study, the solar radiation was blocked by turning the PDLC off when glare occurred on the window surface.



EnergyPlus 8.5 provides a switchable glazing component for smart window control such as PDLC and allows various control type settings. Among the control types, this study assumed the OnIfHighGlare type, which is controlled by DGI developed by Hopkinson. As shown in Table 13, it is recommended that DGI should be below a proper value depending on the use of the room. In the case of office building such as the analysis model in this study, a DGI of 22 or lower is recommended. Therefore, the PDLC was set to turn off when the DGI became 22.



For the DGI, a reference point for detecting discomfort glare is set and the degree of glare by the luminance difference between window surface and interior surface when the window surface is viewed from the reference point is calculated using Equation (1). Figure 7 describes the location of the reference point applied to the analysis model in this study.


  G =    L ω  1.6    Ω  0.8      L b  + 0.07  ω  0.5    L ω     



(1)




where,  G  is the discomfort glare constant,    L ω    is the average luminance of the window as seen from the reference point,  ω  is the solid angle subtended by window, modified to take direction of occupant view into account, and    L b    is the luminance of the background area surrounding the window.





5. Results and Discussion


5.1. Building Energy Performance Evaluation Result According to Glass-Attached PDLC film Remodeling


In this section, building energy consumption is analyzed for the first remodeling method, i.e., attaching a PDLC film directly to the curtain walls of existing old office buildings. For the properties of the PDLC film applied in this analysis, the optical and thermal properties derived in Section 3.2 were applied. For control conditions, as mentioned in Section 4.2, PDLC film was set to turn OFF when the DGI detected at the reference point reached 22.



In this study, the baseline was established on the basis of the energy consumption of an office building with existing old curtain walls and the building energy performance was analyzed according to the PDLC film application. First, to examine the building energy reduction performance according to the PDLC film application, as shown in Table 14, the building energy consumption could be reduced by 17.0%, 15.8%, 7.3%, and 3.1% for types A, B, C, and D, respectively.



To examine the optical properties by PDLC film type derived in Section 3.2, the lower the SHGC value of the PDLC film was, the higher the energy reduction performance was. The cause of this can be confirmed by the energy consumption characteristics of the baseline existing old office building. For existing old office buildings, the annual heating energy is 14,525.7 kWh (18.5%), the annual cooling energy is 44,600.8 kWh (56.7%), and the annual lighting energy is 19,498.4 kWh (24.8%). Hence, the energy consumption is characterized by the dominant cooling energy. This seems to be because the window area is large and the SHGC of the existing curtain wall is high, and this has a great effect on the cooling load resulting from the external solar radiation inflow. Therefore, when remodeling using a PDLC film, the low SHGC type has a great effect on energy reduction.



In this study, the PDLC film is turned OFF when discomfort glare occurs regardless of winter or summer conditions. Therefore, it can be seen that the heating energy increases through the application of PDLC film compared with that of the existing old curtain walls which maintain a transparent state in winter. To examine the heating and cooling energy consumption pattern in detail, the monthly energy consumption is shown as a graph in Figure 8. The graph shows that the heating energy consumption increases when the PDLC film for remodeling is applied in winter, and the type with a lower SHGC has greater heating energy consumption. However, applying the PDLC film for remodeling had a significant total energy reduction effect because of the large amount of cooling energy reduction. Therefore, PDLC film remodeling of office buildings with a high cooling energy ratio has an energy reduction effect and the lower the SHGC was, the higher the energy reduction performance was.




5.2. Daylight Performance Evaluation Result According to Glass-Attached PDLC Film Remodeling


In this section, daylight performance is examined through an analysis of the discomfort glare reduction performance and annual indoor appropriate illuminance ratio when the PDLC film was applied, i.e., for the first remodeling method.



First, the discomfort glare was analyzed. Figure 9 shows the scatter plots of the hourly daylight luminance data collected at the reference point to examine the glare reduction level relative to the baseline. The annual daylight luminance graph shows that the lower the visible light transmittance of the PDLC film was, the lower the annual average luminance was. To examine the data in the graphs, the baseline was 148,762.4 cd/m2 by annual average. The annual average luminance was 64,007.4 cd/m2, 89,881.2 cd/m2, 68,673.3 cd/m2, and 124,067.3 cd/m2 for types A, B, C, and D, respectively, which was lower than the baseline by 57.0%, 39.6%, 53.8%, and 16.6%, respectively.



