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Abstract

:

Over the years, different types of smart windows have been tested and developed. In this study, an innovative prototype of a photovoltaic smart window, that integrates luminescent solar concentrators, was analysed. The device independently regulates the movement of the shading system and allows energy surplus, through the electricity generated by modules. Considering the peculiar structure (characterized by the presence of a light shelf) and the thermal characteristics of the device, the analyses focused on optical, thermal, and electrical performances, comparing them with those of a traditional window. The analysis followed an experimental approach that involved lighting and electrical monitoring studies in a real test room, to create validated models for conducting simulations in larger buildings. The results were expressed through the study of illuminance maps, electricity generation obtainable from the integrated photovoltaic technology and in terms of energy savings. Energy generation accounts for around 10 Wh/month, with up to 50% improvement from the perspective of energy use for heating and cooling. The technology proves effective in allowing efficient overall energy performances while generating enough energy to operate the smart window control systems.
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1. Introduction


Buildings are one of the largest single contributors to greenhouse gas emissions (36% of CO2 emissions in the EU) [1,2]. In addition, the building sector accounts for about 40% of global primary energy consumption and, moreover, some factors such as growth of population, migration of people from rural to urban areas, changes in routine and lifestyle, could potentially further contribute to an increase in building energy use [3]. In the residential sector, the use of energy is related to heating and cooling of indoor environments, lighting, and other needs. All these aspects are influenced by factors such as building location and envelope energy performances, weather conditions, type and efficiency of equipment, access to energy, availability of energy sources, energy policies and lifestyle of the occupants. In the commercial sector, the energy use is mainly related to heating and water heating systems, cooling, lights, and other equipment strictly connected to the activity that is carried out inside the building [4]. Consequently, it is important to evaluate different strategies that could allow energy savings and better management of the thermal loads inside the buildings, both in commercial and residential ones.



Thanks to the new targets that the European Union has set for 2030 about energy and climate (40% cuts in greenhouse gas emissions, 32% share for renewable energy and 32.5% improvement in energy efficiency) the process of increasing energy saving has taken a central role for the correct design of buildings [5,6], in recent years. In fact, by adjusting properly solar radiation availability inside the rooms, it is possible to reduce the energy consumption for lighting, cooling, and heating and, at the same time, maximize the comfort for the occupants; in this contest, the window represents a key element to achieve these goals.



Moreover, the building sector is particularly energy-intensive considering both the embodied energy and the operational phase energy use. The actual challenge is to go towards Positive Energy Buildings (PEBs) [7], producing more energy than necessary and supporting other buildings connected to them (positive energy districts) [8]. To achieve this result, it is necessary to also approach the on-site energy generation [9].



Windows are a critical element in the envelope: their sizing is one of the most critical issues within building energy performances, can cause high thermal losses, overheating and glare problems [10]. However, if designed correctly, they play an important role in improving indoor thermal comfort [11,12] and can also become active elements, being able to contribute to the on-site energy generation.



For the energy generation in buildings, photovoltaic (PV) technology represents today one of the best solutions. However, excluding the third photovoltaic generation that promises new types of installation, the exploitation of building roofs alone is not enough, as the energy supplied by the photovoltaic on roofs is limited by space and is sufficient only for small buildings. This contrasts to an urban context that points to buildings that will be taller and self-sufficient.



In this context, the study aims to investigate the performances of an innovative PV technology, Luminescent Solar Concentrator (LSC), integrated to a window through experimental studies. The contribution of the paper lies in the analysis of the innovative design of the window system, the statistical modelling of the energy generation it provides, the integrated environmental and energy performance analysis extended to its life cycle.



The results will be expanded further through the analysis of daylight and thermal performances of the device and the comparison of the results with those of a traditional window in the same conditions (room size and structural characteristics, measurement period, etc.).




2. State of the Art


The Smart Window—Luminescent Solar Concentrator) (SW-LSC)—incorporates the advantages of electricity generation from photovoltaic modules, and luminescent solar concentrators with the functionality of a smart window, which manage heat loads through an autonomous and passive shading system (motorized venetian blind).



The existing PV technologies can be classified into three generations according to their technical characteristics: Si based PV is the technology used for first-generation. Second-generation PV cells are usually manufactured by thin-film PV technology. Compared to the first-generation cells, they are usually made of very thin layers of semiconductor materials. Finally, the third-generation PV cells aims to produce more efficient and low-cost devices [13] by using new materials like perovskite, inks, nanotubes, organic dyes, etc. [14]. The LSC technology that is integrated into the smart window falls in this last type.



In this section, authors collected and examined studies that can be classified in two categories:




	-

	
Photovoltaic technologies integrated with buildings (BIPV), in particular semi-transparent PV (STPV) that allow PV panels to be placed in substitution of surfaces like façades or skylights;




	-

	
Smart windows, including the main categories as electrochromic, photochromic and thermochromic.









2.1. Semi-Transparent PV


The evolution of the STPV technologies has allowed applications previously only covered by traditional glass (skylights, windows, glass facades). For this reason, in addition to the generation of electricity, aspects such as solar heat gain reduction and day-lighting play an equally important role in assessing the effective efficiency of the devices in interior spaces. For these devices, it is often essential to find a compromise between the higher energy generation and potential increase in lighting energy use. In fact, due to their structure, STPV technologies create areas of shade, which depend on the degree of visible transmittance of these devices, on the window-to-wall ratio (WWR), and which have consequences on the daytime illuminance factor and on the thermal balance of the environment.



An evaluation of one of these technologies was discussed by Sun et al. [15], who analysed the energy and daylight performances of a Cadmium Telluride (CdTe) PV glazing integrated into windows. The simulation was conducted through Energy Plus; the simulation related to a private office occupied by two people from 8.00 to 17.00 on weekdays. The annual energy performance of the PV window was calculated for an office under five different climatic conditions in China; the results were then compared to a conventional double glazing (DG) system. The most significant energy saving potential (73% under the tested climates) was obtained when coving 80% of the window area by PV glazing for 75% WWR. The study followed an approach like that of our work, in terms of final objectives, but there were no experimental tests conducted in the field in order to obtain real data by which to compare the results of the simulations. Furthermore, although the type of installation was the window, the technology analysed was different from that of luminescent solar concentrators.



Kapsis and Athienitis [16] evaluated the potential benefits of STPV in a cooling dominated commercial building located in Toronto. Those authors considered three different models for the evaluation of the performances of the STPV window: a day-lighting, an electrical and a thermal model. In addition, they investigated the impact of several design parameters (WWR, façade orientation, etc.) and different PV cell technologies. All results were expressed as a function of the visible effective transmittance of the STPV module (10%, 20%, 30%, 40%, 50%): the use of a STPV module with 10% visible effective transmittance (STPV-10%) was associated with the lowest annual electricity consumption (as low as 5 kW h/m2/yr), when the STPV annual electricity production was taken into account. In contrast, when excluding STPV electricity production, the authors found that the selection of STPV-Sh20% resulted in the most energy-conserving design. A limitation of the study was that no consideration was made regarding the type of integration into the building, in particular on some aspects such as window frames or window structure.



Although the purpose of the above studies was connected to our work, in some cases an experimental approach with direct measurements in the field was lacking while, in other cases, the aspects related to the way of integration in the building or the details on the characteristics of windows were neglected. To conclude, studies have not explored the aspects related to day-lighting that play a particularly central role for this type of technology.




2.2. Smart Windows


Smart windows are usually defined as a category of glass (smart glass) or other transparent materials whose light transmission properties change following the application of electrical voltage (electrochromism), light (photochromism), or heat (thermochromism). These technologies can be classified as active (thermochromic and photochromic) or passive (electrochromic). In comparison to traditional windows, smart windows can adjust their optical properties in response to the modification of some boundary variables and hence have the potential to improve the energy performance of buildings and the comfort of the residents, thanks to their dynamic and adaptive functioning. Therefore, the aim of dynamic glazing systems is to control incoming solar radiation, to guarantee visual comfort for residents and to manage solar contributions in hot and cold seasons. To obtain the maximum potential from these technologies, it is however necessary that these devices are managed through appropriate control strategies, to compensate the currently limits of these technologies (for example, the time between the switching from one state to another) and to reach a better compromise between energy balance and luminous comfort for the occupants. The state of the art was developed around three categories, which will be briefly described at the beginning of each paragraph: photochromic window, thermochromic window and electrochromic window.



2.2.1. Photochromic Windows


The literature research revealed a lack of studies evaluating the performance of photochromic (PC) windows. Photochromic materials change their transparency in response to light intensity but are not altered by temperature variation. For this reason, current research focuses on the development of hybrid PC materials and combinations of electrochromic (generally WO3-based) and photoactive films. Photochromic materials have found success in eyeglasses but are not ready for large-scale applications in building, as there are some problems such as photo response time, stability, durability, visible light coloration, reversibility, etc. [17].



An example of possible applications of the photochromic properties could be found in photochromic films for smart window applications to partially blocking the sunlight and provide visual comfort. The problem lies in the high cost and some difficulties related to production processes for large-scale applications: for this reason, Wu et al. [18] reported the development of a simpler photochromic coating (based on sol-gel matrix embedded with organic PC dyes) on glass substrate. The application of the PC films allowed the reduction of the G-value and U-value (from 0.87 and 5.2 to 0.26 and 1.58) resulting in high potential energy saving for end users especially in tropical climate.




