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Abstract:



Building-integrated photovoltaics (BIPV) are one of the most important sustainability technologies for building energy, and the semi-transparent solar cell is one of the most promising photovoltaic systems for building integration because it can generate electricity and is transparent with a range of beneficial optical properties. On the other hand, the utilization of semi-transparent solar cells for a building facade is limited, as the optimal transparency and power conversion efficiency (PCE %) of the solar cell vary according to the purpose of the space, facing orientation, and number of occupants. This study designed a changeable organic semi-transparent solar cell window (COSW), in which the transparency can be altered by adjusting its temperature and solvent vapor pressure. A simulation test with the proposed COSW was conducted to examine the effects of the proposed window on energy consumption, electricity production, and occupant comfort. The results show that the proposed window has a huge potential for energy conservation and occupant comfort. Compared to the double-glazed Low-E windows, the proposed window reduces the energy consumption by approximately 14.80 kW/m2 (53.29 MJ/m2), 11.51 kW/m2 (41.45 MJ/m2), and 15.02 kW/m2 (54.07 MJ/m2), for the south-facing, east-facing, and west-facing facades, respectively, and increases user satisfaction, particularly in spring and autumn.
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1. Introduction


Energy efficiency is one of the most important subjects in sustainability. It is essential to address the energy consumption of buildings in order to solve the various problems caused by global warming because buildings comprise 23–47% of all the energy consumed [1,2,3,4,5]. In this context, the energy efficiency of buildings can be influenced by building façade-related factors, such as the U-value or g-value of the windows, daylight factor, and shading [6]. Two main approaches can be used to reduce the building facade-related energy consumption: (1) improving the energy efficiency of the building facade, and (2) integrating renewable energy devices into the building facade.



First, improving the energy efficiency of a building facade is less complicated but still a fundamental way to conserve energy. An appropriately designed building envelope offers the greatest potential for energy savings, particularly in the case of transparent façades. Solar gains and daylight through glass can reduce not only the lighting load but also the heating load. On the other hand, it increases the cooling load during summer. To improve energy efficiency and occupant comfort, new technologies such as sun protection systems, anti-glare systems, and daylight-use systems have been developed [7]. Sun protection systems affect building energy consumption regardless of the U-value, which is the rate of heat transfer through the building facade. Fixed protection systems such as louver and overhang have been used conventionally and are effective not only for reducing the cooling loads in summer but also preventing glare problems, particularly for south-facing façades [8]. Internal protection systems are used widely because they can be operated independently of the weather and are easy to install and maintain, but they are less effective than external systems [9]. Moveable, switchable sun protection systems such as blinds, screens, and sliding shutters can be adjusted to respond to changes in the external environment, allowing for individual control. For example, the utilization of exterior blinds can reduce the total annual energy demand by 12%, and the energy consumed for cooling by almost 50% [10]. In office buildings, visual comfort is also an important issue to be maintained properly. For this purpose, a variety of different systems can be applied to building facades. Anti-glare systems such as curtains, horizontal blinds, vertical blinds, screens, and electrochromic glazing can increase visual comfort significantly by diminishing extremely strong light [7].



The second approach to reducing the energy consumption of building facades is to integrate renewable energy devices into the façade. The electricity from photovoltaic cells can be used for applications ranging from power supplies for small consumer products to large power stations that feed electricity into the grid. Building-integrated photovoltaics (BIPV) may have the greatest potential among the various possible applications of photovoltaics, mainly because they can be installed on a wide range of exterior surfaces and integrated into glazed roofs and facades [11,12,13]. To apply photovoltaics to building windows, semi-transparent PV modules have the advantage of combining energy production with other functional features on a building façade [12,14,15]. The existing studies evaluated the feasibility of utilizing the semi-transparent PV modules as a building façade with fixed transparency and power conversion efficiency (PCE) of the PV module [14,16]. In these instances, its utilization as a building facade is limited because the optimal transparency and PCE vary according to the purpose of the space, facing orientation, and number of occupants.