This result suggests that the visible light transmittance of the PDLC film had a dominant impact. In Section 3.2, the visible light transmittance in the OFF state when the PDLC film was attached to the existing old curtain wall was 0.290, 0.409, 0.389, and 0.545 for types A, B C, and D, respectively. Hence, the transmittance increased in the ascending order of A, C, B, and D, as did the average luminance. Figure 10 shows graphs of the correlation between the annual average daylight luminance and the visible light transmittance and SHGC when the PDLC film was attached to the old curtain walls derived in Section 3.2. The coefficient of determination (R2) value shows that visible light transmittance had a significant effect on daylight luminance.



For the second evaluation of daylight performance, DGI was analyzed. The time ratio corresponding to 22 or higher annual DGI was analyzed and the analysis results are shown in the left graph in Figure 11. For the existing old curtain walls, 42.7% time of the year, DGI was 22 or higher, thus requiring a separate shading device. Type D had a discomfort glare reduction effect, but it was insufficient for the work environment of users as discomfort glare occurred during 34.2% of the year. Types A, B, and C showed an improvement of more than 50% in comparison with the existing old curtain walls, and the discomfort glare occurred during 7.8%, and 8.8% of the year for types A and B, respectively. Hence, these two types demonstrated excellent performance in preventing glare.



The most important objective when using PDLC film is to prevent glare as a shading device; the application of PDLC films for types A and B was, therefore, appropriate. Visible light transmittance of less than 40% was effective when PDLC film remodeling was performed to prevent glare.



Next, the possibility of improving indoor illuminance performance by PDLC film remodeling was analyzed. For this analysis, the reference point for an indoor illuminance sensor was set in the EnergyPlus 8.5 analysis model, and the time corresponding to the annual appropriate illuminance range was analyzed by changing the PDLC film type. The criterion for the annual appropriate illuminance range for office buildings was set to 150–1500 lx in accordance with the KS A 3011 standard.



The graph on the right in Figure 11 shows the ratio of time in a year when the annual illuminance did not correspond to 150–1500 lx. For the existing old curtain walls, 66% of the year corresponded to the discomfort daylight illuminance range, indicating a poor daylight performance. The annual proper indoor illuminance analysis result also showed a similar pattern as DGI. Type A showed the lowest annual discomfort daylight illuminance ratio of 38%, indicating the best performance, followed by types C, B, and D.



To summarize the daylight performance analysis result, the lower the visible light transmittance of the PDLC film was, the higher the effect of preventing window glare was. Similarly, the PDLC film with a low transmittance also showed a high daylight performance with a low annual discomfort daylight illuminance ratio. To examine the building energy analysis result in Section 5.1, the lower SHGC was, the higher the annual heating and cooling energy reduction effect was. By contrast, the analysis result of DGI and indoor appropriate illuminance showed that the visible light transmittance had a greater effect on the indoor daylight performance. When both energy and daylight performance were considered, type A film showed the best performance.




5.3. Annual Building Energy Performance Evaluation Result by PDLC Window Remodeling


In this section, the building energy consumption of the second remodeling method, i.e., applying PDLC windows inside curtain walls in old office buildings is analyzed. For the properties of the PDLC in this analysis, the optical and thermal properties derived in Section 3.3 were applied. For the glazing and frame properties of old curtain walls applied in the vision area, the optical and thermal properties of the double glazing and frame derived using LBNL’s Window 7.4 and Therm 7.4 were applied. Table 15 lists the glazing and frame properties of the vision area that were used as input in EnergyPlus 8.5.



Similar to the above PDLC film analysis, the baseline was set by the energy consumption of the office building with existing old curtain walls, and the building energy performance was analyzed by applying PDLC. Table 16 outlines the building energy reduction performance according to the PDLC application. The energy consumption could be reduced by 22.4%, 21.3%, 20.5%, and 18.8% for types A, B, C, and D, respectively. As with the PDLC film analysis result, the smaller the SHGC value of the PDLC was, the higher the energy reduction performance was. However, the energy reduction performance of PDLC window remodeling was higher than that of PDLC film. This is because additionally applying windows to the existing old curtain walls can improve the insulation performance and further lower SHGC.



In Section 5.1, the heating energy consumption increased when the PDLC film for remodeling was applied, but the heating energy could be reduced by PDLC window remodeling as shown in Figure 12. This is because applying the PDLC window can improve the insulation performance and further decrease the annual total heating and cooling energy compared with the use of PDLC film.



However, the PDLC window had a lower effect on the cooling energy reduction amount than the PDLC film. The reason for this seems to be that an air layer of 23.1 mm formed when a PDLC window was additionally applied when remodeling existing old curtain walls and the temperature of the air layer—increased by solar radiation—affected the increase of cooling energy. In the case of the double glazing in the existing old curtain walls, the solar radiation that penetrated into the 23.1 mm air layer added by remodeling increased due to the high SHGC. The solar radiation through the PDLC window with a low solar transmittance can be blocked, but the temperature of the 23.1 mm air layer rose due to the greenhouse effect, and the surface temperature of the PDLC window also increased. Thus, indoor heat gain seems to have increased by radiant heat.



