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Abstract

:

A zero-energy building (ZEB) requires an innovative integration of technologies, in which windows play a paramount role in energy reduction, storage, and generation. This study contributes to four innovative designs of sliding smart windows. It integrates air-gap (AG), phase change material (PCM), photovoltaic (PV), and vacuum glazing (VG) technologies. These smart sliding windows are proposed to generate electricity along with achieving efficient thermal insulations and heat storage simultaneously. A two-dimensional multiphysics thermal model that couples the PCM melting and solidification model, PV model, natural convection in the cavity, and the surface-to-surface radiation model in the vacuum gap are developed for the first time. The model is validated with data in the literature. The transient simulations were carried out to investigate the thermo-electrical performance of a window with an area of 1 m by 1 m for the meteorological conditions of Kuwait city on the 10th of June 2018, where the window was oriented to south direction. The results showed that the total solar heat energy gain per unit window area is 2.6 kWh, 0.02 kWh, 0.22 kWh, 1.48 kWh, and 0.2 kWh for the double AG, AG + PV + PCM + VG, PV + PCM + VG, AG + PV + PCM, and the ventilated AG + PV + PCM + VG, respectively. The results elucidate the advantages of the integration of VG in this integrated sliding smart window. The daily generated PV electrical energy in these systems is around 1.3 kWh, 1.43 kWh, and 1.38 kWh for the base case with double AG, PV + PCM + VG, and the ventilated AG + PV + PCM + VG respectively per unit window area.
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1. Introduction


An increase of global energy consumption is mainly due to the preventable heating/cooling energy loss from residential buildings [1,2]. It is well known that the energy consumption in buildings is largely influenced by inadequate thermal insulation of the building’s exterior facades. In the ongoing trend of the construction of high-rise buildings, a vast exterior facade has usually been constructed from a transparent glazed window. These glazing facades accomplish a modern appearance for buildings. However, it also increases the building heat gain, especially for the facades oriented to the south. Therefore, proposing an elegant facade for these applications is of great importance to mitigate the thermal energy transfer via these boundaries. In more detail, plenty of research findings have stated that the building sector consumes over 40% of the end-use energy in the world [3].



The energy consumption for heating and air conditioning systems is still rising with the increasing demand for thermal comfort. Therefore, there is an enormous potential to enhance building energy efficiency in the areas of heating and cooling technologies [1]. The glazed area and the shading devices have a significant role over energy building consumption, so many research studies and prototypes have been developed in the last years to increase the thermal and energy efficiency of the buildings’ exterior facades. An improvement to the thermal performance of the glazing area of the building can be attained with the integration of modern renewable energy and storage devices that contributes to the utilization of new phase change and photovoltaic materials, geometrics, and new techniques to propose solutions for buildings’ energy issues. Moreover, ventilated facades (VF) has been a priority area by the European Directive, and as a suitable tool to improve the energetic efficiency of refurbished buildings [4].



Goia et al. [5] proposed one of the efficient ways to enhance the thermal capacity of the glazing system, the double glazed window filled with phase change material (PCM). Ismail et al. [6] compared two different types of windows, filled with absorbing gases and the other one filled with PCM. They calculated the heat transfer through the window, which compared and discussed the total heat gain coefficients. Weinläder et al. [7] studied the excellent capability of the double-glazed window filled with PCM to decrease solar heat gains. The authors investigated the thermal performance of three glazing systems that integrated a plastic container filled with different PCMs and compared them with a double-glazed window filled with PCM through experimental and mathematical methods and analyzed the energy performance of the components. They concluded that the PCM configuration could decline the heat losses in the south-oriented façade by approximately 30% and solar gains by nearly 50%. Zhong et al. [8] conducted experimental and simulation studies to investigate the performance of heat transfer of the double-glazed window filled with PCM, and they enhanced the thermophysical parameters of PCM filled inside the windows. Manz et al. [9] experimentally proposed a two-layered passive wall system, combining a salt hydrate PCM and a transparent honeycomb-type insulation material. The PCM was filled into glass containers. They concluded that the phase change energy storage was a higher usage of the solar gains because of more evenly distributed energy flows into the building; on the contrary, the backscattering of solar radiation in the solid-state leading to reductions of heat and light gains.



Several transparent building elements incorporating translucent or see-through PCM have been proposed in recent years, Weinlaeder et al. [7] combined PCM with double glazing, which encapsulated PCMs in transparent plastic containers. The containers were placed behind conventional double-glazing with an air gap of about 10 mm. Ismail and Henriquez [10] proposed a more advanced and dynamic technology based on an active PCM moving curtain, resulting in a highly responsive system designed to reduce heat loss in cold seasons. The results indicated that the PCM filled double glass window is more thermally efficient than the air-filled window itself. In another study, Ismail and Henriques [11] investigated the heat transmittance and optical/thermal properties of a conventional double-glazed unit filled with a glycol mixture using numerical models and dedicated spectrophotometric analyses. They concluded that the proposed composite window design appears to be efficient in minimizing incoming solar radiation.