2.2.2. Thermochromic Windows


Thermochromic windows are based on a temperature structural phase change, which depends on the material used. This structural change allows changes in infrared optical and electrical properties of the material. The technology may be suitable for future applications as it allows reducing the glare and solar heat gain, but currently it is still not totally ready for large-scale production, as some aspects related to high transition temperatures and low visible transmittances are not yet fully investigated [19]. The challenge is to find materials whose structural change occurs at a temperature similar to that of the room (20–25 °C), and that this change is rapid enough to adapt to the conditions required [20].



Ye et al. [21] found that during the cooling period of a year, application of VO2 glazing to a residential room could save 21.7 kWh annual electricity consumption (electrical energy save near 9.4%) compared to ordinary glazing (when excluding the effect of associated lighting electricity consumption). In addition, authors have found that the cooling load could be reduced in the range of 10.2–19.9% with respect to a standard clear glazing. In the two above studies, the lighting performances were not analysed; furthermore, the application of the technology was based on the application of thermochromic VO2 films on the glasses.



Yang et al. [22] simulated the heating and cooling energy consumption of three different VO2 films in five typical Chinese cities; then they compared the results with white glass and Low-E glass. The dimensions of the room were 4 m × 3.3 m × 2.8 m (length × width × height) and only a single window (1.5 m × 1.5 m) was contained in the middle of the exterior wall. Results showed that cooling energy consumptions for the examined technologies could decrease by 81.7% and 70.5% compared with white glass and Low-E glass, respectively. Also in the heating period, the energy consumption of the thermochromic glass resulted to be better than Low-E glass. Anyway, all these positive results were negatively influenced by the transition temperature (that in some case was too high) and by the visual transmittance (that in some case was too low); in addiction, the effect of these parameters on internal lighting was not calculated.



Costanzo et al. [23] analysed the application of TC windows in an existing office building in Italy, showing that the energy saving could range from 5% to 25%. In addition, the study considered a series of theoretical thermochromic glazing and the expected performance was compared to static clear and reflective insulating glass units. The simulations were repeated in different climatic conditions and a detailed description of the simulation room and building was made.



In the studies previously discussed, the aspects related to the integration of windows in sample buildings were not so fully developed; in particular, those relating to the daylighting performance. In addition, experimental tests have rarely been carried out by monitoring the performance of the devices under study. As already mentioned, thermochromic glazing needs further studies especially considering the integration into the envelope and their possible impact on the energy balance of the building.




2.2.3. Electrochromic Window


Electrochromic glasses can regulate light penetration and transmission by responding to an electrical voltage. The main advantage is that generally they require a low voltage power source (DC 0–10 V) and that, compared to other types of smart glasses, they can be actively controlled with fast response speed and in real time, also preventing local glare phenomena within the room and solar modulation. Unfortunately, the systems are still quite expensive, and the modulation levels are still rather limited [24].



Tällberg et al., in a recent review [10], made a comparison of the energy saving potential of several window technologies. The authors found that only few studies were related to thermochromic and photochromic windows, while mostly focused on electrochromic window. With reference to the latter, most studies referred to office buildings located in different European cities.



Reynisonn et al. [25] compared three different models of windows: a traditional window without a shading, a traditional window with an external blind and a dynamic electrochromic window. They calculated that the energy saving for different locations (Kiruna, Reykjavik, Stockholm, Copenhagen, Paris, and Madrid) was between 10–30% compared to traditional window with operable blinds and 50–75% compared to a window without blinds; the authors also showed that the energy benefit was greatest for warm climates. The aspects related to internal lighting were not investigated and useful data were not obtained through experimental setup.



Ajaji and André [26] found that, for an office building in Bruxelles, the primary energy consumption could be reduced by 61% (mainly thanks to a lower cooling demand) through the use a smart electrochromic glazing. The greater assumptions were that the south face of the office was 90% glazed and that an external shading closed the opening at 50% when the solar irradiation on the window exceeded 180 W/m2 and opened when the solar irradiation dropped below 140 W/m2.



Most of above studies did not base their analysis on experimental tests with which to compare with simulated data. Although the aspects related to day-lighting and energy performance are analysed, the studies were not always exhaustive from all points of view. In most cases, the focus concerned only one aspect (thermal, electrical, or lighting) and this was limiting, especially considering that electrochromic windows use a small part of electricity for their operation.



In conclusion, the technologies of electrochromic, photochromic and thermochromic glasses, although able to allow energy savings thanks to their characteristics and their operation, do not represent an element of the building capable of producing energy on site, differently from the STPV technology and the technology analysed in this study, the SW-LSC.



The SW-LSC technology shows the advantages of energy production without the drawbacks due to shading typical of the STPV technology, while the management of the loads is entrusted to the shading system and to the insulating characteristics of the window itself, instead of a smart glass. The innovation of this work lies in the technology analysed, which represents a meeting point between integrated solar modules and smart windows. The structure and composition of the window, equipped with a semi-transparent coloured matrix and a neutral transparent double-glazing system with a low-emissivity coating, have new optical and thermal characteristics. Moreover, starting from an experimental setup, the study aims to propose some more general results starting from the use of a calibrated energy model.






3. Materials and Methods


The methodology used in this study involves different types of analysis: environmental, daylighting, thermo-physical, and electrical performance investigation. The starting point was the experimental study, which made it possible to obtain data relating to the characteristics of the LSC and traditional windows, installed in an office in Eni Research Center, in the city of Novara. Furthermore, the data relating to the generation and the electricity consumption (due to the movement of the venetian blinds) related to two years of monitoring were collected and reprocessed. Subsequently, an experimental setup was prepared to conduct the lighting tests, which allowed the validation of the models created in a test room and then the simulation of the same models on a larger-scale building model.



The methodology can be summarized in the following steps:




	-

	
Assessment of environmental aspects related to the smart window through the Life Cycle Assessment (LCA) methodology;




	-

	
Development of monitoring studies that concerned the monitoring of generation and consumption of LSC modules through a computer and a sensor placed outside the SW-LSC, the monitoring of daylight inside the two rooms where the SW-LSC and the traditional window were installed, the meteorological and climatic monitoring through a weather station on the roof of the building. The monitoring of the electrical performances relating to the SW-LSC made it possible to obtain the generation and consumption of the device. The analysis covered about two years of monitoring, from 30 April 2017 to 18 November 2019, accounting for the experimental data acquired in the framework of the R&D project dedicated to the development of the Smart Window and prototype validation in real operating conditions. The daylighting analysis regarded a series of measurement of illuminance level (lux) in different points of the rooms. The monitoring study was carried out through a lux meter and a weather station located outside the building that simultaneously recorded the weather data. The two window models were tested on a sample room, which had the same characteristics (size and internal structure) as the real one. After the simulation, the results of the simulations were compared with those of the measurements and the percentage error between the two values (simulated and measured) was calculated. Finally, authors focused on the uncertainties of the model parameters, through a calibration process.









The SW-LSC and the traditional window models were created. Both models were developed to reproduce optical, geometric, and thermal characteristics of the two windows.



	-

	
The thermo-physical analysis based on the windows models previously created. In this step, authors evaluated the thermo-physics aspect on the SW-LSC compared to those of the traditional window. In this case, the window models were tested on a large-building model.




	-

	
The electrical performance analysis started with a simple regression approach to evaluate the relationship between power output from LSC modules and incident solar radiation. Then, the model was used to obtain the generation of the SW-LSC device in a large-building simulation.







The methodology steps are showed in Figure 1.



3.1. Experimental Setup


The SW-LSC prototype was installed in a test room where the input and output data from the device were monitored and the control logic of the same was managed via a computer. For our case study, the room was an office. The room was 3 m × 4 m × 3.5 m (L × W × H) wide and was placed on the second floor of a building in Novara (latitude 45.45°, longitude 8.64°, altitude 156 m). The traditional window was installed in the room corresponding to the first floor. As this second room was open on one side (for the presence of a stairwell), it was closed and made of the same size as the test room through a thick curtain that simulates a clear white wall (Figure 2). This step was necessary to validate correctly the model based on the lighting measurements made into the rooms.



Both windows faced south-east, with an azimuth of 27° and there were no obstacles due to other building or other obstructions in front of the windows. The structure of the walls involves the use (from outside to inside) of natural stone (travertine), mortar, brick, and a layer of plaster. The walls and ceiling are characterized by a clear white colour, while the floor by a smoke grey colour, due to the rubberized carpet pad.



The SW-LSC integrated system is an innovative multifunctional window model, integrated by luminescent solar concentrators designed to generate electricity. The window is designed to offer advanced energy performance, while guaranteeing its own energy self-sufficiency for the purpose of the operation of automatic solar control systems (automated venetian blind).



The SW-LSC device had two distinct parts: in the upper part of the window, four semi-transparent yellow LSC modules were integrated into an aluminium mask, while in the lower part, there was a double-glazing window. The lower section, subsequently called “window”, had two opening window sashes, while the upper one, called “transom window”, was based on semi-transparent LSC modules [27]. The “colour” of the LSC modules was static and was mainly due to the electrical operation of the same; it also had a beneficial effect on the internal light of the environment [28]. A venetian blinds system, connected to an irradiation sensor located outside the window and to a control logic system, managed the control of the internal load. The venetian blinds system was motorized and the LSC modules in the upper part produced the necessary energy for his functioning: the energy was sufficient to move the shading system even on cloudy days and for relative long periods (5 days), thanks to a storage batteries system [29]. Between the two sections of the SW-LSC there was a light shelf (a reflecting shelf), positioned between the smart window and LSC modules. This component intercepts part of the incident solar radiation and diffuses it into the internal environment with greater depth and uniformity, while ensuring shading near the window and reduced glare; it was 0.4 m large and 2.342 m wide [30].