As a comparison, the heating energy of the PDLC film increased more than that of the existing old curtain walls, but the heating energy of the PDLC window could be reduced. Furthermore, the cooling energy could be reduced by both methods, but the PDLC film had a higher reduction performance. In terms of the annual total heating and cooling energy, the PDLC window remodeling was more effective because it can reduce both heating and cooling energy. The PDLC window remodeling is expected to provide comfortable indoor space throughout the year in terms of indoor thermal comfort because it can reduce the annual heating and cooling energy.




5.4. Daylight Performance Evaluation Result by PDLC Window Remodeling


In this section, daylight performance is examined through an analysis of discomfort glare reduction performance and annual indoor appropriate illuminance ratio when the second remodeling method of the PDLC window was applied.



First, the discomfort glare was analyzed. The annual daylight luminance graphs in Figure 13 show that the lower the visible light transmittance of the PDLC window was, the lower the annual average luminance was and it becomes visible light transmittance. To examine the data in the graphs, the annual average luminance was 41,194.9 cd/m2, 60,495.2 cd/m2, 46,909.6 cd/m2, 85,604.8 cd/m2, for types A, B, C, and D, respectively, which is lower by 72.3%, 59.3%, 68.5%, and 42.5%, relative to the baseline, respectively.



The PDLC window remodeling was more effective in suppressing glare because it can further lower the luminance than the PDLC film remodeling by approximately 15–20%. This is because, as analyzed in Section 5.2, the visible light transmittance has a dominant effect on luminance; hence, the PDLC window remodeling method with a low visible light transmittance is more effective in preventing glare



For the second evaluation of daylight performance, DGI was analyzed. For this analysis, the annual time ratio corresponding to a DGI of 22 or higher was analyzed, and the DGI analysis results are shown in the left graph in Figure 14. The PDLC window remodeling decreased the visible light transmittance more than the PDLC film remodeling. Therefore, the PDLC window remodeling method was more effective in reducing the discomfort glare corresponding at a DGI of 22 or higher.



The annual time ratio of DGI 22 or higher was 7.8% for A type when the PDLC film was applied and it decreased to 5.4% when the PDLC window was applied. It decreased from 18.2% to 11.6% for B type, from 8.8% to 6.5% for C type, and from 34.2% to 14.5% for D type.



In Section 5.2, a visible light transmittance lower than 40% was effective in the PDLC film remodeling for glare prevention, In the case of the PDLC window, the annual average luminance can be reduced by 28.2–37.3% relative to that of the existing old curtain walls according to the four types of PDLC. Moreover, PDLC can be sufficiently used as a shading device because the visible light transmittance is lower than 40% in all the PDLC types.



Next, the indoor daylight illuminance performance by PDLC film remodeling was analyzed. The graph on the right in Figure 14 shows the annual time ratio of the annual daylight illuminance that does not correspond to 150–1500 lx.



An analysis of the discomfort daylight illuminance revealed the same pattern as for the PDLC film remodeling method. In general, the PDLC window method showed a higher appropriate illuminance ratio than the PDLC film method. Type A showed the lowest discomfort daylight illuminance ratio of 33.8%. Hence, the PDLC window remodeling was found to be a more effective method for securing indoor illuminance than the PDLC film method. Among the PDLC film types, type A showed the best daylight performance, followed by types C, B, and D.




5.5. Evaluation Result of Integrated Heating and Cooling Energy and Daylight Performance


The building energy performance and daylight performance were analyzed for two remodeling methods (PDLC film and PDLC window) for four PDLC types from Section 5.1, Section 5.2, Section 5.3 and Section 5.4. Even though the advantages and disadvantages of each PDLC remodeling method could be verified, an integrated evaluation is required. In this section, the energy and daylight environment analysis result data were unified by one index and integrated performance evaluation was performed. The performance evaluation index is the Integrated Energy and Daylight Performance Index (EDPI), which evaluates the actual value of each component of energy, DGI, and indoor illuminance by converting them into percentiles through comparison of maximum and minimum values [49].



According to the equation for the EDPI, a higher value produces a higher performance score. The DGI from data in Table 11 was re-calculated to a ratio corresponding to a DGI of 22 or lower, and the indoor appropriate illuminance was changed to a ratio corresponding to the 150–1500 lx range. For energy, the sum of heating and cooling energy was applied. Since a lower energy score indicates higher performance and is inversely proportional to the EDPI score, the EDPI was determined by subtracting the value of Equation (2) from 100.