To reduce energy consumption and fully utilize renewable resources, it is essential to develop innovative energy technologies using semi-transparent solar cells as a building façade. Among the various renewable resources, the organic solar cell is one of the most promising technologies for a building façade due to beneficial and attractive features such as its flexibility, semi-transparency, sensitivity to low light levels, light weight, and low-cost energy production [17,18]. To apply organic solar cells to the building façades, current research and development focus on achieving a higher power conversion efficiency (PCE%) of solar cells because the organic solar cell is still in its developing phase [17,19]. However, organic solar cells not only produce electricity, they also help reduce the demand for energy by adjusting the transparency of the organic solar cells used for building façades [20]. In this context, this study designed a changeable organic solar cell that can alter its transparency and PCE based on the temperature or solvent vapor pressure. With the proposed changeable organic solar cell, this study analyzed the effects of the semi-transparent solar cells on the building energy conservation and occupant comfort at various transparency and PCE levels. The results include a proposed control strategy for the changeable organic solar cell and an analysis of the effects of the control strategy on energy consumption, electricity production, and occupant comfort.




2. Theoretical Background on a Changeable Semi-Transparent Photovoltaic


2.1. Energy Saving Mechanism of a Changeable Semi-Transparent Photovoltaic


The optical properties of a solar cell can be modulated by controlling the wavelength of light transmission by changing its band gap [20]. Poly (3-hexylthiophene) (P3HT) polymers can control the optical properties of an organic solar cell by manipulating the layer sequence of the organic solar cell devices: indium tin oxide (ITO)/poly (3,4-ethylendioxythiophene):(styrene sulfonate) (PEDOT:PSS)/active layer/metallic electrode [21], because it has a significant impact on the light absorption of organic solar cells. In this organic solar cell, if light reaches polymer-based organic solar cells, P3HT polymers absorb the photon and create electron–hole pairs (excitons). Excitons are divided into the hole and electron at the interface between two materials of different electron affinities: the electron donor and the electron acceptor. The electrons move into the cathode along the inside of the acceptor. Electrons collected on the cathode flow in the form of current through the external circuit. The band gap is associated with the wavelength of light transmission and absorption, and can be tuned easily by modifying the molecular structure of conjugated polymers, which enables them to absorb a different range of the color spectrum.



The optical properties and PCE of a solar cell can be changed by controlling the 3D molecule packing of the polymer with its temperature and solvent vapor pressure [20]. Poly (3-hexylthiophene) (P3HT) polymers usually show a red color, and the blue-shift of P3HT is induced by heating. Similarly, applying solvent vapor to the conjugated polymer films can modify their color by changing the 3D molecular structure of the conjugated polymers. In a poor solvent, the polymer chains form an aggregated state to decrease the surface energy of the polymer chain. This change is similar to that of the temperature effect. Therefore, the wavelength of the polymer will be red-shifted in a poor solvent. The absorption spectrum can be changed by controlling the temperature and solvent vapor pressure. When red shift occurs and the solvent is dense, the absorption wavelength ranges widely with a peak around 555 nm. Its maximum absorption is around 0.378, which is lower than that of the blue shift. However, the range of the absorption spectrum is wider than that of the blue shift and this results in the lowest transmittance through the solar cell. On the contrary, the density of the solvent decreases and a blue shift occurs due to this change in the density of the solvent. The peak is around 520 nm with absorption of 0.49 but the absorption range is more concentrated than that of the red shift. Therefore, even if a higher intensity of absorption is possible, the total absorption is smaller and transmits the most light. In sum, the transmittance is the lowest at red shift and highest at blue shift [20]. As a result of these phenomena, the ability to tune the color and transmittance of conjugated polymers can be applied to windows to improve the building energy performance and the comfort of occupants, and at the same time harvest the energy in their organic solar cells.



In mornings and evenings when a room requires more heat and light, the color of the window can be adjusted to blue because it allows a maximum amount of solar energy to be absorbed into the room. During the daytime, however, the color can be red-shifted to reduce the amount of light entering the room.