In detail, the device was made with thermal break aluminium profiles (Uf = 1.9 W/m2 K), while the coloured semi-transparent (yellow) modules were four LSC slabs, each 50 × 50 cm. The dimensions of the SW-LSC were 2.285 m × 2.344 m (L X W) and the layout of the device is shown in Figure 3 [31].



In detail, the layering of the upper double-glazing (transom window) with U-value of 1.2 W/m2 K are shown in Figure 4.



The total thickness of the double-glazing was 49.52 mm.



Each window sash of the lower part of the window is made of double extra clear glass filled with air with a 4 + 4.2/22/4 + 4.2 stratification (Ug = 1.1 W/m2 K). The internal glass was covered with a low emissive layer applied in face 3, as shown in Figure 5.



The upper and lower part of the window were divided by a horizontal aluminium shelf, which extended from the inside to the outside of the building. The shelf helped to mix the coloured light that passes through the LSC panels with the clear light that passes through the neutral glass below, to obtain a natural light characterized by a lower colour temperature [32,33]. In addition, it should have allowed reducing direct radiation inside the room, avoiding unpleasant glare inside the room.



The window models have the characteristics shown in Table 1.



The window sashes integrated double-glazing with high thermal resistance glass, equipped with an automated solar control system made with venetian blinds placed in the cavity. The movement of each slat was controlled by an electric motor, integrated in the double-glazing itself. The engine was powered by a high efficiency battery, which was charged by the electricity generated by the LSC modules. A solar irradiation sensor was placed at about 1/4 of the height of the upright of the window frame starting from the sill and it is shown in Figure 6 [34].



The control logic system, connected to the external solar radiation sensor, adjusts the opening level of the slats. The irradiation sensor was a monocrystalline silicon photovoltaic cell, type IXYS KXOB22, with voltage and current values in STC equal to 0.5 V and 44.6 mA, respectively [35]. The system detected the level of solar irradiance on the external surface of the window and, when the measured value exceeded a certain threshold (180 W/m2), the solar shading system was activated by lowering the blinds in order to completely shield the direct incident solar radiation (Figure 7a). When the irradiance value was reduced below the set threshold the blinds were completely opened (Figure 7b). The system provided the possibility for the user to redefine the irradiance threshold that controls the closing/opening of the slats [36,37].



The traditional window was a single glass panel (5 mm glass, Ug = 5.6 W/m2 K) with an aluminium frame and roller shutters as shading device. The window had the same dimension of the SW-LSC but due to the different configuration, it had a higher glassed area. The traditional window is shown in Figure 8.



A weather station placed on the roof of the building, monitored the following data with a timestep of one second:








	-

	
External Temperature;




	-

	
Global solar radiation;




	-

	
Diffuse solar radiation;




	-

	
Direct solar radiation;




	-

	
Wind speed;




	-

	
Wind direction;




	-

	
Atmospheric pressure.










3.2. Environmental Aspects of SW-LSC and LCA


Before the experimental tests and the analysis of the SW-LSC performances, a LCA of the prototype was conducted [38]. The SW-LSC prototype was analysed in its entirety, considering the shading system (venetian blind system), the light shelf and the accessory components (batteries, motors, sensor, etc.) that allow the device to function.



The functional unit was the whole SW-LSC (5.27 m2) considering its thermal and optical characteristics (Uw = 1.6–1.8 W/m2K, tvis = 77% and g = 85% of LSC modules). The analysis followed a cradle to gate approach. The results of the analysis are showed in Table 2.



Considering only the production phase, the SW-LSC components contribution to the impact categories is shown in Figure 9.



The most impactful components of the SW-LSC system were the window frame (environmental impact was above 60% in all categories, except for abiotic depletion, where the contribution was 16.22%), the light shelf (from 16.29% to 25.02% except abiotic depletion where the contribution was only 2%), and the DC motors and batteries (30.74% and 36.26%, respectively, in abiotic depletion but a low contribution (less than 4%) in all other categories. The LSC modules contributed less than 5% in all impact categories.



From an environmental point of view, the prototype can be further improved, and the design could allow the use of other less energy-intensive materials. For the same reason, the substitution, or the remotion, of potentially “onerous” elements from an environmental point of view, such as the light-shelf, could be evaluated.



In conclusion, the LCA of the SW-LSC prototype allowed to quantify the environmental burdens of the device and to highlight the critical elements of the system. Although further studies regarding this technology are required, especially considering large-scale production processes and the consequent use of raw materials with greater efficiency, the device represents a promising alternative to exploit a different type of installation into building in urban contexts.




3.3. Experimental Tests


To validate the SW-LSC lighting model, data collection studies were carried out through the measurement of illuminance levels (lux) in different points of the room where the SW-LSC prototype was installed (Figure 10a). At the same time, the measurements were also carried out in the room located on the first floor of the same building, as for the test room, which had the same dimensions but was equipped with a traditional window (Figure 10b).



The monitoring studies were conducted using a lux meter, which is the instrument generally used for measuring illuminance and light intensity in environments and workplaces. The measurements were conducted in five points in both rooms at a height of 0.8 m, the height recommended by the regulations UNI EN 12464-1 for the workplace; the map of the test room and the position of the five points are shown in the Figure 11.



The points were named as follow:




	-

	
Under window (UW) with coordinates: x = 1.5; y = 0.5;




	-

	
Work plan (WP) with coordinates: x = 0.8; y = 1.5;




	-

	
Intermediate (I) with coordinates: x = 1.5; y = 1;




	-

	
Centre of the room (CR) with coordinates: x = 1.5; y = 2;




	-

	
Door proximity (DP) with coordinates: x = 1.5; y = 3.









The measurements were carried out on 18 February 2020 from 11 a.m. to 4 p.m. at half hour intervals for both rooms with the shading devices deactivated; in the case of the SW-LSC, the venetian blinds were positioned in the “fully open” mode and the same was done with the shutters of the traditional window. The day chosen was completely sunny, to prevent the passage of clouds from affecting the measurements. The artificial lights were switched off during the whole duration of the measurements. The only internal load inside the rooms was the computer (250 W) that monitored the performance of the SW-LSC and regulated the shading system.



The monitoring data relating to the electrical performance of the SW-LSC referred to two years of monitoring. The data were based on the generation of electricity, the accumulation of energy in the batteries and the consumption of the motors, recorded with a timestep of one second. The data re-processing made it possible to account for the daylight savings period (aligning the times with the monitoring ones), the accidentally consumption due to a movement of the blinds activated manually (and not through the threshold set by the control system), for system maintenance and lockouts and, finally, to aggregate the same as daily production and consumption. The re-elaboration was carried out by exploiting the recorded climatic data concerning the external temperature and radiation on the vertical surface of the window.




3.4. Modelling


3.4.1. Daylighting Performances


The modelling of the two windows (frames and structure) was performed in Energy plus environment. The structure of the glass, of both the traditional windows and of the SW-LSC, was built using Window_7 software that allowed creating and managing more complex stratigraphy and layers such as that of the upper window. This model was subsequently uploaded to EnergyPlus and Open studio environment.



The assumptions on the modelling were that heat exchanges occur only through the south facade, while the other surfaces were adiabatic. The materials used for the walls were those listed in the previous section (Section 3.1). The office room was set to be occupied by one person from 7:00 a.m. until 6:00 p.m. during working days, with a break for lunch from 00:00 p.m. to 1:00 p.m. The other parameters were set to match what was prepared during the experimental setup.



Two models were created, one per each room. The windows had the same dimensions, but due to the different layout, the glazed surface of the traditional window was slightly greater. The model had a single room and a single thermal zone and is shown in Figure 12.



The data output from the weather station described in the previous paragraph was implemented into a weather data file imported into the building simulation tool used.



Subsequently, these data were re-elaborated to obtain these variables with a one-minute timestep, to be consistent with the monitored data.



The simulation was run with one-minute timesteps.



The calibration process was performed for the optical properties of the internal walls, of the outside obstructions and of the light shelf. The other important element was the light shelf, present only in the configuration of SW-LSC. A high reflectance layer covered this aluminium element, and it was necessary to proceed by attempts to correctly simulate the characteristics and functioning of the element. Due to the limited measurement range of the luxmeter used, especially for high illuminance values, and due to some localized shading due to the structure of the windows, an error of 10% with respect to the monitored data was considered acceptable.