Goia et al. [12] proposed a simple prototype of a PCM glazing system compared with a conventional double-glazed unit with air. The result indicated that the PCM glazing system provided better indoor thermal conditions than the traditional system during various seasons. Furthermore, they concluded that the higher the outdoor solar radiation, the better performance offered by the PCM glazing unit. Gowreesunker et al. [13] evaluated the thermal and optical characterization of the PCM glazing systems. The results concluded that the use of the PCM within a double-glazed unit enhances the thermal mass throughout phase change, and it influences the visual characteristics of the window. Zhong et al. [8] indicated that when PCM was used in the PCM-filled glass window, the thermal insulation and peak cooling load shifting were remarkable in China’s hot summer and cold winter. Besides, the heat entered the building through this structure decreased by 18.3% on the average sunny summer day. In Northeast China, Dong et al. [14] simulated the thermal performance of PCM-filled double-glazing units with different PCM properties. Solgi et al. [15] explored the potential for coupling PCMs with night ventilation under various Australian climate conditions. It has been shown that the amount of ventilation airflow does not affect the PCM’s transition temperature, while it affects the use of cooling energy. In Brisbane, the city with the highest daily temperature fluctuations, higher cooling energy savings were measured up to 82%. Ismail et al. [6] conducted a computational simulation of the two principles of glass windows, that is, a double glass window filled with infrared absorbing gases, and studied the other one filled with PCM. They concluded that the double glass window filled with an absorbing gas mixture and using reflective glass is more efficient.



Based on the recent literature survey, the PCM application in the window proved its efficiency for building’s energy saving. However, the transparency of the PCM filled in the window glazing changes according to the transient melting behavior. Besides, in most recent investigations, they applied the PCM filled between two glazings for windows. In this structure, the building heat gain from windows increases very fast once the melting starts. Therefore, the optimal design of the PCM thickness is essential to avoid the complete melting at noontime is of great importance.



Further, once the complete melting occurs, the transparent view of the PCM allows the sun rays to enter the building and increases the solar heat gain. Finally, daylighting is also essential for human comfort. Therefore, a new design for integrating the PCM in windows is of great importance.



In commercial and domestic buildings with large glazing facades oriented to the south, the HVAC designers recommend using window shutters to block the sun rays. This approach decreases the solar heat gain from the window and slightly affects the heat transfer rate from the outside air. Therefore, the novelty of the present study can be represented in two main aspects. First, four different designs of sliding windows are proposed. With this sliding option, the occupants can choose manually or automatically between different window structures. In these window structures, the integration of photovoltaic (PV), PCM, and vacuum glazing (VG) options are implemented. Instead of using the traditional window shutters to decrease the solar heat gain, the glazed PV layer is used to block the sun rays and simultaneously generates electricity at the time where the sun ray block is essential. The PCM functions are to decrease the thermal heat gain and keep safe operation for the PV layer. Second, a comprehensive transient thermal model for the proposed windows is developed, and is validated step by step with data in the literature. The model is simulated at typical hot weather conditions of Kuwait City. The proposed window designs consist of multiple sliding parts that can be hidden into the wall structure to fulfill different occupant needs with the most recent energy-saving technologies.




2. Physical Model


The proposed window designs differ from traditional design. In the conventional methods, to enhance the thermal insulation performance of the single glass (SG) window, two-glass layers with a single air gap (SAG) in between are commonly used. This decreases the thermal heat transfer to the building due to the higher thermal resistance of the air gap layer. This structure can be achieved by forming a single glass layer facing the outside, and the air gap is formed by sliding the inside glass layer. In addition, hanging or sliding window shutters are used to decrease solar heat gain.



On the other hand, in the currently proposed window designs, the window is constructed from two main parts. The first part is the outside glass regular sheet, while the sliding elements are different. The sliding elements in the current new design consist of different layers to mimic different operating scenarios. These designs combine the conventional SG layer with the photovoltaic (PV) layer, phase change material (PCM) layer, and vacuum glazing (VG) technology. These designs are proposed to reduce the building solar thermal heat gain along with electrical energy generation and providing indoor privacy and security. These scenarios are depicted in Figure 1. All these windows are simulated with an area of 1 m by 1 m. The main advantages of these designs are that they can accomplish very high thermal insulation, lower solar heat gain, and electricity generation. In addition, no conventional shutters are needed because the opaque structure of the used PV layer makes the same function for the shutter with electricity production.



In the first design, named base-case in Figure 1a, the structure consists of a 3 mm glass layer representing the existing SG window. The sliding part, in this case, is a polycrystalline silicon wafer pasted on another single layer of glass with a thickness of 3 mm. And another third glass layer slides at the backside of the photovoltaic layer to make a double air gap layer. This second air gap layer further decreases the heat transfer rate from the building exterior to the indoor air.



Consequently, a lower U-value along with a lower noise effect can be accomplished with this air gap compared with the single glazing window (SGW) or the double glass window with an air gap in between. As this structure contains three glass layers with a double air gap (DAG) and layers PV layer, for easier mentioning it is called (DAG + PV) window. In this design, for the outdoor light transparency requirements, the sliding part can be kept inside the wall or partially opened according to the indoor human needs. However, at the time where no indoor light requirements such as being out or daytime sleeping, the sliding part can be moved to allow the electrical power generation by the PV layer. This idea can be considered as a new window integrated photovoltaic system.



However, the base-case in Figure 1a could suffer from a high heat transfer rate, especially in hot arid or harsh cold climates. Therefore, the second window in Figure 1b is proposed to overcome this problem. In this design, a vacuum gap with a thickness of 0.12 mm attained by an array of micropillars is used to separate two 3 mm glass sheets. This vacuum gap is edge sealed using indium sealing, as detailed in [16]. The silicon wafer is pasted on one side of the glass layer facing the outdoor. The structure of vacuum-based PV is detailed investigated and proved its lower U-value in [17]. Therefore, in this design, the sliding part is the PV with the PCM layer followed with the VG layer. This structure has the benefit of three thermal insulating layers of the external formed air gap, lower thermal conductive PCM layer, and the VG layer. In addition, electrical power generation can be accomplished by the PV layer. Further, the essential function of the thin PCM layer is to accomplish efficient thermal management for the silicon wafer and attain safe and lower solar cell operating temperatures [18]. For easier mentioning, this case is called (SAG + PV + PCM + VG) structure.