  E D P  I  i j   =     A c t u a l    X  i j     v a l u e − M i n i m u m    X  i j     v a l u e     M a x i m u m    X  i j     v a l u e − M i n m u m    X  i j     v a l u e   × 100  



(2)







Table 17 and Figure 15 show the EDPI analysis results. The best condition from the analysis result was the window remodeling method applying type A PDLC. The window modeling method using type A PDLC showed the smallest heating and cooling energy consumption, the annual ratio of DGIs lower than 22 was the highest, and the annual indoor appropriate illuminance ratio was also the highest. Thus, it obtained the EDPI score of 100. This could be expected to some degree when compared with the PDLC film remodeling method in Section 5.4.



The method with the second best performance was the window remodeling method using type C PDLC. This method showed the third highest performance in annual heating and cooling energy and annual indoor appropriate illuminance ratio, but the discomfort glare reduction performance was second best owing to the low visible light transmittance.



The method with the third best performance was the type A PDLC film remodeling method. Even though the type A PDLC film remodeling method was fifth in heating and cooling energy, which is normal, it showed excellent performance in discomfort glare reduction performance and the annual indoor appropriate illuminance ratio.



A general analysis of the above results shows that the window remodeling of the curtain walls in old office buildings using type A PDLC can obtain the most improved effects in terms of energy and daylight performance. However, even though the improvement of energy and daylight performance can be maximized, if the remodeling cost is also considered, the application of type A PDLC film appears to be able to obtain improvement effects while achieving economic efficiency.





6. Conclusions


This study proposed a remodeling method for improving the building energy and daylight performance based on the analysis of optical properties data for four types of PDLC films. In addition, the building energy consumption, discomfort glare, and indoor appropriate illuminance when remodeling is performed using PDLC films were researched. The results of this study are summarized as follows.




	(1)

	
The optical properties of four types of PDLC films were analyzed using a spectrometer. The results showed that type A and B PDLC films are effective in blocking the NIR region and have a small variation range of transmittance depending on ON/OFF switching and type C and D PDLC films have large variation ranges in the visible light and NIR regions depending on ON/OFF switching.




	(2)

	
To examine the degree of performance improvement by remodeling to improve the energy efficiency of old buildings using PDLC films, two remodeling methods were proposed. The first method was to attach a PDLC film to the double glazing of existing old curtain walls. The second method was to laminate a PDLC film between two glass substrates and configure a separate frame and attach a new window to the indoor side. The variations in thermal and optical properties when the two remodeling methods were applied to the existing curtain wall were analyzed. Then, the heating and cooling energy, discomfort glare, and indoor illuminance were analyzed using the EnergyPlus simulation tool. For the PDLC control conditions for simulation, solar radiation was blocked by switching PDLC off when discomfort glare occurs based on the DGI (daylight glare index) developed by Hopkinson.




	(3)

	
The result of building energy performance evaluation according to the glass-attached PDLC film remodeling showed that types A, B, C, and D reduced energy by 17.0%, 15.8%, 7.3%, and 3.1%, respectively, compared with the office building with old curtain walls. When the annual discomfort glare time ratio was analyzed, the office building with old curtain walls generated an annual discomfort glare ratio of 42.7%. However, the attachment of PDLC film decreased the discomfort glare generation time ratio to 7.8%, 18.2%, 8.8%, and 34.2% for types A, B, C, and D, respectively. When the annual indoor daylight discomfort illuminance ratio was analyzed, it was 66.0% for the office building with existing old curtain walls. However, when the PDLC film was attached, it improved to 38.0%, 54.2%, 48.9%, and 60.4% for types A, B, C, and D, respectively. Therefore, the PDLC film-attached remodeling was shown to be effective in improving the building energy efficiency, reducing the discomfort glare, and securing useful indoor illuminance.




	(4)

	
When the building energy performance of the remodeling method of forming and attaching a window with PDLC was evaluated, the energy consumption could be reduced by 22.4%, 21.3%, 20.5%, and 18.8% for types A, B, C, and D, respectively, compared with the office building with old curtain walls. The annual discomfort glare time ratio was analyzed, office buildings generated discomfort glare during 42.7% of the year. However, after PDLC window remodeling, the discomfort glare generation time ratio decreased to 5.4%, 11.6%, 6.5%, and 14.% for types A, B, C, and D, respectively. Furthermore, the annual indoor daylight discomfort illuminance ratio of office buildings with existing old curtain walls was 66.0%, but when the PDLC film was attached, it improved to 33.8%, 49.2%, 39.6%, and 51.7% for types A, B, C, and D, respectively. Therefore, the PDLC window remodeling had a greater performance improvement effect than the PDLC film attached remodeling method in terms of building energy and daylight environment.