3.4.2. Energy Generation Statistical Modelling


Due to the limited availability in the physical generation models for the technology investigated a simple regression model was used to investigate the relationship between power output from LSC modules and incident solar radiation. A regression model is a statistical linear model that, in case of more input variables, can be expressed as Equation (1):


  y =  β 0  +  β 1   x 1  +  β 2   x 2  + … +  β r   x r  + ε    



(1)







In which:




	-

	
y is the real output




	-

	
   β 0  ,  β 1  ,  β 2  , … ,  β r    are the regression coefficients




	-

	
     x 1  ,  x 2  , … ,  x r    are the independent variables




	-

	
    ε   is the random error









In case of r = 1, the model become a simple linear regression one (Equation (2)):


  y =  β 0  +  β 1   x 1  + ε    



(2)




where    β 0    is also called intercept. Estimation of regression coefficients    β 0    a n d    β 1    is usually done through the Least Squares method, that aim to minimize the error between predicted and real targets. The function to minimize, denoted as SS function, can be expressed in the following way (Equation (3)):


  S S    β 0  ,  β 1    =   ∑   i = 1  n     y i    −   y ^  i   ) 2  =   ∑   i = 1  n     y i    −  β 0  +  β 1   x i   ) 2     



(3)







In order to minimize SS function, it is compulsory to find two estimators, the so-called least-square estimators and denoted as      β 0   ^  ,    β 1   ^   . This is done deriving function SS with respect to the estimators and putting the results equal to zero (Equation (4)):


          d S S   d    β 0   ^    = − 2   ∑   i = 1  n     y i    −    β 0   ^  +    β 1   ^   x i  ) = 0           d S S   d    β 1   ^    = − 2   ∑   i = 1  n     y i    −    β 0   ^  +    β 1   ^   x i  )  x i  = 0          



(4)







Results for      β 0   ^    and      β 1   ^    are obtained introducing new variables    y ¯    and    x ¯   , and solving latter Equations (5) and (6):


     β 0   ^  =  y ¯  −    β 1   ^   x ¯   



(5)






     β 1   ^  =     ∑   i = 1  n  (  x i   y i  ) −  x ¯    ∑   i = 1  n   y i      ∑   i = 1  n    (  x i  )  2  − n   x ¯  2       



(6)







In which    y ¯    and    x ¯    are expressed in the following way (Equations (7) and (8)):


   y ¯  =  1 n    ∑   i = 1  n   y i   



(7)






   x ¯  =  1 n    ∑   i = 1  n   x i   



(8)







The simple linear regression can be expressed as Equation (9):


   y ^  =    β 0   ^  +    β 1   ^   x 1   



(9)







Variable   y ^   represents model output in Equation (9).



Assessment of the model can be done using model performance metrics, such as the coefficient of determination R2, the root mean square error RMSE and the mean bias error MBE. The former one represents the goodness of fit of the model and can be expressed in the following way (Equation (10)):


   R 2  = 1 −   S S   S  S  t o t a l     = 1 −     ∑   i = 1  n     y i    −   y ^  i   ) 2      ∑   i = 1  n     y i    −  y ¯   ) 2       



(10)




where SS is the residual sum of squares and SStotal is the total sum of squares. In other words, R-square relates variance explained by the model with respect to the total variance. It ranges within the interval [0,1], assuming value equal to 1 in case of perfect fit of data. The RMSE, instead, represents standard deviations of the residuals and it is used to evaluate accuracy of the model itself. The lower is the RMSE value, the better the accuracy. In mathematical terms (Equation (11)):


  R M S E =    1 n    ∑   i = 1  n     y i    −   y ^  i   ) 2     



(11)







Finally, MBE represents the average distance between predicted and real targets (Equation (12)):


  M B E =  1 n    ∑   i = 1  n     y i    −   y ^  i  )  



(12)








3.4.3. Building Performance Simulation


After the experimental system was characterized and calibrated, the models created were tested on a larger building, to evaluate the thermal performances of the system in a real building environment.



The small office model proposed by ASHRAE Standard 2019 was a building with a floor area of 511 m2; the building plan and the perspective view of the building are shown in Figure 13. The building was composed of one attic and five thermal zones; among these five thermal zones there was a central area that had no external walls and four perimeter areas which were each exposed towards a respective direction (north, south, west, east). The perimeter areas were the only ones equipped with window surfaces (four windows for west and east surface, six windows for south and north surfaces).



For the analysis carried out, the windows of the reference model were entirely replaced, in the first model, by the traditional window (traditional window scenario) and, in the second model, by the SWs-LSC (SW-LSC scenario), keeping the original dimensions for both.



The authors chose four days that had particular characteristics of irradiation and temperature and that were, therefore, representative of the most critical periods and seasons from a thermal point of view, as described in other literature [39,40]. These days were:




	-

	
Cold cloudy (24 December);




	-

	
Cold sunny (15 January);




	-

	
Warm cloudy (28 August);




	-

	
Warm sunny (22 July).









The choice of the days was made using the hourly climate data for the city of Novara.



Table 3 shows the outdoor dry-bulb temperature (Dbt) and the global horizontal radiation (GlobHorRad) for the four selected days. Moreover, as seen in Table 2, the chosen days were significant for the differences or similarities to the average monthly values.






4. Results


4.1. Monitoring


The day-lighting monitoring study performed with a lux-meter made it possible to obtain the level of illumination in different points of the two rooms where the SW-LSC and the traditional windows were installed.



The results of the monitoring are shown in Table 4 and Table 5.



Results show that for the UW point, the presence of the light shelf allows the reduction of excessive illuminance on the work plane. In general, in the case of the SW-LSC, the mix between the yellow light that filters from the LSC modules and that of the lower part window as well as the presence of light shelf, allowed lower values of the illuminance in most points in the room.



The analysis of the electrical data relating to the SW-LSC made it possible to obtain the generation and consumption of the device. The analysis covered about two years of monitoring, from 1 June 2017 to 18 November 2019. During this period, the average monthly energy generated by LSC modules in SW-LSC was around 7.1 Wh (2017), 6.8 Wh (2018), 5.9 Wh (2019); the monthly energy absorbed by electric motors was 0.8 Wh (2017), 0.9 Wh (2018) and 1.1 Wh (2019).



The data analysed were from 2018, which was the only complete year. The net electricity generation for 2018 was approximately 1.5 kWh, with an average daily production of 5 Wh/day.



The annual consumption was about 0.27 kWh, due to the movement of venetian blinds system and in rare cases, to the recharging of small devices connected via USB at the output of the production system. In some periods of high production, the non-consumed energy that exceeded the capacity of the batteries was released on a resistor.



The highest average monthly production was recorded in September (8.9 Wh) while the lowest (2.4 Wh) in November as shown in Figure 14. An example of the trend of daily generated and adsorbed energy is showed in Figure 15 and Figure 16.



It should be noted that consumption was strictly linked to the threshold set for the activation of the shadowing system and the climatic conditions. In fact, on some days of partial cloud, it happened that the activation of the shading system occured frequently due to oscillations above and below the threshold value, causing a higher consumption than normal.




4.2. Daylighting Model Calibration


The models of the traditional window and the SW-LSC were used inside the test building; the simulations using the illuminance map allowed to obtain the illuminance value at the points of the experimental test. The comparison between the simulated and monitored values after the calibration process in the test room is shown in Figure 17 and Figure 18:



To evaluate the accuracy of the models, the percentage error between the measured and the simulated value was calculated; the percentage error was expressed as the absolute value of the difference between the measured and estimated value, divided by the absolute value of the value measured, multiplied by 100. Most of the percentage errors calculated were around or below 10%.



In the case of SW-LSC, the error for I point at 12:00 and 13.00, CR at 12.00 and WP at 12.00 was higher than 10% (around 25%) due to irradiation values that were too high for the range of the measuring instrument used. For the same reason, in the case of traditional window, WP at 12.00 showed a higher error (22,5%). The DP at 14.00, 15.00 and 16.00 showed a high error (46%, 32% and 36%, respectively), as well as WP at 14.00 due to localized shading at the measuring point during the monitoring phase.



In conclusion, however, the models were a good approximation of reality and were validated for the cases of the traditional window and the SW-LSC. The calibrated models will be used in the whole building analysis.




4.3. Energy Generation Regression Analysis


As mentioned in the previous paragraph, a statistical analysis between electrical power produced by the LSC modules and incident solar radiation was performed. A stochastic model is usually used when there is a lack of information regarding physics involved within natural phenomena under study. Raw data for three variables were provided by sensors installed near LSC modules. Particularly, data on electricity produced, incident solar radiation on the modules and cell temperature were collected from 30 April 2017 to 18 November 2019, with a sub-minutely time-step (each measurement was performed every 30 s). Daily time range of observations were made from 7 a.m. to 7 pm. Firstly, anomalies were detected and removed. Then, the raw data were aggregated into hourly values, the averaging through the arithmetic mean.



Hourly mean values were normalized in the interval [0,1], applying min-max scaling method (Equation (13)):


  z  x  =     x − min  x        max  x  − min  x       



(13)




where z represent the normalized hourly variables. A further step was to split data into two groups, one for training the regression model, the other for the testing it. Within the former cluster, 2017 and 2018 data were included, whereas instead the testing sample included 2019 data. Figure 19 shows two graphs, the first shows the trend of normalized solar generation with respect to normalized solar radiation, the latter with respect to cell temperature. The correlation between the LSC power output and solar radiation can be clearly seen. In contrast, cell temperature has a null or weak correlation with the component generation. As that regression analysis was conducted exploiting only solar radiation as an independent variable, a simple regression linear model was analysed to explore a possible correlation between the above-mentioned variables (Figure 20), (Table 6). Mathematical details of the model were formulated in the previous paragraph. The analysis was conducted in the MATLAB environment and a bisquare robust option exploited, that is less sensitive to anomalous values, allowing the analyst to not remove manually outliers. In Figure 21, the real and fitted data are reported for two datasets used within the analysis.




