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The facades of buildings provide significant potential for photovoltaic panels integration, allowing renewable energy deployment within the built environment. In literature, various options, such as building-integrated photovoltaics, building-integrated photovoltaics-thermal collectors, building-attached photovoltaics, and rooftop photovoltaics, have already been explored. However, this study aimed to develop a new solar photovoltaic collectors’ integration with vertical-green balconies in old high-rise buildings considering the façade reconstruction concepts mainly focusing on the water heating application. The objective of this study is to conduct a preliminary research study investigating such integration possibilities with old buildings considering the façade reconstruction concepts, followed by exploring various benefits. For this, an old high-rise building was rebuilt scientifically and rationally. PHOENICS tool was used to gauge and assess the building’s wind environment first, followed by the solar photovoltaic collector-based facade installation and preliminary assessment. The results include the system design, economic analysis of the solar photovoltaic collector’s application for water heating, calculation of the energy-saving rate, and functional analysis of the solar photovoltaic collectors combined with a vertical green balcony. The outcome of this study suggested that the process-specific rationalization plan can be applied in future urban architecture renovation.
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1 INTRODUCTION
The International Energy Agency (IEA) estimates that 50% of the world’s population lives in cities, uses 73% of the world’s energy, and emits 70% of its CO2 emissions (Akram et al., 2021; IEA, 2021). The International Energy Outlook study also projects a 56% increase in global energy use between 2010 and 2040 (Akram et al., 2021). Additional forecasts show that the building industry will contribute significantly to overall energy usage when considering sectoral energy consumption assessments. Having said that, 50% of the population lives in urban areas, which is significantly increasing; more and more inner-city green spaces will need to be sacrificed to provide enough living space in urban centers in the future (Akram et al., 2021). As urbanization progresses, more and more high-rise residential structures are built; they typically have 10 to 15 stories. In this context, the quality of city life is affected by these places’ significant impact on the microclimate, which impacts the thermal comfort of cities and their related recreational functions (Shih et al., 2019; Yu et al., 2020; Xue et al., 2017; Liu and Russo, 2021; Puchol-Salort et al., 2020; Piselli et al., 2018). The option of creating green spaces in the city in locations that they previously believed impossible to create is provided by the vertical greening of buildings (Dunnett and Kingsbury, 2008). They provide significant potential for photovoltaic panels integration, allowing renewable energy deployment within the built environment. In literature, various options, such as building-integrated photovoltaics (BIPV), building-attached photovoltaics (BAPV), and rooftop photovoltaics (RTPV), have already been explored, but the most prominent option was BIPV. BIPV is one such popular way of integrating photovoltaics that enables both on-site green energy generation and vertical greening of buildings. Also, there is an increasing trend of BIPV adoption in the built environment to increase the proportion of renewable energy. The facades of buildings provide a significant amount of potential for BIPV deployment. Accurate external convective heat transfer coefficient modeling is necessary to evaluate BIPV facade performance. Moreover, a handful of studies (Ritzen et al., 2016; Yang and Zou, 2016; Goh et al., 2017; Prieto et al., 2017; Tabakovic et al., 2017) emphasize significant obstacles that prevent BIPV from being widely used. They vary from broad product concerns like functionality, aesthetics, and technological complexity (Prieto et al., 2017) to specialized regional concerns like the requirement for in-depth training at the professional and public levels (Ritzen et al., 2016; Goh et al., 2017; Tabakovic et al., 2017). The content of the current BIPV literature is summarized in Table 1, which highlights that there is only a limited amount of knowledge on customization as a possible driver for BIPV adoption. Building energy demand is influenced by several variables, some of which affect building energy usage. The terms “physical environmental elements” and “artificial designing parameters” are used to categorize these variables into two groups. While artificial designing parameters include building form factor and orientation, transparency ratio, optical and thermophysical properties of building material, and the distance between buildings, physical environmental factors include the amount of solar radiation, outdoor temperature, and wind speed, among others (Ekici and Aksoy, 2009).
TABLE 1 | Content of current BIPV.
[image: Table 1]In Table 2 design related summary, provides the benefits and drawbacks of each of the categories of photovoltaic integration for typical constructed example from literature is given.
TABLE 2 | Design impacts of façade types.
[image: Table 2]More recently, application-specific design is becoming popular, and among the applications, water heating system is popular. Combining solar water heating technologies with building architecture involves two significant difficulties. One involves a solar water heating system consisting of a water pipeline, a water storage tank, and a solar collector (Ritzen et al., 2016; Prieto et al., 2017; Tabakovic et al., 2017). Evacuated tube Sun collectors are frequently used in buildings in China. However, Europe’s flat plate solar collectors are more typical (Shi et al., 2013). The flat plate collectors are better suited for pressure and secondary circulation systems, are easier to install, have a longer service life, and go better with building aesthetics, even if these two types of solar collectors each have their own technical benefits and limitations. The solar energy system’s performance is the subject of a lot of research. By conducting an experimental examination over a 1-year operating period, Zhai et al. (Wei et al., 2010) confirmed the real-world energy performance of a solar energy system capable of providing a hot water supply, natural ventilation, heating, and cooling in Shanghai. Building-integrated photovoltaic/thermal (BIPV/T) systems that use recovered heat for home heating were evaluated by Pantic et al. (Zhai et al., 2007) for their energy performance in three distinct open-loop air heating applications. Most vertical greening initiatives that have been put in place so far are showcases meant to create an impressive installation with a favorable reputation. The demand for vertical greening is growing, which is justified by the growing need for cities to be climate resilient and by the numerous benefits of green infrastructure in urban settings. This suggests that more and more cities are mandating the greening of buildings to some level, for instance, in the zoning plans.