	(5)

	
The EDPI analysis result showed that the best conditions were achieved with the window remodeling method using type A PDLC. The window remodeling method using type A PDLC had the smallest annual heating and cooling energy consumption and the highest annual ratio of DGIs lower than 22, and the annual indoor appropriate illuminance ratio was also the highest, acquiring an EDPI score of 100 points. The second best performance method was the window remodeling method using type C PDLC. Its annual heating and cooling energy and annual indoor appropriate illuminance ratio were average, but it showed excellent discomfort glare reduction performance owing to a low visible light transmittance. The third best performance method was the type A PDLC film remodeling method. The type A PDLC film remodeling method showed average levels of heating and cooling energy but showed good results in terms of discomfort glare reduction performance and annual indoor appropriate illuminance ratio.




	(6)

	
To generally summarize the results, window remodeling of old office buildings curtain walls using type A PDLC is expected to bring the most significant improvement effects in terms of energy and daylight performance. Even though the window remodeling method can maximize the improvement effect, when remodeling costs are also considered, applying the type A PDLC film could obtain economic efficiency as well as improvement effect.









In this study, the building energy reduction and daylight performance improvement effects of remodeling old buildings using PDLC films were analyzed. The analysis results showed that both remodeling methods using PDLC films were effective in terms of heating and cooling energy reduction and daylight performance improvement. Among the four types of PDLC films, type A film with a low SHGC was found to be the most effective. However, this study has a few limitations. First, the analysis variables such as the shape of the analysis model, window area ratio, use schedule, internal gain, and weather data for old office buildings are limited, and the HVAC system was not reflected. Therefore, it is impossible to obtain the same performance improvement effect as in this study for all buildings. Second, when setting the PDLC control conditions, this study considered glare prevention, which is the most basic function of shading devices as the most important variable. In addition, it was assumed that solar radiation was blocked when discomfort glare occurs based on the DGI. However, the possibility of realistically implementing a sensor that can measure the DGI is uncertain.



Therefore, in the follow-up study, data for standardization considering the use, shape, window area ratio, and use schedule of various buildings will be built. Furthermore, the relationships of DGI with external solar radiation, external illuminance, and daylight luminance will be identified, and PDLC control methods based on external environmental variables that are actually available will be researched.
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Figure 1. Research guideline and flowchart. 
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Figure 2. Spectrometer (a) and polymer dispersed liquid crystal (PDLC) film specimen (b). 
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Figure 3. Optical properties data by PDLC film type. 
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Figure 4. Old window remodeling method using PDLC film. 
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Figure 5. Analysis model plan (left) and EnergyPlus 8.5 simulation analysis model (right). 
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Figure 6. Detailed elevation of the analysis model. 
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Figure 7. Reference point for DGI analysis of the analysis model. 
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Figure 8. Analysis result of monthly heating and cooling energy consumption by PDLC film type. 
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Figure 9. Analysis result of annual daylight luminance analysis by PDLC film type. 
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Figure 10. Correlations between visible light transmittance (left) and SHGC (right) and annual average daylight luminance. 
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Figure 11. Annual time ratio of 22 or higher DGI (left) and annual time ratio of discomfort daylight illuminance (right). 
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Figure 12. Analysis result of monthly heating and cooling energy consumption by PDLC film type. 
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Figure 13. Annual daylight luminance analysis result by analysis result by PDLC film type. 
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Figure 14. Annual time ratio of 22 or higher DGI (left) and annual time ratio of discomfort daylight illuminance (right). 
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Figure 15. Integrated energy and daylight performance evaluation result through the EDPI. 
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Table 1. Optical properties data by PDLC film type derived using Lawrence Berkeley National Laboratory (LBNL) Optic 6 program.






Table 1. Optical properties data by PDLC film type derived using Lawrence Berkeley National Laboratory (LBNL) Optic 6 program.





	
Division

	
A Type

	
B Type

	
C Type

	
D Type




	
On

	
Off

	
On

	
Off

	
On

	
Off

	
On

	
Off






	
Solar Transmittance

	

	
0.273

	
0.230

	
0.444

	
0.390

	
0.638

	
0.472

	
0.833

	
0.733




	
Solar Reflectance

	
front

	
0.561

	
0.552

	
0.459

	
0.478

	
0.114

	
0.155

	
0.115

	
0.164




	
back

	
0.561

	
0.552

	
0.422

	
0.391

	
0.117

	
0.156

	
0.114

	
0.165




	
Visible Transmittance

	

	
0.459

	
0.389

	
0.637

	
0.551

	
0.639

	
0.427

	
0.867

	
0.750




	
Visible Reflectance

	
front

	
0.398

	
0.397

	
0.293

	
0.330

	
0.111

	
0.173

	
0.116

	
0.187




	
back

	
0.400

	
0.397

	
0.263

	
0.271

	
0.126

	
0.187

	
0.115

	
0.188




	
Emissivity

	
front

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837




	
back

	
0.767

	
0.767

	
0.767

	
0.767

	
0.767

	
0.767

	
0.767

	
0.767











 





Table 2. Analysis results for optical and thermal properties of the glazing and frame of existing old curtain walls.