4.4. Whole Building Analysis


4.4.1. Daylight Analysis


For the daylight analysis of the entire building, the annual calculation of the Daylight Autonomy (DA) is proposed to quantify the annual daylight and to determinate the level of direct sunlight both in the case of the SW-LSC and the traditional window. The DA value is defined as the percentage of time in a year that daylight can provide a given illuminance for a chosen point.



The method used (incremental method) assumes that the illuminance of daylight must exceed the illuminance required for the given time. In this study, we chose to analyse the DA for two values: a minimum threshold value of 300 lux and a maximum value of 500 lux, which is the recommended one for normal office work and PC work. The analysis period was a full year, and we assumed the occupied hours to be standard office work hours from 8 a.m. to 6 p.m. and 9 a.m. to 5 p.m., depending on the season. An acceptable value of DA was set at 50%, i.e., if the set threshold of illuminance was reached for at least 50% of the hours during the year.



The illuminance maps were created for all four perimeter areas of the building (facing north, southwest, and east) excluding the central area and the attic, which were not equipped with windows and were not exposed to direct solar radiation. The illuminance maps cover most of the area useful for office work, excluding the perimeter areas of the rooms, as shown in Figure 22.



Within the illuminance map, three useful and strategic points were chosen for each room, where the limit values in which to analyse the DA were set. These points were: left point (LP), central point (CP) and right point (RP). The results of analysis are show in the following Table 7:



The results show that the traditional window generally allowed higher DA values in both cases (300 lux and 500 lux). Considering the single zones, the traditional window made it possible to reach the desired value of DA300 (50%) in all points; LP of east zone, all point of north zone and RP of west zone showed a threshold percentage of less than 50% for DA500. Considering the entire building, the threshold of 50% was reached for both DA300 and DA500.



Regarding the SW-LSC, considering the single one, the DA300 (50%) was reached in all points except the LP of the east zone, all points of north zone, and the RP of west zone. It was not possible to reach the 50% threshold in the case of DA500 in most points, except for the RP points of the east zone (51.5%) and the LP of the west zone (51.9%). Considering the whole building, the 50% threshold was reached in the case of DA300 but not in the case of the DA500. This was due both to the characteristic of the SW-LSC and to the presence of the light shelf, which in any case had the beneficial effect of reducing glare phenomena near the window and guaranteeing greater uniformity of the radiation inside the rooms thanks to the reflection of the same towards the ceiling. This can be observed by analysing and comparing all points (10 × 10) of the illuminance maps created. For this purpose, five categories were defined:




	-

	
low daylight (<300 lux);




	-

	
acceptable daylight (between 300 and 500 lux);




	-

	
medium daylight (between 500 and 1000 lux);




	-

	
high daylight (between 1000 and 2000 lux);




	-

	
very high daylight (>2000 lux).









The categories and ranges were chosen considering the final destination of the analysed building, which is that of an office. The results of the analysis were expressed as a percentage of points for which the illuminance value was that established in the range considered (Table 8).



Table 8 shows that in the case of the SW-LSC, there were more points whose illuminance value fell in the area between 300 and 500 lux (acceptable daylight). For the traditional window, the percentage of points which fell in the area of “high daylight” and “very high daylight” was average more than 6% and 8% when compared to the case of the SW-LSC in the same range.




4.4.2. Thermo-Physical Analysis


The results related to the thermo-physical analysis are shown in the following figure (Figure 23, Figure 24, Figure 25 and Figure 26). First, the monthly heat balance in the small office was calculated for traditional window and SW-LSC model (Figure 23 and Figure 24); then the daily heat balance (heating and cooling) (Figure 25 and Figure 26) and the heat gain/loss from windows (Table 9) for the selected four days, and for the day before and after the reference day, were calculated. Results refer to the total heat balance relating to the four peripheral areas and the central area; the attic was always excluded.



Figure 23 shows that for the traditional window scenario, the monthly heating load was always higher than in the SW-LSC scenario (from 200 to 300%); the highest difference was recorded in January and it was equal to 1723 kWh/m2.



In the case of the cooling load, the scenario of the traditional window shows higher values (from 10 to 67%) from May to October; the highest difference was recorded in July and was equal to 0.589 kWh/m2.



The results showed that:




	-

	
During the cold sunny period (14–16 January), the maximum heating energy demand for the traditional window scenario was 0.048 kWh/m2. For the reference day (1/15) this value was 0.035 kWh/m2. The maximum heating energy demand for the SW-LSC scenario was 0.026 kWh/m2 (1/14), while for the reference day it was 0.017 kWh/m2.




	-

	
During the cold cloudy period (23–25 December), the maximum heating energy demand for the traditional window scenario was 0.033 kWh/m2. For the reference day of this period (12/24), this value was 0.031 kWh/m2 at 07.00. The maximum heating energy demand for the SW-LSC scenario was 0.015 kWh/m2 (12/25), while for the reference day it was 0.014 kWh/m2. Thanks to a higher mean temperature (−1.6 °C), the heating energy demand was lower when compared to those of the cold sunny period (Tm = −2.6 °C; MeanGlobHorRad = 119.5 W/m2K) for both scenarios, despite the lower solar input caused by the presence of clouds (83.1 W/m2K).




	-

	
During the warm sunny period (21–23 July), the maximum cooling energy demand for the traditional window scenario was 0.015 kWh/m2 (7/22). The maximum cooling energy demand for the SW-LSC scenario was 0.0095 kWh/m2 (7/22).




	-

	
During the warm cloudy period (27–29 August), the maximum cooling energy demand for the traditional window scenario was 0.008 kWh/m2 (8/29); for the reference day (08/28) this value was 0.007 kWh/m2. The maximum cooling energy demand for the SW-LSC scenario was 0.0048 kWh/m2 (8/29). For the reference day (08/28) this value was 0.0035 kWh/m2. Due to the lower solar radiation and mean temperature (Tm = 24.3 °C; MeanGlobHorRad = 255.7 W/m2K), the cooling energy demand was lower when compared to those of the warm sunny period (Tm = 27.1 °C; MeanGlobHorRad = 533.9 W/m2K) for both scenarios.









Table 9 summarizes the results for heat gains and loss in both scenarios.




4.4.3. Electricity Balance


The whole building was analysed from the perspective of electricity consumption, both in the cases of the SW-LSC and of the traditional window. Furthermore, the electricity generation of the SWs-LSC installed in the south perimeter of the office building was quantified.



The electricity consumption in the office building was divided in interior lighting, external lighting, and internal equipment. As the difference of the two models (SW-LSC and Traditional) refer only on the characteristics of the windows, the electricity consumption gap between the two cases regarded only internal lighting, how can be seen in Table 10.



The use of the traditional window involved an electrical energy saving of about 83 kWh per year for internal lighting. As confirmed by daylighting tests, the perimeter areas of the building had a higher DA and this also affected electricity consumption.



For the generation of electricity by the SW-LSCs, the mathematical formulation obtained statistically in the paragraph above was exploited.



As the LSC modules also generated energy with diffuse radiation, the calculation of the generated energy referred to all the radiation that hit the upper part of the SW-LSC, also considering the diffuse component from the sky and the ground.



The analysis showed that, for the office building, the SW-LSC (6 m2 modules) facing south allowed to produce 22 kWh of electric energy. In the case of the building analysed, the shape of the roof penalized the possibility of generating energy in the months with high global radiation as shown in Figure 27.



Due to the solar position during the period from April to October, the modules were often shaded and therefore the generation of energy was reduced compared to other months (from October to March).



A further simulation was carried out to exclude the shading caused by the roof and to evaluate the full production potential for the SWs-LSC facing south. The results showed that, in this case, the electric generation was 59 kWh/year, with an increase of 62% compared to the previous case.



Further studies and investigations will be necessary to determine the potential for generating electricity for exposures other than the south, finding a relationship between irradiation and generation and evaluating the production for the other SWs-LSC installed in the building.






5. Discussion


In this section, the main results of the analyses are summarized and explained.



The LCA results showed that the most impactful components of the SW-LSC system were the window frame (above 60% contribution in most categories), the light shelf (above 20%) and the DC motors and batteries (30.74% and 36.26%, respectively in abiotic depletion but a less than 4% in all categories). The LSC modules contributed less than 5% in all impact categories.



In a life cycle perspective, it is important to stress that the aluminium frame of the SW-LSC was made up of 75% recycled material; moreover, as it was a prototype, the element can be further improved, and the design could allow the use of other less energy-intensive materials. For the same reason, the substitution, or the remotion of potentially “onerous” elements from an environmental point of view, such as the light-shelf, could be evaluated.



Regarding the daylighting performances, the validated models were used to conduct simulations for a large-building and to obtain the value of daylight autonomy in the case of a threshold of 300 lux and 500 lux. Furthermore, the study made it possible to analyse the illuminance map and to compare the distribution of light in the large-building model, both for the SW-LSC and for traditional window case. The results showed that the traditional window generally obtained higher DA values in both cases (300 lux and 500 lux) when compared to the smart window. For the traditional window, the mean DA300 for all points was 65% and DA500 was 52% while for smart window DA300 was 51.5% and DA500 was 34%. Anyway, a deeper analysis showed that illuminance values for the smart window LSC, in the area between 300 and 500 lux (acceptable daylight), were higher that of the traditional window. Consequently, the percentage of points which falls in the area of “high daylight” and “very high daylight” is on average more than 6% and 8% for the traditional window, if compared to the case of SW-LSC in the same range. These results showed that, overall, the quality and intensity of the light that filters through the LSC smart window was more suitable for the considered environment (the office) than the traditional window.