To clarify the benefit of using the VG to decrease the thermal heat gain, the structure in Figure 1c is proposed. In this design, called (SAG + PV + PCM) without VG, the window structure includes the air cavity and PV with the PCM layer. Finally, in Figure 1d, the full case of (SAG + PV + PCM + VG) is proposed with removing the outside air cavity. The exterior air cavity is removed by sliding the outer glass layer inside the building wall. This last case is presented to further increase the heat loss from the external surface of the silicon wafer to exterior ambient air. For easier mentioning, the final case is called (PV + PCM + VG) window.



Another important case called ventilated full case is also investigated. In this case, the same structure, as in the full case, Figure 1b, is used. In contrast, the air cavity is considered as an air duct on the front surface of the PV. This design increases the heat dissipation rate from the top surface of the PV module and decreases its temperature. This design could result in enhancing the PV efficiency along with lowering the heat gain by the building. In the present study, the air gaps are kept at 150 mm through all the simulation. In addition, all the used glass layers have a thickness of 3 mm, as indicated in Figure 1e.



The evaluation criteria are conducted based on the inner glass layer temperature, solar cell temperature, generated electric power, and the indoor heat gain.




3. Theoretical Analysis


To thermally model the dynamic and responsive behavior of the proposed designs, a 2D multiphysics model is developed. The developed model combines three modes of heat transfer, including conduction in the solid layers of the glass and the PV layer with the natural convection equation inside the air cavity and the radiation heat exchanges in the vacuum and the air gap layer. In addition, the solidification and melting model is activated to consider the heat transfer process in the PCM layer using the enthalpy porosity technique [16]. This model tracks the transient liquid-solid interface along with the temperature field in the PCM domain during the melting and solidification process. To simulate the proposed complicated problem, the following assumptions are adjusted.



	
The thermophysical properties of all solid layers are assumed to be homogeneous and temperature independent.



	
The heat transfer through the glass thickness is assumed to be negligible due to the smaller glass thickness compared to the front area.



	
The received solar radiation is assumed to be uniformly incident on the PV layer.



	
The indoor environment is assumed at the temperature of 25 °C with an indoor convection heat transfer coefficient of 8.1 W/m2. K through all the daytime. This convention heat transfer coefficient mimics the natural convection in the building indoor as used in American Soceity for Testing and Material (ASTM) [17].






3.1. Governing Equation and Boundary Conditions


A comprehensive 2D model for the proposed window layers is developed. This model couples the phase change phenomenon in the PCM with the natural convection in the air cavity with the surface to surface (S2S) radiation model in the vacuum gap. The governing equations used to solve the conjugated heat and fluid flow are stated as follows:



For the solid glass layers, the conduction heat transfer occurs. Consequently, the transient conduction heat conduction equation with internal heat generation source can be written as follows:


   ∇ 2   T i  +    q i     k i    =  1   α i      ∂  T i    ∂ t    



(1)




where is    ∇ 2    is the Laplacian operator, T is temperature, qi is the internal heat generation per unit volume in the layer i resulted from the solar radiation absorption in (W/m3), ki is the thermal conductivity of the layer i in W/(m·K), αi is the thermal diffusivity of layer i in (m2/s), and t is the flow time (s). The heat generation term in each layer is estimated for the front glass layer and the silicon wafer only. This because the opaque or low light transmissivity of the silicon wafer does not allow the solar light to be transferred to the glass layer underneath the silicon wafer. Therefore, the heat generation term in the glass layer, and the silicon wafer can be estimated as follows [18]:



For the glass layer:


   q g  =   G    ( t )  ×  α g  ×  A g     V g     



(2)







For the solar cell layer:


   q  s c   =    (  1 −  η  s c    )  × G ×  α  s c   ×  τ g  ×  A  s c      V  s c      



(3)




where V is the layer volume, A is the surface area of the layer, and G is the solar radiation falling on the top surface of the module. The ratio between the output electric energy and the received solar energy is the cell electrical efficiency. This efficiency depends on the cell operating temperature as follows [18]:


   η  s c   =  η  r e f    (  1 −  β  r e f    (   T  s c   −  T  r e f    )   )   



(4)




where: ηref is the PV cell electrical efficiency at standard reference temperature Tref of 25 °C. And Tsc is the solar cell operating temperature. The value of βref is 0.0045 K−1 for polycrystalline silicon. Based on Equations (4) and (5), the heat generation in the silicon wafer is dependent on the cell electrical efficiency, which is a function of the PV cell temperature. This operating temperature is also a function of the internal heat generation in the silicon wafer. Therefore, to solve this problem, an iterative technique should be applied. The details of this iterative technique are detailed and explained in the author’s earlier work [19]. The optical properties of the glass and silicon wafer layers used for estimating the internal heat generation in each layer are listed in Table 1.