Table 2. Analysis results for optical and thermal properties of the glazing and frame of existing old curtain walls.





	
Division

	
U-Value (W/m2K)

	
Solar Heat Gain Coefficient (SHGC)

	
Tvis






	
Double glazing

	
2.813

	
0.697

	
0.771




	
Curtain wall Frame

	
Head

	
Frame

	
8.570

	




	
Edge

	
2.934




	
Divider

	
Frame

	
8.811




	
Edge

	
2.985




	
Sill

	
Frame

	
8.816




	
Edge

	
2.985




	
Jamb

	
Frame

	
10.605




	
Edge

	
2.861











 





Table 3. Optical and thermal properties of the existing old curtain wall system.






Table 3. Optical and thermal properties of the existing old curtain wall system.





	Division
	U-Value (W/m2K)
	SHGC
	Tvis





	Curtain wall system
	3.806
	0.583
	0.647










 





Table 4. Optical properties of single glazing with a PDLC film.






Table 4. Optical properties of single glazing with a PDLC film.





	
Division

	
6 mm Clear Glass

	
Existing 6 mm Clear Glass + PDLC Film




	
A Type

	
B Type

	
C Type

	
D Type




	
On

	
Off

	
On

	
Off

	
On

	
Off

	
On

	
Off






	
Solar Transmittance

	

	
0.765

	
0.250

	
0.211

	
0.402

	
0.352

	
0.566

	
0.416

	
0.737

	
0.650




	
Solar Reflectance

	
front

	
0.073

	
0.438

	
0.432

	
0.359

	
0.375

	
0.099

	
0.134

	
0.101

	
0.142




	
back

	
0.073

	
0.561

	
0.552

	
0.420

	
0.390

	
0.113

	
0.153

	
0.107

	
0.160




	
Visible Transmittance

	

	
0.878

	
0.447

	
0.379

	
0.621

	
0.536

	
0.622

	
0.416

	
0.844

	
0.730




	
Visible Reflectance

	
front

	
0.083

	
0.380

	
0.379

	
0.280

	
0.316

	
0.108

	
0.167

	
0.113

	
0.181




	
back

	
0.083

	
0.399

	
0.397

	
0.262

	
0.270

	
0.126

	
0.187

	
0.114

	
0.186




	
Emissivity

	
front

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837

	
0.837




	
back

	
0.837

	
0.767

	
0.767

	
0.767

	
0.767

	
0.767

	
0.767

	
0.767

	
0.767











 





Table 5. Optical and thermal properties of double glazing with a PDLC film.






Table 5. Optical and thermal properties of double glazing with a PDLC film.





	
Division

	
26 mm Double Glazing

	
Existing Double Glazing + PDLC Film




	
A Type

	
B Type

	
C Type

	
D Type




	
On

	
Off

	
On

	
Off

	
On

	
Off

	
On

	
Off






	
U-Value (W/m2K)

	
2.813

	
2.811

	
2.811

	
2.811

	
2.811

	
2.811

	
2.811

	
2.811

	
2.811




	
SHGC

	
0.697

	
0.475

	
0.402

	
0.498

	
0.470

	
0.633

	
0.567

	
0.680

	
0.633




	
Tvis

	
0.771

	
0.408

	
0.346

	
0.563

	
0.487

	
0.555

	
0.373

	
0.747

	
0.650











 





Table 6. Optical and thermal properties of curtain wall system with a PDLC film






Table 6. Optical and thermal properties of curtain wall system with a PDLC film





	
Division

	
Existing Old Curtain Wall

	
Existing Old Curtain Wall + PDLC Film




	
A Type

	
B Type

	
C Type

	
D Type




	
On

	
Off

	
On

	
Off

	
On

	
Off

	
On

	
Off






	
U-Value (W/m2K)

	
3.806

	
3.802

	
3.802

	
3.802

	
3.802

	
3.802

	
3.802

	
3.802

	
3.802




	
SHGC

	
0.583

	
0.343

	
0.333

	
0.415

	
0.392

	
0.527

	
0.519

	
0.569

	
0.528




	
Tvis

	
0.647

	
0.343

	
0. 290

	
0.472

	
0.409

	
0.466

	
0.389

	
0.627

	
0.545











 





Table 7. Optical and thermal properties according to the addition of a PDLC laminated glass to the existing double glazing.