The thermo-physical analysis was based on the standard ASHRAE 90.1. The building model used refers to the small office proposed by the ASHRAE Standard 2019. The analysis made it possible to obtain the daily and monthly heat balance and the heat gains and losses in two different scenarios that involved the use of traditional windows and the SW-LSC, as the only change to the basic ASHRAE model of the small office. The results showed that, for the traditional window scenario, the monthly heating energy use was always higher than in the SW-LSC scenario (from 200 to 300%); the highest difference was recorded in January and it was equal to 1723 kWh/m2.



In the case of the cooling energy use, the scenario of the traditional window showed higher values (from 10 to 67%) and the highest difference was recorded in July and was equal to 0.589 kWh/m2.



Electrical analysis results showed that the use of the traditional window involved an electrical energy saving of about 83 kWh per year for internal lighting as the perimeter areas of the building had a higher DA and this also affected electricity consumption. Anyway, the electric generation for the smart window LSC was 59 kWh/year for the site of Novara and it can be expected that this result can be further increased in locations with an average radiation higher than that of this study. As a result, the higher electricity consumption can certainly be counterbalanced by increased production thanks to the LSC modules. To this end, further studies are needed to quantify the impact of the reference geographical location.




6. Conclusions


In this study, a smart window prototype with integrated LSC modules was examined, focusing on environmental, lighting, thermal and electrical performance.



The environmental analysis identified hot-spots, characterized by the higher impacts, that could be taken into account for future design strategies of the system.



The experiment setup obtained the illuminance level inside the rooms, where the two windows were installed, through a monitoring study. The simulation of the lighting performance started after the creation of the two rooms model and the two windows models through an illuminance map that contained the points where the real measurements were taken. After the calibration process, based on the uncertainties of some model parameters, the results of the simulations were compared with those of the measurements and the percentage error between the two values (simulated and measured) was calculated. The results showed that the models created approximate with good accuracy (generally with an error of less than 10%) the characteristics of the two windows and allowed to validate the experimental procedure for obtaining and developing the data obtained.



After validation of the models in a test building, a series of analyses were conducted to evaluate the thermal, electrical and optical performance of the SW-LSC in a larger building (office), Although the results, especially whose of thermos-physical analysis, can be predictable, considering the better characteristics of the glass and the frame of the smart window compared to the traditional window, the study quantified the advantages of using the SW-LSC instead of a traditional window. The importance of these results lies in the innovation of the device and in the lack of references in the literature for this new technology; these results can be used for further investigations and for comparisons with other similar technologies suitable for the same type of application.



The analysis of electrical performance was performed starting with the collection of generation and consumption data monitored during the experimental study. Through a statistical approach conducted on these data, the relationship between irradiation and energy generation was obtained for the SW-LSC prototype installed in the test building. Subsequently, this relationship was used on the large-building to determine the generation of the SW-LSCs installed in the building and exposed along the same direction as the experimental tests. Finally, a comparison was made between the consumption of internal lighting in the case of the SW-LSC and the traditional window. The electrical performances evaluation showed that further improvements are necessary for LSC technology, in particular in their efficiency, as for certain locations (such as the reference one in the study) in which solar radiation does not reach high average values during the year, the production of energy only allows to balance the higher consumption due to a lower illumination of indoor environments.



In conclusion, considering the mixed nature of the SW-LSC prototype, we believe that the procedure presented in this study is an effective path to evaluate the performance of this new technology, also allowing a comparison with other semi-transparent PV technologies and smart glasses/smart windows, in the perspective of a real staircase of the building. Furthermore, this study provides useful information to plan energy renovation strategies for existing buildings to save on energy costs and to reduce the environmental effects of the building, involving a critical element such as windows.
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Figure 1. Graphical illustration of the analysis steps. 
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Figure 2. The curtain used to reproduce the white wall (different views). 
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Figure 3. Sketch of the SW-LSC system. 
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Figure 4. Stratigraphy of the upper double-glazing (transom window) with the LSC technology integrated. 1–2, an extra-clear laminated glass of 6.76 mm on the outside; 2–3, a gap of dehydrated air, 12 mm; 3–4, the central element is a (yellow) PMMA slab that incorporates the ENI REI plus technology, 6 mm thick; 4–5, a gap of dehydrated air, 12 mm; 5–6, an extra clear low emissive laminated glass, 6.76 mm thick, with the low emissive layer applied in face 5, as internal glass. 
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Figure 5. Stratigraphy of the lower double-glazing. 
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Figure 6. (a) The solar irradiation sensor placed on the external side of the window. (b) Position of the solar radiation sensor. 
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Figure 7. (a) Shading system in the configuration of the window completely closed. (b) Shading system in the configuration of the window completely opened. 
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Figure 8. The traditional window located on first floor. 
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Figure 9. Contribution of the SW-LSC elements. 
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Figure 10. (a) Inside view of second floor room (SW-LSC), (b) Inside view of first floor room (traditional window). 
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Figure 11. Location of measuring points inside the room. 
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Figure 12. (a) Room model with the SW-LSC, (b) Room model with the traditional window. 
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Figure 13. Plan (a) and perspective (b) view of the small office. 
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Figure 14. Monthly energy generated and absorbed for year 2018. 
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Figure 15. Daily energy generated during the period 12–30 September 2018. 
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Figure 16. Daily energy absorbed during the period 8–26 May 2018 reported with global mean radiation. 
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Figure 17. Gap between monitored and simulated value [lux] for SW-LSC model. 
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Figure 18. Gap between monitored and simulated value [lux] for traditional window model. 
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Figure 19. LSC energy generation vs. other variables. 
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Figure 20. Linear robust fitting for training and testing data. 
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Figure 21. Real vs. predicted LSC energy production values for a selected period. 
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Figure 22. Illuminance maps for the whole building. 
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Figure 23. Monthly heating requirements for the two alternatives. 
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Figure 24. Monthly cooling energy uses for traditional window and SW-LSC office models. 
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Figure 25. Daily Heat balance for SW-LSC (a) and traditional window (b)(cold sunny period). 
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Figure 26. Daily heat balance for the traditional window (a) and the SW-LSC (b) (warm cloudy period). 
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Figure 27. Smart windows exposed to south in the whole building model from two (a) and (b) views. 
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Table 1. Thermo-optical characteristics of the SW-LSC and of the traditional window.
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	Name
	SHGC
	Solar Transmittance at

Normal Incidence
	Visible Transmittance at Normal Incidence





	SW-LSC (upper window)
	0.49
	0.409
	0.678



	SW-LSC (lower window)
	0.507
	0.383
	0.631



	Traditional window
	0.819
	0.775
	0.881
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Table 2. Environmental impacts of SW-LSC.
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	Impact Categories
	Unit
	Production
	Assembly





	Abiotic depletion potential
	kg Sb eq
	3.0 × 10−2
	3.0 × 10−7



	Abiotic depletion potential (fossil fuels)
	MJ
	5.4 × 104
	3.6



	Global warming potential
	kg CO2 eq
	5.7 × 103
	4.0 × 10−1



	Ozone layer depletion potential
	kg CFC-11 eq
	2.1 × 10−4
	1.6 × 10−8



	Human toxicity
	kg 1,4-DB eq
	5.3 × 103
	3.5 × 10−1



	Fresh water aquatic ecotox.
	kg 1,4-DB eq
	3.6 × 103
	2.2 × 10−1



	Marine aquatic ecotoxicity
	kg 1,4-DB eq
	4.7 × 107
	3.3 × 103



	Terrestrial ecotoxicity
	kg 1,4-DB eq
	1.2 × 10
	1.4 × 10−3



	Photochemical oxidation
	kg C2H4 eq
	2.00
	1.4 × 10−4



	Acidification potential
	kg SO2 eq
	3.2 × 10
	2.3 × 10−3



	Eutrophication potential
	kg PO4 eq
	8.3
	5.6 × 10−4










[image: Table] 





Table 3. Reference days characteristics.
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Reference Days

	
Mean Dbt

	
Mean

GlobHorRad

	
Month

	
Mean Dbt

	
Mean

GlobHorRad




	

	
°C

	
Wh/m2

	

	
°C

	
Wh/m2






	
24 December (cold cloudy)

	
−1.8

	
68.2

	
December

	
2.8

	
118.3




	
15 January (cold sunny)

	
−4.5

	
136.2

	
January

	
1.7

	
136.2




	
22 July (warm sunny)

	
27.2

	
550.5

	
July

	
23.6

	
429.3




	
28 August (warm cloudy)

	
24.8

	
219.8

	
August

	
22.9

	
349.4
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Table 4. Illuminance values recorded during the monitoring study for and traditional window.
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Traditional Window—Monitoring Results [Lux]




	
Time

	
Points




	

	
UW

	
I

	
CR

	
DP

	
WP






	
11:00

	
6900

	
26,600

	
22,400

	
22,200

	
36,300




	
12:00

	
6720

	
9700

	
50,700

	
48,200

	
61,700




	
13:00

	
7530

	
55,000

	
7050

	
4530

	
55,500




	
14:00

	
6220

	
6690

	
4620

	
2640

	
7900




	
15:00

	
4390

	
4420

	
2930

	
1930

	
3720




	
16:00

	
1650

	
1710

	
1160

	
800

	
1700
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Table 5. Illuminance values recorded during the monitoring study for SW-LSC.
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SW-LSC—Monitoring Results [Lux]