The light transmittances through the PCM layer are of great importance, and this phenomenon is still challenging to be computationally modeled. Because the phase transition of the PCM from solid to liquid in the melting process and from liquid to solid in the solidification process with the time significantly change the light transmission. Therefore, this study used an opaque PV layer, with a light transmittance of 2%, to completely covers the PCM cavity. In this case, the light transmittance through the silicon wafer becomes very small and negligible due to the lower transmissivity of this layer. Ninety percent of solar radiation received on the silicon wafer is absorbed in the silicon wafer, causing temperature rise in this layer. This absorbed light energy is transferred to the adjacent layers in the sliding windows. Only 2% of the incident solar radiation is transmitted to the PCM cavity underneath the silicon wafer. Therefore, this small amount, 2%, is neglected in the current simulation.



For the fluid domain in the air cavity, the natural convention governing equations in a narrow cavity is solved. The details of the natural convection model with Boussinesq approximation in the air cavity are explained in [20]. While the melting and solidification model in the PCM domain is also solved to capture the instantaneous melting profile and the liquid fraction contours in the PCM domain, this model is also included in ANSYS Fluent. The PCM governing equations used in ANSYS are detailed, explained in [21]. In the air cavity and the vacuum glazing regions, thermal radiation heat exchange is also considered. To model the radiation heat exchange in the air cavity and the vacuum gap for the vacuum glazing, surface to surface (S2S) radiation model is also activated. The S2S model is also validated to model the vacuum glazing and vacuum insulated panels in the author’s earlier work [22]. The S2S governing equation is also can be found in [20]. A 3 mm thickness is used for all used glass layers, while the air gap and PCM thickness are 20 mm and 15 mm, respectively. The thermophysical properties of the different layers used in the simulation work were depicted in Table 2.



The structure element with different size is used to discretize all the domains in each case as shown in Figure 2. The adopted number of elements used in each case are listed in Table 3. The solution is conducted after confirming that the solution is independent of the number of elements and the time step.




3.2. Boundary and Initial Conditions


Initially, the glazing structure containing a solid PCM at an initial temperature is lower than the melting temperature. This initial temperature is assumed to be 25 °C, which is the ambient temperature at midnight, early morning. At this time, all the layers are considered to be at this temperature. Furthermore, no-slip boundary conditions are applied at the interfaces of the air cavity layer with the glass layer and the glass interface in connection with the PCM cavity. However, the thermally coupled boundary condition is considered at all the interfaces between two adjacent materials. An energy source term is added in the PV layer and the front glass layer according to Equations (2) and (3) to consider the heat gain resulted from the solar radiation absorption. The internal emissivity of each glass layer is defined in the vacuum gap and the air cavity layer to consider the radiation heat exchange in the vacuum gap layer. The emissivity of the vacuum gap is 0.18 for both sides; the emissivity of the glass layer and PV layer facing the air cavity is 0.9. Finally, to consider the external convection and radiation from the outer surface of the window to the atmosphere, combined radiation and convection heat exchange is applied. The natural convection boundary condition is applied at the internal surface of the glass layer facing the indoor air. In more details, the mathematical expression of the applied boundary conditions at the indoor and the outdoor glass surfaces can be written as follows:



On the front surface of the glazing window:


  −  k g    ∂ T   ∂ x   =  h  c o n v , o    (   T g  −  T a   )  +  ε g  σ  (   T g 4  −  T a 4   )   



(5)




where kg the glass thermal conductivity, hconv,o is the convection heat transfer coefficient from the glass surface to the ambient air caused by the wind effect, Tg front glass surface temperature, Ta ambient temperature, and εg the front glass emissivity. The instantaneous estimated value of hconv,o is estimated as a function of the wind speed facing the outer surface of the window as follows [23]:


   h  c o n v , o   = 5.7 + 3.8    U  w i n d    



(6)




where Uwind is the wind speed in m/s, this correlation was developed based on the fundamentals of heat transfer theory and wind tunnel measurements. This equation was valid for wind speed up to 5 m/s and previously used for similar problems in [16,24].



The boundary condition on the indoor glass surface is expressed as follows:


   Q  i n d o o r   = −  k g    ∂ T   ∂ x   =  h  c o n v , i      (   T g  −  T  i n    )   



(7)




where Qindoor is the heat transmission rate to the indoor air; hconv,i, and Tin are the indoor natural convection and the indoor temperature, and they were taken as 8.1 W/(m2·K) and 25°, respectively [22]. It is worth mentioning that the ambient temperature, solar radiation, and wind speed are varied according to the daytime. Therefore, the estimated heat generation in the glass layer and the silicon layer are time-dependent. In addition to the external forced convection due to the wind effect and the external boundary condition are also time-dependent. To do this, a transient profile for the heat generation in the silicon layer and the glass layer and transient table for the ambient temperature and the external forced convection caused by the wind is imported by ANSYS, and the solution is solved by reading these values at every time step. Figure 3 shows the workflow of Computational Fluid Dynamics (CFD) simulation solution used in the present study. One second time step for 24 h is used through the four cases. The weather condition for Kuwait City (29.3759° N, 47.9774° E) on the 10th of June 2018 is used to make this comparison. Figure 4 shows the variation of weather conditions in the daytime. The hourly variation of solar radiation and ambient air temperature during June, which represents the typical summer day in the Kuwait climate, are shown in Figure 3. The sun rises at 5:00 a.m. and sets at 7:00 p.m. with approximately fourteen hours of solar hours; the maximum solar radiation recorded a value of 860 W/m2 at 11:00 a.m. morning. At the same time, the air temperature fluctuated between the minimum and maximum values of 29 °C and 38 °C at 6:00 a.m. and 2:00 p.m., respectively. The window was oriented to the south direction, and the total solar radiation incident on the window glass surface is the measured value and displayed in Figure 3.