2.2. Simulation of Changeable Semi-Transparent Photovoltaic Windows


To simulate the effect of a changeable semi-transparent photovoltaic on the building energy performance and user comfort, this study proposed a changeable organic solar cell window (COSW) with the poly (3-hexylthiophene) (P3HT) polymers-based organic solar cell, as illustrated in Figure 1.


Figure 1. Schematic of the changeable organic solar cell window.
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Figure 1 shows a schematic diagram of a COSW. For this study, a double-glazed window system is proposed. The polymer-based organic solar cell is utilized as the outer layer to maximize the electricity production and modulation range. The space between the solar cell and a 3 mm-thick common transparent glass is filled with argon gas to ensure adequate heat insulation, which is critical for energy efficiency. A thermal transmittance of 2.54 W/m2·K is suggested as the appropriate level for the changeable organic solar cell window for this study [22]. Although heat insulation is almost unaffected by the changes in the optical properties of the organic solar cell, an appropriate level of insulation should be set for the simulation because if the heat insulation levels are too low, the influence of the optical properties of a COSW on energy consumption and occupant comfort may be too small to detect.



The optical properties of a COSW were simulated by the WINDOW 6 and Optics 5 software developed by the LBNL (Lawrence Berkeley National Laboratory). These two programs are widely used for calculating the optical and thermal properties of complex glazing systems since they can analyze the products made by any combination of glazing layers and are highly accurate in calculating the optical properties of glazing systems. Optics 5, in particular, can calculate a variety of the optical properties, including the reflectance, emissivity, and transmittance based on the measured spectral data [23].



For the simulation, the following three assumptions were made. First, the U-factor was assumed to be constant regardless of the changes in optical properties of the polymer-based organic solar cell. Second, the changeable organic solar cell window was assumed to have a constant value for a 3.344 PCE % regardless of the changes in the optical properties of a COSW because the PCE is not changed significantly with different transparency. Third, all the energy absorbed by the solar cells is converted to electrical energy with no energy loss.




2.3. Optical and Thermal Properties of the COSW


The COSW has a transmittance between 0.536 and 0.603 for visible light and between 0.479 and 0.493 for solar heat gain coefficient, and maintains a one-sun open-circuit voltage Voc of 0.58 V and a short-circuit current Jsc of 9.696 mA/cm2 for a thickness of 100 nm. The transmittance of solar heat and visible light increases when a blue shift occurs. On the other hand, the transmittance of solar heat gain and visible light decreases when a red shift occurs. This is due mainly to the difference in the absorption wavelength region and peaks of the absorption and emission spectra. Unlike other dynamic devices such as electrochromic or photo-electrochromic devices, the visible transmittance variation for a changeable organic solar cell is greater than that of the solar heat gain coefficient (SHGC).



The modulation range of changeable organic solar cells can be reinforced by adding layers. This feasibility study on the COSW was conducted under the assumption that the lower bound of transmittance and SHGC can be changed from 0.536 and 0.479 to 0.268 and 0.423, respectively. In this study, the modulation range was extended only towards the lower transmittance, because the maximum transmittance of the organic solar cell cannot be increased further to enhance or maintain PCE.



Figure 2 shows the optical and thermal properties of the proposed COSW with the glass system configuration shown in Figure 1 as solvent annealing varies with an extended modulation range. In a poor solvent, the wavelength of the polymer is red shift, and thus the transmittance of the solar cell is low, as shown in State 1 in Figure 2. As the density of the solvent decreases, the wavelength of the polymers becomes blue-shift, so the transmittance of the solar cell is higher in State 5 than in State 1. Owing to these effects, the SHGC and visible transmittance are expected to increase as the state of the COSW changes from State 1 to State 5, and the color changes from red to yellow and finally to green as a blue shift occurs. On the other hand, the thermal property, which is the U-value in this case, is constant regardless of the changes in state. Based on these changes in optical properties, the effects of each state of the COSW on the building energy consumption were simulated, and the performance of each state was analyzed and compared with other types of windows, such as a single-glazed window (SG) and double-glazed Low-E window (DGL).