	
Time

	
Points




	

	
UW

	
I

	
CR

	
DP

	
WP






	
11:00

	
3500

	
4300

	
3740

	
3400

	
19,800




	
12:00

	
3520

	
46,800

	
46,660

	
3560

	
44,800




	
13:00

	
3350

	
47,100

	
3240

	
2340

	
40,600




	
14:00

	
3060

	
3300

	
2320

	
1760

	
2750




	
15:00

	
2220

	
2500

	
1730

	
1270

	
1850




	
16:00

	
910

	
1107

	
825

	
630

	
864
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Table 6. Main features of the regression model.
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Regression Model

	
R2

	
RMSE

	
MBE






	
Training set (2017–2018)

	
Y = 0.7077 × x + 6.024 × 10−6 +   ε  

	
≈0.95

	
≈0.04

	
≈0.02




	
Testing set (2019)

	
≈0.87

	
≈0.07

	
 ≈ − 0.01
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Table 7. Daylight autonomy (DA) for the reference points.
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SW-LSC_South Zone

	
Traditional_South Zone




	

	
LP

	
CP

	
RP

	
LP

	
CP

	
RP






	
DA300

	
56%

	
58%

	
56%

	
65.8%

	
68.5%

	
65.9%




	
DA500

	
43.2%

	
46.1%

	
43.6%

	
57.1%

	
61.2%

	
57.0%




	

	
SW-LSC_East Zone

	
Traditional_East Zone




	

	
LP

	
CP

	
RP

	
LP

	
CP

	
RP




	
DA300

	
40.3%

	
55.0%

	
63.1%

	
57.7%

	
67.4%

	
71.5%




	
DA500

	
22.7%

	
37.1%

	
51.5%

	
41.5%

	
55.8%

	
63.2%




	

	
SW-LSC_North Zone

	
Traditional_North Zone




	

	
LP

	
CP

	
RP

	
LP

	
CP

	
RP




	
DA300

	
42.9%

	
43.6%

	
38.9%

	
63.0%

	
62.8%

	
62.8%




	
DA500

	
16.3%

	
16.9%

	
11.2%

	
44.0%

	
44.4%

	
44.1%




	

	
SW-LSC_West Zone

	
Traditional_West Zone




	

	
LP

	
CP

	
RP

	
LP

	
CP

	
RP




	
DA300

	
63.1%

	
59.5%

	
42.2%

	
71.6%

	
66.0%

	
58.9%




	
DA500

	
51.9%

	
44.3%

	
23.6%

	
63.4%

	
54.1%

	
43.3%




	

	
SW-LSC_TOT

	
Traditional_TOT




	

	
LP

	
CP

	
RP

	
LP

	
CP

	
RP




	
DA300

	
50.9%

	
54.2%

	
50.1%

	
64.0%

	
65.8%

	
64.3%




	
DA500

	
33.2%

	
35.5%

	
31.8%

	
51.4%

	
53.7%

	
51.9%
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Table 8. Percentage of points in the illuminance map with an illuminance value that falls within the defined range.
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Illuminance

Range

	
SW-LSC

	
Traditional Window




	
North

	
South

	
West

	
East

	
North

	
South

	
West

	
East






	
>300

	
48.8%

	
34.9%

	
38.6%

	
39.5%

	
29.7%

	
25.2%

	
26.7%

	
27.1%




	
300 < x < 500

	
28.8%

	
12.6%

	
17.5%

	
17.7%

	
18.8%

	
8.5%

	
12.3%

	
13%




	
500 < x < 1000

	
17.8%

	
24.8%

	
21.6%

	
20.8%

	
38.2%

	
17.3%

	
24%

	
24.1%




	
1000 < x 2000

	
3.9%

	
18.3%

	
14.7%

	
14.3%

	
10.9%

	
26.2%

	
20.3%

	
19.1%




	
<2000

	
0.7%

	
9.4%

	
7.6%

	
7.7%

	
2.4%

	
22.8%

	
16.7%

	
16.7%
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Table 9. Heat gain and loss for traditional window and the SW-LSC scenarios.
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Cold Sunny Day (01/15)




	

	
Traditional Window

	
SW-LSC






	
Max heat gain

	
0.0055 kWh/m2

	
0.007 kWh/m2




	
Max heat loss

	
0.013 kWh/m2

	
0.0045 kWh/m2




	

	
Cold cloudy day (12/24)




	

	
Traditional window

	
SW-LSC




	
Max heat gain

	
0.011 kWh/m2

	
0.003 kWh/m2




	
Max heat loss

	
0.012 kWh/m2

	
0.003 kWh/m2




	

	
Warm sunny (7/22)




	

	
Traditional window

	
SW-LSC




	
Max heat gain

	
0.024 kWh/m2

	
0.016 kWh/m2




	

	
Warm cloudy (8/28)




	
Traditional window

	
SW-LSC




	
Max heat gain

	
0.021 kWh/m2

	
0.011 kWh/m2
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Table 10. Electrical consumption for whole building case.






Table 10. Electrical consumption for whole building case.





	

	
Traditional

	
SW-LSC






	
Interior Lighting

	
11,619.44 [kWh]

	
11,702.78 [kWh]




	
Exterior Lighting

	
1597.22 [kWh]




	
Interior Equipment

	
13,716.67 [kWh]

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file52.png
Traditional - Daily Cooling Load - Warm Cloudy

[oD] 2amyeradwa |, qng L1(q

- Q) - e -

on @\ @\ — — v -
]
/ ]
/ |
/
/ e
i
yi - -
- y
8 =TT
<
// ll" -
S ',"’
! s
/
/
/
/
/
/
/ [
v /*
/ i
! b
\ AW\\\
/ I" ——
N """' —
\ // -—
\ ~
\ S
)
!
/
/
/
/
/ Ui
/ -s-
/ E——-T—id
\ ===
\ IIMV-
/ "\" S
\ ","'"' Il
. -
S\ P""
\ N
]
_ |
! ]
] |
AN 0O > ©O VN I on A — O
o O O O O O O O O O
S S 3S3S3S3S3S3S3SS
o O O O O O O O o O

[(UY/yM D] uorjerpes feqoro
[cw/yMm>I] peo] Surjoo)

00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10
00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10
00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10

6¢/80
6¢/80
6¢/80
6¢/80
6¢/80
6¢/80
6¢/80
6¢/80
8¢/80
8¢/80
8¢/80
8¢/80
8¢/80
8¢/80
8¢/80
8¢/80
£2/80
£2/80
£2/80
£2/80
£2/80
£2/80
£2/80
£2/80

— — — = Temperature

======- Global radiation

mmmmmm Cooling Load

(a)

LSC - Daily Cooling Load - Warm Cloudy

0.007

[oD] 2amyeradwa 1, qng L1(q

e S ) -
(Q\ (Q\ — — e -
’ |
/ |
4 |
/7 -
/ o=
“‘
/ -7 =
) ﬂv
' I
/ "" ——
/ \\v —
N\ ” ——
N\ l"' -
~ """"’
\ S
/
/
/
/
/
/
/
U4
\\ ’
{
"““““‘
~
\ ,’ ——
N\ """"""' -
\ IIII
\ See
\ Sseeo
I
!
/
/
/
/
/ /
/ /
/ /
“{
/ ‘””". —
N ""","" I_
y -1
\ 'y
~ ""','
\ S~
|
_ |
' |
[} [
\O Lo < (99) (& — (@)
) ) ) ) ) )
S S 35 & & 3
(@) (@) (@) (@) (@) (@)

[(UY/yM D] uorjerpes feqoro
[cw/yMm>I] peo] Surjoo)

00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10
00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10
00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10

6¢/80
6¢/80
6¢/80
6¢/80
6¢/80
6¢/80
6¢/80
6¢/80
8¢/80
8¢/80
8¢/80
8¢/80
8¢/80
8¢/80
8¢/80
8¢/80
LZ/80
LZ/80
LZ/80
LZ/80
LZ/80
LZ/80
LZ/80
LZ/80

— — — = Temperature

======- Global radiation

mmmmmm Cooling Load

(b)





media/file39.jpg
Gemaraton [

Sowrasuon]

oS





media/file18.png
Eutrophication
Acidification
Photochemical oxidation
Terrestrial ecotoxicity
Marine aquatic ecotoxicity
Fresh water aquatic ecotox.
Human toxicity

Ozone layer depletion
Global warming

Abiotic depletion

Abiotic depletion

LSC modules
I Batteries

B Light shelf

AN o [ e

0

0.2

O Window frame
Bl Motors

. Venetian Blind

0.4

0.6 0.8

M Double glazing
B Aluminium mask and box

= Cables and connectors

1





media/file21.jpg





media/file44.png





media/file26.png





media/file7.jpg





media/file28.png
Energy generated/energy absorbed [Wh]

Apr

Bl Energy generated

May June July

Aug

Energy absorbed

Sept

Oct

Nov






media/file10.png
o





media/file49.jpg
g

Heating loac
Globl radistio MW a1

oo Lo e

b

Dry Belb Temperatuse I

Dry Bulb Temperature ]





media/file11.jpg





media/file6.png





media/file36.png
LUX

60,000

20,000

40,000

30,000

20,000

10,000

U =h

CR rrrrrrrrn

U
N
Uy =
CR ==
DP 3
DP
e
Uy =
]