For the window “without air cavity,” the outer temperature displayed on the figures is the instantaneous temperature for the outer surface of the silicon wafer. And the heat flux is estimated using Equation (7) on the indoor surface of the glazing facing the indoor environment.




3.3. Model Validation and Verification


The current model is validated by the authors in their previous studies [22,24] for the PV modeling and the vacuum glazing part. However, the PCM domain is validated with the results in the literature of the PCM cavity [25]. Based on the predicted results, the current model for the PCM domain is in a good agreement with the results of [25], as shown in Figure 5. It is evident that the model accurately predicts the melting history of the PCM contained in the cavity at different inclination angles. Besides, the predicted solid-fluid interface behaves similarly to the experimental captured melting behavior measured by [25] as seen in Figure 6.



The laminar natural convection in the air cavity is also validated at different conditions. The current model was simulated for a 2D square cavity with an edge dimension of Lr = Hr = 0.75 m [26]. The experiments in [26] were conducted at a left wall at Th = 50 °C and right wall at Tc = 10 °C. The current CFD model is simulated at the same conditions, and the comparison between the predicted and the experimental results of [26] are depicted in Figure 7. In this case, the local temperature on a horizontal line was displayed in a dimensionless temperature form, Γ = (T − Tc)/(Th − Tc). The predicted local dimensionless temperature variation on a horizontal line locates at y = Hr/2 was compared with their pairs in the experiment. The experimental points are in Figure 7. Therefore, the current CFD model with the mentioned turbulence settings showed a very good agreement with the experimental data in [26].





4. Result and Discussion


In this section, the transient variation of the inner and outer glass surface temperatures, heat transfer rate to the indoor and rejected to the ambient air, PCM average temperature, PCM liquid fraction, photovoltaic temperature, efficiency, and electric power are compared for all the proposed window designs.



4.1. Inner and Outer Glass Surface Temperature Variation


The inner and outer wall surface temperatures variation with time for each case are calculated and presented in Figure 8 and Figure 9, respectively. The internal surface temperature rises with time from sunrise at 5:00 a.m. until the peak value at 1:00 p.m. then declines until sunset at 6:00 p.m. The difference is noticeable where the full case shows a uniform temperature at approximately 25 °C during the daytime, which is very close to the indoor air temperature. This means that the full case achieves the maximum insulation from outdoor environment conditions. Followed by the case without an air cavity where the maximum temperature reaches 27.5 °C at 1:00 p.m., it also presented an acceptable insulation capability. And the lowest insulation occurs in the base case and the case without vacuum glass, where the maximum temperature reaches 55.34 °C and 33.33 °C, respectively. In the same context, the temperature of the outer surface is also changed with time from one case to another, as shown in Figure 10. The PCM causes the maximum temperature to be shifted by 2 h compared with the base case, and the maximum temperature reaches 71.72 °C affected by the wind speed induced by the convection heat transfer to the outside environment. The full case high insulation capacity allows the heat to collect and to be accumulated and rejected back into the surrounding area, preventing it from passing to the indoor room and thus indicates that the vacuum glazing and PCM have the best influence in the insulation. So, this concluded that the vacuum glass has a significant impact on the heat transferred from the outside ambient to the indoor space.




4.2. The Heat Transfer Rate from Inner and Outer Window Surfaces


In each case, the total heat transferred from both the inner and outer window surfaces changes with time is calculated and presented in Figure 10 and Figure 11, respectively. The heat transfer from the inner surface of the window represents the solar heat gain to space inside. Figure 10 demonstrates the efficiency of the proposed windows using the PCM, PV, and VG technologies to minimize heat gain as compared to the traditional base case.



The total heat energy gains are 2.6 kW·h, 0.02 kW·h, 0.22 kW·h, 1.48 kW·h, and 0.2 kW·h for the base case, full case, the case without air cavity, the case without vacuum glass, and ventilated full case, respectively. Using the full case decreases the heat gain by 99% while using a case without air cavity decreases the heat gain by 91%. And using mechanical ventilation in the full case could decrease the heat gain by nearly 92%. This indicated how the VG is an efficient way to insulate the heat energy toward the indoor environment. The peak value reaches 253.1 W at 11:00 a.m. for the base case, while it reaches approximately 19.9 W at 3:00 p.m. for the case without air cavity. The PCM shifted the peak energy transferred to the indoor by 5 h. The heat energy transferred at the outside is shown in Figure 11. Besides, the air cavity and PCM shifted the peak energy transferred to the outside by around 7 h.




4.3. Temperature Contours


The temperature contours of the full case throughout the daytime are presented every four hours in Figure 12 and Figure 13 in the air cavity and the PCM domain, respectively, starting from 7:00 a.m. to 11:00 p.m. The air cavity temperature stratification reflects the effect of buoyancy force caused by the variations in density differences between the lower and upper portion of the air cavity. The PCM temperature is higher at the upper part as the melting begins from this location towards the bottom part. The heat removed by convection through the liquid region then conducted via a hot interface to the surrounding cold solid region. This also illustrates that the solar cell should be placed at the bottom area to prevent overheating and efficiency degradation. The effect of the present buoyancy is evident in Figure 14, which indicates the velocity distribution vectors where the hot air accelerates upwards and downwards along the wall.




4.4. Solar Cell Transient Characteristics


A silicon wafer is attached to the glass surface facing the air cavity to improve the exergy and the overall energy efficiency of the proposed window. In addition, it is attached in the case without an air cavity in the outer surface. In contrast, it is attached to the mid glass plate in the case without vacuum glass, full case, and the base case.