Figure 2. Optical and thermal properties of the changeable organic semi-transparent solar cell window (COSW). Note: SHGC is Solar Heat Gain Coefficient, Tvis is transparency of the proposed COSW.
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2.4. Control Method of the Proposed COSW


As the thermal and optical properties of the window have a significant impact on energy consumption and indoor environment comfort, its impact has been studied extensively [24,25,26]. Occupant comfort is as important as energy conservation, because an uncomfortable environment adversely affects productivity. This paper focuses on the development of control rules based on thermal comfort because comfort should be the top priority in a building environment.



The hourly satisfaction of occupants regarding thermal comfort is obtained through a one-year simulation with the monthly average daily solar radiation shown in Figure 3 to establish the control strategy of the COSW for the entire year and was averaged for South Korea’s four distinctive seasons of spring, summer, fall, and winter. The occupant comfort was evaluated by COMFEN, the simulation software developed by LBNL. A hypothetical office building was modeled to simulate the effects on occupant satisfaction. The model was set at the location with a latitude of 37°30′ north and a longitude of 127°12′ east, where the weather data for this study were collected. For this study, only a simple square module was modeled to estimate the effect of the fenestration design while minimizing the effects of other factors, such as the building shape. The unit space has a rectangular floor plan (6 m [image: there is no content] 6 m) and a window only on one side of its walls to determine the changes in occupant comfort, depending on the facade orientation. The areas of the facade and window were set to 6 m [image: there is no content] 4 m and 4 m [image: there is no content] 3 m, respectively. This represents 50% Window to Wall Ratio (WWR), which is the commonly used condition for simulating energy consumption [15]. The lighting load, equipment load, and density were 12 W/m2, 10.8 12 W/m2, and 5 m2/person [27].


Figure 3. Monthly average daily solar radiation.
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In a period or building facade orientation that demands a high cooling load, windows with the lowest SHGC tend to give the best comfort outcomes [28,29,30]. As shown in Figure 4, Figure 5, Figure 6 and Figure 7, the maximum satisfaction is achieved at different times and different states of the COSW, depending on the season. The maximum satisfaction rate is 91.59% for State 2 at 11:00 a.m. in spring, 87.51% for State 1 at 09:00 a.m. in summer, 89.03% for State 2 at 10:00 in autumn, and 87.58% for State 1 at 01:00 p.m. in winter. Before the maximum satisfaction, between 08:00 a.m. and 11:00 a.m., State 5 of the COSW shows the best performance regarding occupant comfort. During this time, it would be better to pass as much energy as possible through the internal space because solar radiation and outdoor temperature are relatively low. Therefore, for a south orientation, the maximum benefit for occupant comfort is expected when the COSW is switched to its highest transmission state.


Figure 4. Average hourly occupant comfort during spring in a south-facing window.
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Figure 5. Average hourly occupant comfort during summer in a south-facing window.
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Figure 6. Average hourly occupant comfort during autumn in a south-facing window.
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Figure 7. Average hourly occupant comfort during winter in a south-facing window.
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After the period of maximum satisfaction, the building user satisfaction falls dramatically due to the high solar radiation density, and the high outdoor temperature causes thermal discomfort. Therefore, the blockage of direct solar radiation is beneficial for occupant thermal comfort. On the other hand, the modulation ability of the COSW is maximized when receiving solar radiation. As shown in Figure 4, between 02:00 p.m. and 05:00 p.m., when the solar radiation intensity and outdoor temperatures are high, the changes in the state of the COSW significantly affect the thermal comfort, with an approximately 6% mean difference between States 1 and 5.



As shown in Figure 4, Figure 5, Figure 6 and Figure 7, the time of maximum satisfaction and the changes in occupant comfort under the different states of the COSW vary according to the season. The variation of occupant comfort is greater in spring and autumn due to the large daily temperature difference. During these seasons, the COSW may help reduce the unwanted solar radiation to increase the overall building user satisfaction. In summer, however, the variation of comfort is lower than other seasons. The solar thermal gain is small and not useful because the additional conduction heat gain by the temperature difference between inside and outside is unnecessary. Although the changes in occupant comfort according to the state of the COSW are quite low during the summer season, the COSW may improve the occupant comfort further with the enhanced U-values of the wall and window. If the U-values of the window and wall increase, the solar thermal gain and transmitted light through the window can be utilized as a major energy source. Then, the effect of changes in SHGC and in the transparency of the COSW on the occupant comfort will more increase and this means that the proposed COSW can further improve the occupant comfort with optimal control. Based on the observation above, the control strategy was established to maximize the user satisfaction, as shown in Figure 8.