I o 0O O - 'l - 0 - = ."‘: 0 g - L :“: "l
g J o = = = U.o 2|3 J o =
11.00 12.00 13.00 14.00 15.00 16.00

O Monitorated K~ Simulated





media/file15.jpg





nav.xhtml


  sustainability-14-04292


  
    		
      sustainability-14-04292
    


  




  





media/file54.png
(b)

(a)





media/file2.png
Methodology steps

SW-LSC: Life cycle SW-LSC: Performance
assessment analysis

Environmental aspects Monitoring phase

evaluation Experimental tests

Model Creation

Test building analysis

Model Calibration
Statistical model for
electrical performances

Whole building analysis

Electrical performances Daylight performances Thermal performances
evaluation evaluation evaluation






media/file53.jpg





media/file23.jpg





media/file24.png





media/file29.jpg
wi/M] uoREIpEs UL [£GO]D)

0
100
0

10
8
6
4

[ym] paresauas ASsoug

—— Global mean radiation

R Output energy





media/file1.jpg
ctcalmodelfor
clecincalpertormance






media/file12.png
(b)






media/file9.jpg
A A A
e to et
SRR

De %0 %0 0 % % % %0 e e






media/file42.png
Generation [-]

0.7

0.6

0.5

o
»

e
w

0.2

0.1

TN

= Sl = L)

7

A
. -
==
O

e = g g g o B o W WY

T

@ —— O

>k,

4

date/time

o O
o era s

NS

-©

F=P===00680G~--0

==z

S - p— S S\

TS5

—
-

-

LB

PV

Boozozpr == ===

O = E~o~0~—6O

-5

———

5=

O=:

'|

-3 — Monitored
- — Predicted

03
) I
=3

"

S

=¥E - & o )
— ~—a — L
:::-:::—;-;—«W—-e—eo
2 = = )

-~
- -
-

-

b @5—6—2@}

2= @g0= =0 -©
—6:-

PEB <
= Ehe
NG 3;;3_@

G OO0 0O 8 v aR= o an s e






media/file47.jpg
[kWh/m?]

16
14

10
08
06
04
02
00

e

s

wll

@ Traditional

Smart window-LSC





media/file38.png
Generation [-]

Generation [-]

o
™

o
(o

0.6

0.7

I [

® Generation vs. Solar Radiation

.

f & ‘. .‘.'..
M

"'3,’.‘.0. °

a® ..o. . .

o

o
@

o
»

©
»

Cell temperature [-]

[ [






media/file17.jpg
Eutrophication FEEE=——————————yurx
Adidification  HE e ——
Photochemical oxidation B ——
Terrestrial ecotoxicity I S ——
Marine aquatic ecotoxicity | e e —
Fresh water aquatic ecotor. | e Sy ——
Human toxiclty e ——
Ozone layer depletion
Global warming

Abiotic depletion

Abiotic depletion

0 02 04 06 08 1
ELSC modules OWindow frame SDouble glazing
DBatteries BMotors @ Aluminium mask and box

mLight shelf X Venetian Blind  Cables and connectors





media/file30.png
250

12

[cW/M] uoneIper UB3W [2qO[D

o o o
o Lo e} o
(q\l — — LO e}

das-o¢

dos-6¢

das-gz
dag-/2
das-9¢

das-6z

e ) ¥ nﬁwm -¥C

das-¢cz

dag-z¢
ﬂ.PH.m.H.W—tm.H.H..—...—...—...—...-...-...-...-...-...-...-..H..’H.H..1..1..1..1..1..7..1..1..7..1..-...7..1..-...7. Q@m - H N

B e e e e e

z dog-0z
dag-61
dag-81
dag-/1
dag-91
dag-g1
dag-p1
dag-¢1

dos-z1

[Ym] parerauad AS1ouy

Global mean radiation

EEZEE Output energy





media/file51.jpg
‘Traditional - Daily Cooling Load - Warm Cloudy

Cooling load [kWh/m’]
Globalradiston [GWHh

Dry Bulb Tempersture C°]

=T
B i

Dry Bulb Temperature [C*]





media/file35.jpg
N"EE" NEm M!T@M""m"" -






media/file48.png
[KkWh/m?2]

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

S &
S >° > Q
> < D had
A\ @

@ Traditional

B Smart window-LSC






media/file27.jpg
ELLLLLLLLL,L@

Jan  Feb  Mar  Apr May Jue Juy Aug Sept Oct Nov Dec






media/file3.jpg





media/file22.png
# ]\:D 3

v
000 & ox
4 or






media/file19.jpg





media/file40.png
0.9

0.8

0.7

0.6

Solar radiation [-]

0.4

0.1

I, _ _
mg -~ m. .
8 £ 3
®® a s
gF 3
R z g
o
L &N = B * B
o
. Cd
.
— I~ * B
L
. )
.
N ‘
n .
$ .
=
s L 5.
m .
a .
5 e
»n o
Y vl
o
e o
b ....' I m. ; 1
lv. ..“.
) "gloa
...w.... o’ R
L
s
."i.o
|- | | |
- © © < N . S S S s °
2 S S S o o o o

[-] uonessus

[-] uonessus





media/file33.jpg
Lux

50,000

0000

30000

20000

OMontorated  Qisimulated





media/file32.png
160

[;W/M] uonerper ueauw [eqo[D

140

Lo
)

o o
(q\ o o (@} o
— — 0 O <t

(e9! LO (q\l Lo —

(q\l —

[UM] pa3e1auag A31auy

)

(q\l )

e e e m o o m e e
e e e e

o e R B R

P

" o o o " o o e
e e e e e T S e

0.5

AeN-97
AeN-GT
AeN-1T
AeN-¢T
AeN-TT
AeN-TT
AeN-07
AeN-61
AeN-QT
AeN-£1
AeN-91
AeN-GT
AeN-H1
AeN-¢T
AeN-TT
AeN-TT
AeN-0T
AeIN-60
AeIN-80

Global mean radiation

@ Energy consumption






media/file14.png





media/file41.jpg





media/file37.jpg





media/file46.png
[KkWh/m?]

3.0

2.5

2.0

0.5

0.0

@ Traditional

Bl Smart window-LSC





media/file45.jpg
30

BSmart window-LSC

B Traditional





media/file16.png





media/file20.png





media/file50.png
LSC - Daily Heating Load - Cold Sunny

[oD] 2amyeradwa 1, qng L1(q

—
<
-

N
<
-

[(urep/YMIAI] o1eIpel [eqoD)
[cw/yM>] peo] Sunesy

o
<
S

0.035
0.025
0.015
0.005

00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10
00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10
00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10

91/10
91/10
91/10
91/10
91/10
91/10
91/10
91/10
G1/10
G1/10
G1/10
G1/10
G1/10
G1/10
G1/10
G1/10
v1/10
v1/10
v1/10
v1/10
v1/10
v1/10
v1/10
v1/10

— — = = Temperature

-===-—--Global radiation

s Heating Load

(a)

Traditional - Daily Heating Load - Cold Sunny

[oD] 2amyeradwa |, qng L1(q

-
© + o o & ¥ ¥ %9 =
7 i
\ —(
—(
v —f
—f
7 -
« ““\\‘
~ s\\ -
lI """""
\ —_
L
/ l
/ |
{
S~
J
-~
T L3
-l\ ‘\\\\‘
<=7 —
/Illl -
/l’l —
j
\\
/
7
A
\ |”
\ |”
/A —
P \“s
vy ‘\\\\
\/ \\\\\l -
~— \"" -
/I """ —
/l
/1
o 1 o 1 o 1 o 1 o 1 9O
0 I ¢ oo o o A = 4 O O
S © O 3 O o o o o & 5
o O O O O O o o o o o

[(urep/YMIAI] o1eIpel [eqoD)
[cw/yM>] peo] Sunesy

00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10
00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10
00:00-¢¢
00:00-61
00:00-91
00:00-€T
00:00-0T
00:00-:20
00:00-%0
00:00-10

91/10
91/10
91/10
91/10
91/10
91/10
91/10
91/10
G1/10
G1/10
G1/10
G1/10
G1/10
G1/10
G1/10
G1/10
v1/10
v1/10
v1/10
v1/10
v1/10
v1/10
v1/10
v1/10

— — — Temperature

======- Global radiation

. Heating Load

(b)





media/file5.jpg
/,:// I ,/ /






media/file31.jpg
[W/M] uonerper uedw [eqof,

160
140
120
100

©

WAz
ko2

fewzz

Wiz

S0z

fep61

Wl
Szt
fepeot
St

fep-pt

Szt
foert

[4M] paresauas A8raug

Global mean radiation

R Energy consumption





media/file25.jpg





media/file0.png





media/file8.png
SCSSESIISS
SSOIS58S
SSOISSISS
5SS
S5OSO
A A S
5SSOI

INDOOR





media/file43.jpg





media/file34.png
LUX

20,000

40,000

30,000

20,000

10,000

——1
L |

LA

CR

| o
R =
DF =

11.00

W

=]
[ = |

LJ WA

CR rrrrrrrrrrrrrrrrrrrrrrrTT

12.00

OF =8
| m—'

-

OF =

8 8 o
$3- 553365
13.00 14.00

O Monitorated QASimulated

mmﬂﬂmmmmnn
58 g % TBa
15.00 16.00

WP