4.4.1. Solar Cell Temperature


The cell surface temperature is calculated during the daytime, as showed in Figure 15. The peak cell temperature over 112 °C is recorded in the full case, while the minimum peak temperature occurs in the case without vacuum glass, which reaches approximately 42 °C. This clarifies that it is an unsafe operation for the PV in the full case. That is why the ventilated case can be used as another automated scenario to operate the forced fan to decrease the PV temperature. In the case of using the ventilated full case, the heat gain by the building was reduced as previously mentioned besides a safe operation for the PV module can be accomplished as depicted in Figure 15. In this case, the peak PV temperature is around 42 °C. This issue can be easily solved by removing the air cavity via sliding option used in this work. In this case, the PV temperature reaches 60 °C for the case without an air cavity.




4.4.2. Solar Cell Power Generation and Efficiency


The average solar cell temperature is used to calculate the solar cell efficiency according to Equation (4). The efficiency variation with time for all cases is indicated in Figure 16. The figure illustrates that the efficiency decreases when the solar cell increases more than 25 °C. The minimum attained PV efficiency is 14.2%, 12.2%, 17%, 18%, and 18% for the base case, full case, a case without air cavity, a case without vacuum glass, and full case with open gates using the mechanical ventilation, respectively. This significant change is affected by the high operating temperature of the PV in the full case.



The calculated efficiency then be used to calculate the electrical power generated from the solar cell according to Equation (8):


  p o w e r =    η  s c   × G × A r e a ×   β  



(8)




where G is the solar radiation (Area) is the area of the window, and β is the backing factor (0.95). Figure 17 demonstrates the solar cell electrical power generation variation with time in each case. The energy generation increases gradually from zero kW to the peak value at noontime, then decreases to zero again at sunset. The generated energy is 1.3 kWh, 1.43 kWh, and 1.38 kWh for the base case, the full case with mechanical ventilation, and case without air cavity, respectively. The energy generated from the full case with mechanical ventilation is more than generated from the base case by 4%.





4.5. PCM Transient Attribute Analysis


The energy storage in the PCM changes its phase from solid to liquid state, as shown in Figure 18, which indicates that the liquid fraction changes with time. The melting process is accelerated from sunrise at 5:00 a.m. until complete melting at 11:00 a.m. in the cases with fully loaded options and cases without air cavities. At the same time, it takes a long time without complete melting in the case without a vacuum glass. For the first two cases, the required melting time was 4 and 7 h, respectively. The stored energy could be used to promote passive ventilation and improve indoor thermal comfort, particularly after sunset, which leads to decreasing the cooling loads and required cooling energy as well. Moreover, the results have been proved by the PCM temperature variations during the day cycle, as shown in Figure 19. The melting temperature was in the range from 34 °C to 36 °C. The sensible heat energy increases, the PCM temperature increases accordingly from the 29 °C to the melting lower limits of 34 °C. Then, the latent heat is changing the phase to liquid at the same temperature continued to the maximum PCM temperature of 110 °C and 60 °C for the full case and case without air cavity. So, in the following subsections, the parametric analysis investigates the impact of different PCM melting temperatures and thickness on the heat gain inside the indoor space, the inner window surface, outdoor window surface, solar cell temperature, and solar cell generation.



So, these results conclude that the vacuum glass has a significant impact on the heat transferred from the outside ambient to the indoor space, which is validated with [27,28,29,30] that discussed the comparative analysis of various vacuum glazings with air cavit filled glazed windows. The amount of heat energy transferred to the indoor is calculated and presented in Figure 9. The maximum heat transferred through the window without vacuum glass reaches to 69 W and 22 W through a window without an air cavity, while the window loaded with the full case has the best insulation efficiency among the three cases.





5. Conclusions


In the present paper, the potential benefits of using different innovative sliding windows are numerically investigated. The proposed window designs combining air gap (AG), phase change material (PCM), photovoltaic (PV), and vacuum glazing (VG) technologies. These sliding windows are proposed to generate electrical energy, along with efficient thermal insulations. Based on the results, the following conclusions are made:




	
The base case window with double AG with PV suffers from high indoor heat gain with a maximum value of 250 W/m2 of the glazing at 11:00 a.m. The maximum heat transferred through the window without vacuum glass reaches to 69 W and 22 W through a window without an air cavity, while the window loaded with the full case has the best insulation efficiency among the three cases.



	
The full case combing the AG, PV, PCM, and VG accomplished efficient thermal insulation with indoor glass surface temperature very close to 25 °C, which is the indoor environment.



	
The use of PCM in the window structure allows shifting the peak indoor heat gain and safe operation for the PV.



	
The full case integrated with forced ventilation from the AG accomplished the best favorable scenario for thermal insulation along with the safe and efficient operation of the PV module.



	
Long term simulation for the full case with ventilated facades should be conducted in future simulations for different weather conditions to investigate the daytime PCM melting with nighttime solidification processes.