Figure 8. Control strategy of the COSW.
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3. Evaluation of the COSW on Building Energy Consumption and Occupant Comfort


3.1. Evaluation Method


The energy consumption and occupant comfort were evaluated by COMFEN in the same condition that the COSW is depicted in Section 2.4. COMFEN is capable of simulating the effects of the key variables in fenestration design on energy consumption, thermal, and visual comfort [28,29].



The Ecotect simulation software calculated the electricity output from the solar cell. An Ecotect is capable of calculating electricity production from the BIPV. The software is useful for evaluating the feasibility of BIPV at the early research stage because it can easily change the PCE and the angular behavior of the solar cell.




3.2. Comparison of Results of the COSW with Other Conventional Window Types


The total energy consumption of the COSW with the control strategy shown in Figure 8 was compared with that of the single-glazed (GL) window and that of the double-glazed Low-E (DGL) window. The DGL window has U-value properties of 1.368 W/m2·K, a SHGC of 0.357, and visible transmittance of 0.685. The DGL window consists of two layers of glass, with the space between the layers filled with argon gas to a thickness of 12.7 mm. The thermal load reduction is similar to that of the reflective Low-E glazing, as the electrochromic glazing optimally adapts its optical properties to the surrounding environment (31%) [31]. Therefore, the double-glazed Low-E window is equivalent to utilizing electrochromic glazing. As shown in Figure 9, the COSW achieved the lowest energy consumption when the window was open to south, east, or west, mainly because of the reduced cooling and fan load. Compared to the COSW with a single-glazed window, the lower SHGC of the COSW reduces the cooling load, even though its lighting load is slightly higher. Compared to the COSW with the DGL window, the energy consumption for cooling was reduced by converting solar radiation not to heat energy, but to electricity generated from the window surface. This feature of the COSW can solve the overheating problem caused by the conduction heat flow resulting from the absorbed solar radiation on the window surface. Therefore, the advantage of the COSW is that the solar energy, which otherwise is blocked and lost, is converted to usable electricity. For a north-facing window, the COSW consumed more energy than the DGL window. In the north-facing facade, which has low solar radiation, the more energy consumption of the COSW than that of the DGL window is expected not due to the optical properties of the COSW but due to other values such as the U-value.


Figure 9. Comparison of the total annual electricity consumption for each orientation.
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Compared to other types of energy consumption such as fanning, cooling, and heating, the COSW achieved the largest lighting energy consumption among the three window types, as depicted in Figure 9. Figure 8 shows the control strategy of the COSW, State 1, which shows the lowest visual transmittance and is adopted most frequently because this state helps solve the glare and thermal discomfort problems. Owing to this control strategy, the user satisfaction can be improved significantly, but the energy consumption for lighting is increased, as shown in Figure 9, due to the low visible transmittance of the window.



The outcome of the COSW was examined by the total energy conservation, which is the summation of electricity generation from the photovoltaic and energy savings compared to the DGL window. Figure 10 presents a stacked bar chart, indicating the monthly energy gain for each orientation. The increase in energy consumption caused by applying a COSW instead of a DGL window is denoted as negative values. The energy savings caused by applying a COSW and electricity production are denoted as positive values. The energy savings influence the energy conservation more significantly than electricity production. The energy savings were 9.24 kW/m2 (33.26 MJ/m2), 7.56 kW/m2 (27.21 MJ/m2), and 11.39 kW/m2 (41 MJ/m2) for a south-facing, east-facing, and west-facing façades, respectively. The electricity production from the COSW was 5.56 kW/m2 (20.03 MJ/m2), 3.96 kW/m2 (14.24 MJ/m2), 3.63 kW/m2 (13.07 MJ/m2), and 2.31 kW/m2 (8.31 MJ/m2) for the south-facing, east-facing, west-facing, and north-facing façades, respectively. The south-facing COSW achieved the largest total energy conservation because of its relatively large electricity production. The total energy conservation for the east- and west-facing COSW was lower than that of the south-facing COSW because of the relatively low electricity generation, even though it can reduce energy consumption. Therefore, for east- and west-facing windows, the modulation range is a more important factor than PCE. For the north-facing façade, however, the COSW was less useful because it not only consumed more energy than the double-glazed Low-E window, but also produced only a small amount of electricity.