Table 7. Optical and thermal properties according to the addition of a PDLC laminated glass to the existing double glazing.





	
Division

	
26 mmDouble Glazing

	
Existing Double Glazing + PDLC Window




	
A Type

	
B Type

	
C Type

	
D Type




	
On

	
Off

	
On

	
Off

	
On

	
Off

	
On

	
Off






	
U-Value (W/m2K)

	
2.813

	
1.758

	
1.758

	
1.758

	
1.758

	
1.758

	
1.758

	
1.758

	
1.758




	
SHGC

	
0.697

	
0.541

	
0.536

	
0.557

	
0.551

	
0.566

	
0.549

	
0.584

	
0.575




	
Tvis

	
0.771

	
0.301

	
0.255

	
0.418

	
0.361

	
0.419

	
0.280

	
0.570

	
0.492











 





Table 8. Analysis results for the thermal properties of the frame parts of the existing old curtain wall.






Table 8. Analysis results for the thermal properties of the frame parts of the existing old curtain wall.





	Division
	Head
	Jamb
	Sill
	Divider





	Existing old curtain wall
	[image: Energies 12 03679 i001]
	[image: Energies 12 03679 i002]
	[image: Energies 12 03679 i003]
	[image: Energies 12 03679 i004]



	Frame U-value
	8.570
	8.811
	8.816
	10.605



	Edge U-value
	2.934
	2.985
	2.985
	2.861










 





Table 9. Analysis results for the thermal properties of the curtain wall frame with PDLC window.






Table 9. Analysis results for the thermal properties of the curtain wall frame with PDLC window.





	Division
	Head
	Jamb
	Sill
	Divider





	Remodeling curtain wall with PDLC laminated glass
	[image: Energies 12 03679 i005]
	[image: Energies 12 03679 i006]
	[image: Energies 12 03679 i007]
	[image: Energies 12 03679 i008]



	Frame U-value
	5.770
	6.133
	6.134
	4.043



	Edge U-value
	2.121
	2.022
	2.022
	2.083










 





Table 10. Optical and thermal properties of the curtain wall system with PDLC window.






Table 10. Optical and thermal properties of the curtain wall system with PDLC window.





	
Division

	
Existing Old Curtain Wall

	
Existing Old Curtain Wall + PDLC Window




	
A Type

	
B Type

	
C Type

	
D Type




	
On

	
Off

	
On

	
Off

	
On

	
Off

	
On

	
Off






	
U-Value (W/m2K)

	
3.806

	
2.915

	
2.915

	
2.915

	
2.195

	
2.915

	
2.915

	
2.915

	
2.915




	
SHGC

	
0.583

	
0.369

	
0.365

	
0.381

	
0.376

	
0.387

	
0.375

	
0.400

	
0.393




	
Tvis

	
0.647

	
0.207

	
0.175

	
0.288

	
0.248

	
0.288

	
0.193

	
0.392

	
0.339











 





Table 11. Optical and thermal properties of the analysis model’s old curtain wall.






Table 11. Optical and thermal properties of the analysis model’s old curtain wall.





	
Division

	
Properties






	
26 mm double glazing

(6 mm clear glass + 14 air + 6 mm clear glass)

	
SHGC

	
0.697




	
Tvis

	
0.771




	
Conductance

	
2.813 W/m2K




	
Frame

(head, jamb, sill)

	
Width

	
60 mm




	
Outside projection

	
6 mm




	
Inside projection

	
106 mm




	
Conductance

	
8.732 W/m2K




	
Ratio of frame-edge glass conductance to center of glass conductance

	
1.055




	
Divider

	
Width

	
60 mm




	
Outside projection

	
6 mm




	
Inside projection

	
106 mm




	
Conductance

	
10.605 W/m2K




	
Ratio of frame-edge glass conductance to center of glass conductance

	
1.102











 





Table 12. Thermal properties of the exterior wall of the analysis model.






Table 12. Thermal properties of the exterior wall of the analysis model.





	Division
	Materials
	Properties





	Exterior wall
	200 mm concrete

65 mm insulation

19 mm gypsum board
	U-value

0.280 W/m2K



	Spandrel
	26 mm double glazing

Spandrel air space

65 mm insulation

19 mm gypsum board
	U-value

0.422 W/m2K



	Exterior Floor
	75 mm insulation

200 mm concrete
	U-value

0.418 W/m2K



	Exterior Roof
	100 mm concrete

110 mm insulation

Ceiling air space

Acoustic tile
	U-value

0.253 W/m2K










 





Table 13. Hopkinson’s recommended values for the Daylight Glare Index (DGI) by use [48].