Author Contributions


Conceptualization, M.A.; data curation, M.A.; formal analysis, A.S. and S.M.; investigation, A.S.; software, A.R.; supervision, T.K. and K.N.; validation, A.R. and S.M.; writing—original draft, M.A. and S.M.; writing—review & editing, A.R. and S.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The first author acknowledges the Egyptian Ministry of Higher Education for supporting the research project presented in this paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Souayfane, F.; Fardoun, F.; Biwolé, P.H. Phase change materials (PCM) for cooling applications in buildings: A review. Energy Build. 2016, 129, 396–431. [Google Scholar] [CrossRef]

	



Durakovic, B.; Torlak, M. Experimental and numerical study of a PCM window model as a thermal energy storage unit. Int. J. Low-Carbon Technol. 2016, 12, 1–9. [Google Scholar] [CrossRef]

	



Li, Y.; Darkwa, J.; Kokogiannakis, G.; Su, W. Phase change material blind system for double skin façade integration: System development and thermal performance evaluation. Appl. Energy 2019, 252, 113376. [Google Scholar] [CrossRef]

	



De Gracia, A.; Navarro, L.; Castell, A.; Ruiz-Pardo, Á.; Álvarez, S.; Cabeza, L.F. Thermal analysis of a ventilated facade with PCM for cooling applications. Energy Build. 2013, 65, 508–515. [Google Scholar] [CrossRef]

	



Goia, F.; Perino, M.; Serra, V. Experimental analysis of the energy performance of a full-scale PCM glazing prototype. Sol. Energy 2014, 100, 217–233. [Google Scholar] [CrossRef]

	



Ismail, K.A.; Salinas, C.T.; Henriquez, J.R. Comparison between PCM filled glass windows and absorbing gas filled windows. Energy Build. 2008, 40, 710–719. [Google Scholar] [CrossRef]

	



Weinläder, H.; Beck, A.; Fricke, J. PCM-facade-panel for daylighting and room heating. Sol. Energy 2005, 78, 177–186. [Google Scholar] [CrossRef]

	



Zhong, K.; Li, S.; Sun, G.; Li, S.; Zhang, X. Simulation study on dynamic heat transfer performance of PCM-filled glass window with different thermophysical parameters of phase change material. Energy Build. 2015, 106, 87–95. [Google Scholar] [CrossRef]

	



Manz, H.; Egolf, P.; Suter, P.; Goetzberger, A. TIM–PCM external wall system for solar space heating and daylighting. Sol. Energy 1997, 61, 369–379. [Google Scholar] [CrossRef]

	



Ismail, K.; Henríquez, J.R. Parametric study on composite and PCM glass systems. Energy Convers. Manag. 2002, 43, 973–993. [Google Scholar] [CrossRef]

	



Ismail, K.; Henrıquez, J.R. U-values, optical and thermal coefficients of composite glass systems. Sol. Energy Mater. Sol. Cells 1998, 52, 155–182. [Google Scholar] [CrossRef]

	



Goia, F.; Perino, M.; Serra, V. Improving thermal comfort conditions by means of PCM glazing systems. Energy Build. 2013, 60, 442–452. [Google Scholar] [CrossRef]

	



Gowreesunker, B.L.; Stankovic, S.B.; Tassou, S.A.; Kyriacou, P.A. Experimental and numerical investigations of the optical and thermal aspects of a PCM-glazed unit. Energy Build. 2013, 61, 239–249. [Google Scholar] [CrossRef]

	



Li, N.; Li, Z.; Zheng, Y.; Liu, C.; Hussein, A.K.; Liu, X. Thermal performance of a PCM-filled double-glazing unit with different thermophysical parameters of PCM. Sol. Energy 2016, 133, 207–220. [Google Scholar] [CrossRef]

	



Memon, S.; Katsura, T.; Radwan, A.; Zhang, S.; Serageldin, A.A.; Abo-Zahhad, E.M.; Sergey, S.; Memon, A.R.; Khan, S.W.; Yang, S.; et al. Modern eminence and concise critique of solar thermal energy and vacuum insulation technologies for sustainable low-carbon infrastructure. Int. J. Sol. Therm. Vac. Eng. 2020, 1, 52–71. [Google Scholar] [CrossRef]

	



Katsura, T.; Memon, S.; Radwan, A.; Nakamura, M.; Nagano, K. Thermal performance analysis of a new structured-core translucent vacuum insulation panel in comparison to vacuum glazing: Experimental and theoretically validated analyses. Sol. Energy 2020, 199, 326–346. [Google Scholar] [CrossRef]

	



Fang, Y.; Memon, S.; Peng, J.; Tyrer, M.; Ming, T. Solar thermal performance of two innovative configurations of air-vacuum layered triple glazed windows. Renew. Energy 2020, 150, 167–175. [Google Scholar] [CrossRef]

	



Radwan, A.; Emam, M.; Ahmed, M. Chapter 2.15—Comparative Study of Active and Passive Cooling Techniques for Concentrated Photovoltaic Systems. In Exergetic, Energetic and Environmental Dimensions; Dincer, I., Colpan, C.O., Kizilkan, O., Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 475–505. [Google Scholar]

	



Emam, M.; Ahmed, M. Cooling concentrator photovoltaic systems using various configurations of phase-change material heat sinks. Energy Convers. Manag. 2018, 158, 298–314. [Google Scholar] [CrossRef]

	



Fang, Y.; Eames, P.C.; Norton, B.; Hyde, T.J. Experimental validation of a numerical model for heat transfer in vacuum glazing. Sol. Energy 2006, 80, 564–577. [Google Scholar] [CrossRef]

	



Zhou, J.; Yi, Q.; Wang, Y.; Ye, Z. Temperature distribution of photovoltaic module based on finite element simulation. Sol. Energy 2015, 111, 97–103. [Google Scholar] [CrossRef]

	



Ahmed, M.; Radwan, A. Performance evaluation of new modified low-concentrator polycrystalline silicon photovoltaic/thermal systems. Energy Convers. Manag. 2017, 149, 593–607. [Google Scholar] [CrossRef]