Figure 10. Advantage of the COSW regarding energy conservation.
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The COSW achieved good performance regarding user satisfaction in the case of south-facing windows because it will improve the occupant satisfaction by optimally controlling the SHGC and transparency when the solar radiation is large as shown in Figure 11. On the other hand, the COSW showed similar thermal comfort to the DGL windows for east-, west-, and north-facing windows as shown in Figure 12. Therefore, the orientation needs to be considered carefully when a COSW is applied to a façade.


Figure 11. Ratio of satisfied users in south-facing windows.
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Figure 12. Comparison of satisfaction rates for each orientation.
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4. Conclusions


This paper proposed a new energy efficient window system called COSW and assessed the effect of the COSW on energy consumption, electricity production and thermal comfort for building users. The simulation showed that the COSW has huge potential for energy conservation and thermal comfort, even though the proposed COSW has a low modulation range and PCE. Compared to the double-glazed Low-E windows, the COSW reduced the energy consumption by approximately 14.80 kW/m2 (53.29 MJ/m2) for the south-facing façade, 11.51 kW/m2 (41.45 MJ/m2) for the east-facing façade, and 15.02 kW/m2 (54.07 MJ/m2) for the west-facing façade when the electricity production from the solar cell was deducted from the total energy consumption. In addition, the COSW may increase satisfaction more effectively in spring and autumn than in summer and winter, particularly for the south-facing façade. On the other hand, the COSW consumed more energy for the north-facing windows than the conventional window system.



For a south-facing facade, building energy conservation is equivalently affected by both electricity production from the solar cell and the reduction of energy consumption. Therefore, the PCE and modulation range need to be investigated. For the east- and west-facing facade, more importance needs to be given to the modulation range because building energy conservation is affected significantly by the energy savings caused by the COSW. For north-facing windows, however, the impact of the COSW on energy conservation is almost negligible or negative. Consequently, before applying a COSW to the building facade, the orientation and season should be considered carefully.



Although the proposed COSW can contribute to the reduction of building energy consumption, it cannot fully prevent thermal discomfort due to the relatively high SHGC and visible transmittance compared to other external sun protection systems, such as external awnings, external roller blinds, and external Venetian blinds. Therefore, a COSW can be enhanced further by widening the modulation range of both the SHGC and visible transmittance. For example, if the minimum SHGC and visible transmittance of the COSW can be decreased from 0.423 and 0.268 to 0.2 and 0.1, respectively, the average building user satisfaction can be increased by 3% in spring and summer, 5% in autumn, and 1% in winter. Moreover, the satisfaction can also be improved by up to 11% during the most vibrant business hours from 03:00 p.m. to 05:00 p.m. A future study will develop the COSW with a wide modulation range and evaluate its feasibility for wide utilization to optimize energy conservation.



This proposal for the COSW can be further improved by considering production costs, and architectural and technology constraints. This exploratory study mainly focused on a comparative analysis of energy consumption. For the practical use of the proposed COSW, however, various topics such as costs for production and architectural constraints for installation should be further considered [32]. For future research, we will continue to work on technical issues such as inverter losses and temperature variations in the electricity production. In addition, a comparison of the COSW with other types of windows such as a double-glazed Low-E coated window and a triple-glazed window should also be conducted to test possible energy savings upon switching from generally used Low-E coated glass windows.
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