Despite the greening mandates and various benefits of vertical greening that have been demonstrated, particularly in metropolitan settings, its use has thus far mostly been infrequent. On the one hand, many think installation, maintenance, and care are expensive for this type, but this could be dependent on many parameters (Hollands and Korjenic, 2021). So, the process of deciding on the greening system and choosing the photovoltaic application starts after the choice to design house greenery has been made. But so far, the available literature concerned it is mainly focused on facades and balconies are less explored for photovoltaics integration, nevertheless we see a great potential for photovoltaics integration with vertical green balconies by reconstructing facades in the buildings.
Therefore, this study aimed to develop a new photovoltaic panel’s integration with vertical-green balconies in old high-rise buildings considering the façade reconstruction concepts mainly focusing on the water heating application. The objective of this study is to conduct a preliminary research study investigating such integration possibilities with old buildings considering the façade reconstruction concepts, followed by exploring various benefits.
2 SYSTEM DESIGN AND INSTALLATION
2.1 Proposed integrated design photovoltaics integration with vertical green balconies in high-rise building
The proposed design considers the photovoltaics integration in the vertical green balconies where existing facades are replaced with photovoltaics facades. This arrangement can be seen in Figure 1. Also, in Figure 1, the design plan adopted for façade reconstruction considering a case of schematic representation of high-rise building is shown. While designing the system, it is crucial to consider the ambient temperature, the wind speed, the aperture area of the solar collector, the solar radiation on the collector’s plane, and the amount of water in the water tank while designing a solar heat water system.
[image: Figure 1]FIGURE 1 | Concept design photovoltaics integration with vertical green balconies in high-rise building.
The total energy consumption by the solar water heating system is determined using Eq. 1
[image: image]
where, Qz is the total energy consumption of the solar water heating system in MJ; n is the total number of records; mzi is the hot water flow rate recorded in ith test in m3/s; ρw is the density of hot water in kg/m3; cw is the specific heat capacity of water in J/(kg,K); tdzi is the hot water temperature recorded in ith test in C; tbzi is the cold water temperature recorded in ith test in C; ΔTzi is the time step in s, in this case, ΔTzi = 10 s.
The total heat gain of solar collectors is expressed in Eq. 2.
[image: image]
where Qs is the total heat gain of solar collectors in MJ; msi is the working fluid flow rate in the heat collection system recorded in ith test in m3/s; ρsw is the density of collector fluid in kg/m3; csw is the specific heat capacity of a collector fluid in J/(kg,K); tdsi is the collector fluid temperature at the outlet recorded in ith test in C; tbsi is the collector fluid temperature at the inlet recorded in ith test in C; ΔTsi is the time step in s, in this case, ΔTsi = 10 s.
The solar fraction is expressed in Eq. 3.
[image: image]
where fj is solar fraction measured during short-term testing with certain Sun radiation circumstances, in %.
2.2 Solar photovoltaic collector installation designs
More of the urban buildings are multi-story buildings, whereas the roof heat collection area of urban buildings is generally regarded as sufficient to respond to the needs of the photovoltaic solar hot water systems. Therefore, currently, rooftop installations are the major form of photovoltaic board installation. On the other hand, in actuality, the building area is large, but the roof area is insufficient to meet the total heat demand of the building. To address the issue of insufficient heat collection area, balconies, walls between windows, and other parts of the east, south, and west building facades can be used. This study is aimed to transform the facade of high-rise buildings to achieve the best possible performance.
The quantitative evaluation of ecological function (natural circulation function) can improve the quality level of the target area environment by improving soil function, regulating microclimate and air quality, improving water circulation function, improving animal and plant habitat function, and leading to fundamentally solving urban ecological problems.
The ecological area ratio is given by Eq. 4 and levels are given in Table 3.
[image: image]
TABLE 3 | Ecological area ratio.
[image: Table 3]2.2.1 Facial installation method
In high-rise buildings, even if the entire roof is used, the problem of insufficient thermal collection area cannot always be solved. Therefore, the facade installation form can be adopted. The facade should be installed to receive as much sunlight as possible to avoid blocking, and safety should be prioritized. A balcony should be set up for older high-rise buildings and outdoor space for photovoltaic boards using thermal imaging analysis. In terms of integration with architecture, the heat collector can be combined with the building shading, and it should serve as shading and heat collector, simultaneously; for this purpose, arrange space can be arranged collector can be directly used as a balcony fence. Furthermore, the heat collector can be installed outside the air conditioner on the south side to serve the purpose of blocking the air conditioner. In Table 4, the business characteristics and local conditions that are a part of three-dimensional city greening plan are given.