	



Natarajan, S.K.; Reddy, K.S.; Mallick, T.K. Heat loss characteristics of trapezoidal cavity receiver for solar linear concentrating system. Appl. Energy 2012, 93, 523–531. [Google Scholar] [CrossRef]

	



Rabie, R.; Emam, M.; Ookawara, S.; Ahmed, M. Thermal management of concentrator photovoltaic systems using new configurations of phase change material heat sinks. Sol. Energy 2019, 183, 632–652. [Google Scholar] [CrossRef]

	



Kamkari, B.; Shokouhmand, H.; Bruno, F. Experimental investigation of the effect of inclination angle on convection-driven melting of phase change material in a rectangular enclosure. Int. J. Heat Mass Transf. 2014, 72, 186–200. [Google Scholar] [CrossRef]

	



Ampofo, F.; Karayiannis, T.G. Experimental benchmark data for turbulent natural convection in an air filled square cavity. Int. J. Heat Mass Transf. 2003, 46, 3551–3572. [Google Scholar] [CrossRef]

	



Memon, S. Analysing the potential of retrofitting ultra-low heat loss triple vacuum glazed windows to an existing UK solid wall dwelling. Int. J. Renew. Energy Dev. 2014, 3, 161–174. [Google Scholar] [CrossRef]

	



Memon, S.; Eames, P.C. Predicting the solar energy and space-heating energy performance for sold-wall detached house retrofitted with the composite edge-sealed triple vacuum glazing. Energy Procedia 2017, 122, 565–570. [Google Scholar] [CrossRef]

	



Memon, S.; Eames, P.C. Design and development of lead-free glass-metallic vacuum materials for the construction and thermal performance of smart fusion edge-sealed vacuum glazing. Energy Build 2020, 227, 110430. [Google Scholar] [CrossRef]

	



Memon, S.; Fang, Y.; Eames, P.C. The influence of low-temperature surface induction on evacuation, pump-out hole sealing and thermal performance of composite edge-sealed vacuum insulated glazing. Renew. Energy 2019, 135, 450–464. [Google Scholar] [CrossRef]








[image: Sustainability 12 07846 g001a 550][image: Sustainability 12 07846 g001b 550] 





Figure 1. Detailed structure comparison of the investigated different kinds of proposed windows. 
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Figure 2. The structured mesh element used to discretize the geometry. 
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Figure 3. The flow chart explained the CFD model workflow in this study. 
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Figure 4. Hourly variation of solar radiation and ambient temperature during 10 June 2018 in Kuwait City. 
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Figure 5. Validation of the current numerical model with experiments of Kamkari R. et al. [25]. 
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Figure 6. Numerical model validation of the sequential photographs of the melting process of PCM in the rectangular enclosure of Kamkari R. et al. [25] after (a) 10 min, (b) 20 min, (c) 40 min, (d) 60 min, and (e) 80 min. 
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Figure 7. Comparison of the predicted local dimensionless temperature profile at the horizontal line at y = Hr/2 compared with the experimental results of [26] (left is the validations curves and right is the computational domain with detailed boundary conditions). 
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Figure 8. The temperature variation of the inner window surfaces with time for each case on a sunny summer day. 
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Figure 9. The temperature variation of the outer window surfaces with time for each case on a sunny summer day. 
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Figure 10. The heat transfer rate variation for each case with time of the inner window surfaces on a sunny summer day. 
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Figure 11. The heat transfer rate variation for each case with a time of the outer window surfaces on a sunny summer day. 
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Figure 12. Temperature contours for the air cavity of the windows of the full case during one day at time (a) 7:00, (b) 12:00, (c) 16:00, (d) 20:00, and (e) 24:00. 
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Figure 13. Temperature contours for the phase change material (PCM) cavity of the windows of the full case during one day at time of (a) 7:00, (b) 12:00, (c) 16:00, (d) 20:00, and (e) 24:00. 
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Figure 14. Velocity vectors through air cavity of the full case during one day at time 12:00 p.m. 
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Figure 15. The temperature of the solar cell surface in different cases. 
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Figure 16. The efficiency of the solar cell in different cases. 
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Figure 17. The power generation of the solar cell in different cases. 
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Figure 18. The liquid fraction of the PCM in the different cases. 
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Figure 19. The comparison of the temperature of PCM during the whole day. 
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Table 1. Optical properties of glass and silicon wafer [21].
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	Layer
	(R)
	(α)
	(τ)
	(ε)





	Front glass
	0.04
	0.04
	0.92
	0.85



	Silicon
	0.08
	0.90
	0.02
	0.9
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Table 2. Thermo-physical properties of used materials.
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	Material
	Density (kg/m3)
	Specific Heat kJ/(kg·K)
	Latent Heat (kJ/kg)
	Thermal Conductivity W/(m·K)
	Melting Temperature (°C)
	Thermal Expansion Coefficient (1/K)





	Glass
	2800
	0.750
	−
	0.7
	−
	−



	Air cavity
	1.12 *
	1.005
	−
	0.6
	−
	0.00335



	Solar cell
	2330
	0.677
	−
	130
	−
	−



	RT35HC
	880 solid

770 liquid
	2
	240
	0.2
	34–36
	0.00083







* (Boussinesq approximation is used).
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Table 3. Mesh elements number used in each case.
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	Case
	Elements





	Full case
	27,000



	Without Vacuum Insulated Panel
	18,600



	Without air cavity
	15,000



	Basic Case
	22,500



	Ventilated case
	27,000











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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