Table 13. Hopkinson’s recommended values for the Daylight Glare Index (DGI) by use [48].





	Division
	Recommended Value





	Art galleries
	16



	Hospital wards
	18



	Museums, School classroom
	20



	Laboratories, Offices
	22










 





Table 14. Annual building energy analysis result according to glass-attached PDLC film remodeling.






Table 14. Annual building energy analysis result according to glass-attached PDLC film remodeling.





	Division
	Heating Energy

(kWh)
	Cooling Energy

(kWh)
	Total Energy

(kWh)
	Reducing Rate





	A type
	20,566.5
	28,484.9
	49,051.4
	−17.0%



	B type
	19,916.3
	29,872.4
	49,788.7
	−15.8%



	C type
	16,686.2
	38,099.9
	54,786.0
	−7.3%



	D type
	15,595.2
	41,694.8
	57,290.0
	−3.1%



	Baseline
	14,525.7
	44,600.8
	59,126.5
	-










 





Table 15. Thermal properties of curtain wall by the application of attached PDLC window analysis model.






Table 15. Thermal properties of curtain wall by the application of attached PDLC window analysis model.





	
Division

	
Properties






	
62 mm glazing

(6 mm clear glass + 14 air + 6 mm clear glass + 23.1 mm air + 13 mm PDLC laminated glass)

	
1.758 W/m2K




	
Frame

(head, jamb, sill)

	
Width

	
103 mm




	
Outside projection

	
6 mm




	
Inside projection

	
106 mm




	
Conductance

	
6.012 W/m2K




	
Ratio of frame-edge glass conductance to center of glass conductance

	
1.169




	
Divider

	
Width

	
150 mm




	
Outside projection

	
6 mm




	
Inside projection

	
106 mm




	
Conductance

	
4.043 W/m2K




	
Ratio of frame-edge glass conductance to center of glass conductance

	
1.185











 





Table 16. Annual building energy analysis result by attached PDLC window remodeling.






Table 16. Annual building energy analysis result by attached PDLC window remodeling.





	Division
	Heating Energy

(kWh)
	Cooling Energy

(kWh)
	Total Energy

(kWh)
	Reducing Rate





	A type
	12,085.6
	33,820.6
	45,906.2
	−22.4%



	B type
	11,792.6
	34,753.8
	46,546.4
	−21.3%



	C type
	11,597.8
	35,423.6
	47,021.4
	−20.5%



	D type
	11,221.5
	36,774.8
	47,996.4
	−18.8%



	Baseline
	14,525.7
	44,600.8
	59,126.5
	-










 





Table 17. Integrated energy and daylight performance evaluation data analysis through the Integrated Energy and Daylight Performance Index (EDPI).






Table 17. Integrated energy and daylight performance evaluation data analysis through the Integrated Energy and Daylight Performance Index (EDPI).





	
Division

	
Element (i)

	
Total

	
Avg.




	
Energy

(kWh)

	
DGI

Under 22

	
LUX

150 lx–1500 lx






	
Data (j)

	
PDLC Film (A type)

	
48,969.8

	
92.2%

	
62.0%

	

	




	
PDLC Film (B type)

	
49,735.2

	
81.8%

	
45.8%




	
PDLC Film (C type)

	
54,791.0

	
91.2%

	
51.1%




	
PDLC Film (D type)

	
56,446.9

	
65.8%

	
39.6%




	
PDLC Window (A type)

	
45,906.2

	
94.6%

	
66.2%




	
PDLC Window (B type)

	
46,546.4

	
88.4%

	
50.8%




	
PDLC Window (C type)

	
47,021.4

	
93.5%

	
60.4%




	
PDLC Window (D type)

	
47,996.4

	
85.5%

	
48.3%




	
Baseline

	
59,126.5

	
57.3%

	
34.0%




	
EDPI

	
PDLC Film (A type)

	
76.8

	
93.4

	
87.0

	
257.3

	
85.8




	
PDLC Film (B type)

	
71.0

	
65.6

	
36.7

	
173.3

	
57.8




	
PDLC Film (C type)

	
32.8

	
90.8

	
53.2

	
176.8

	
58.9




	
PDLC Film (D type)

	
20.3

	
22.8

	
17.6

	
60.7

	
20.2




	
PDLC Window (A type)

	
100.0

	
100.0

	
100.0

	
300.0

	
100.0




	
PDLC Window (B type)

	
95.2

	
83.4

	
52.2

	
230.8

	
76.9




	
PDLC Window (C type)

	
91.6

	
97.0

	
82.0

	
270.6

	
90.2




	
PDLC Window (D type)

	
84.2

	
75.6

	
44.5

	
204.2

	
68.1




	
Baseline

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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