TABLE 4 | The three-dimensional city greening plan standards.
[image: Table 4]2.2.2 Location of the balcony position and photovoltaic board
The exterior wall photovoltaic panel can be mounted directly from the building wall or on the walls of the construction to the south, west, southwest and east of the building. By reserving the tube and a heat collector on the wall, the water storage tank can be fixed to the wall, and the pipeline can be connected. The advantages of this scheme are as follows: i) the installation position of the heat collector is relatively flexible, and the size can be tailored according to the actual situation of the project; ii) the same layer can be used. Further, the pipeline gets shorter, and the heat loss becomes minimal. Also, the installation and maintenance are convenient; iii) a modeling element of architecture can be created when tightly combined with architecture. To achieve the ideal fusion of functionality and aesthetics, different color collecting pipes can be used to create heat collector arrays that have strong rhythmic senses based on the requirements of architectural shapes. The disadvantage of the exterior wall type is that it is typically installed perpendicular to the ground and vertical to the wall surface. The efficiency of the thermal collection is consequently somewhat diminished. The underlying residents might also not be able to use it for other reasons. Therefore, installing solar heat collectors can be thought of as a courteous inclination in order to receive a lot of solar radiation. The association of the two types of window walls could be as follows: i) to fix the heat collector, the triangular frame is directly installed on the lower wall of the window. It is critical to note that it should be used as an oblique tilt collector to avoid obstruction for lower-level users; ii) to rectify the fixed heat collector, the triangle is installed directly on the window’s wall, and used as an oblique tilt collector to avoid obstruction for lower-level users.
3 RESULTS ANALYSIS AND DISCUSSION
3.1 Thermal analysis of the building
It is an established fact that the heat island effect in cities worldwide is becoming increasingly severe, and heat energy in cities is disrupting human development activities. Basically, the heat energy was efficiently utilized by setting photovoltaic panels in the direction of concentrated heat energy and the facade of buildings to achieve the integration of solar energy systems and buildings can be expressed using Eq. 5.
[image: image]
where Uz is the horizontal direction wind speed at the height Z; Uo is the wind speed at the height of Zo; M is the power index determined by the terrain roughness. Referring to the “Code for the load of the Architecture” (GB50009), the M-value was adopted to be .14 in this study.
The airflow around the building generally belongs to non-compressed low-speed turbulence as per the association assumptions. Owing to this, the contact formation restrictions of the airflow and the building have a beneficial effect. In general, the K model has minimal computation requirements and more accurate predictions.
Turbulent kinetic energy model given in Eq. 6.
[image: image]
Dissipation rate model given in Eq. 7.
[image: image]
For thermal analysis results, simulation on the outside natural ventilation of the buildings is conducted for a municipality first using PHOENICS software (PHOENICS, 2021). Figure 2A shows the simulated profile of the municipality. Figure 2B shows the profile of selected area for the computation reflected by the area’s ventilation and heat energy. The outer field size of the model was chosen in PHOENICS software based on airflow at the building complex’s boundary. The positive direction of the model was set to the north along the y-axis based on relevant engineering experience and simulation trial calculation.
[image: Figure 2]FIGURE 2 | The thermal analysis of the buildings (A). Municipality with multiple buildings; (B). Selected areas with lower number of buildings.
3.2 Wind boundaries and wind speed
The non-compressed low-speed turbulence describes the airflow around the building according to the associated assumptions. Because of this, the airflow and building contact formation constraints are helpful. The K model generally requires less processing and produces more precise predictions. Figure 3 explains the wind boundaries and speed for the designed system.
[image: Figure 3]FIGURE 3 | Building wind speed simulation diagram.
3.3 Understanding the design efficiency by surface model
The following are essential steps to achieve the efficient integrated design of the solar heat water system and building: i) steel structure is set up on the outer facade of the original building to reinforce the building; ii) window is constructed between the floors and balcony space is created to facilitate the management of green plants, improve the ventilation of the building and reduce energy consumption; iii) a curved surface optical board device is set outside the balcony, which is convenient and easy to disassemble and maintain. The analysis shows that a curved surface is more conducive to alleviating urban wind pressure and protecting the buildings in comparison to a square surface, see Figures 4A, B. Further, for the aesthetic purpose, the outer balcony could be set up in a curved shape.
[image: Figure 4]FIGURE 4 | Surface model manifested by (A). Wind pressure; (B). Square model manifested.
3.4 Annual energy savings potential
It is observed that the designed system can hold a total of 32 tons of hot water per day with a specific heat capacity of 5082880kj/per day. The conversion efficiency of electric heating is generally about 90%, and the total heat required to produce the same heat is Q = 5647644 kJ. While electrical energy used is 3,600 kJ and it needs 1568.7 kWh electricity/day. Table 5 shows the annual energy savings per solar photovoltaic collector technology.
TABLE 5 | Comparison of annual energy savings of photovoltaic systems.
[image: Table 5]3.5 Thermal efficiency
To illustrate how the thermal efficiency of a solar energy system was calculated, a centralized solar heat collection system with a circulating water pump was considered. Typically, under solar radiation, a solar heat collection system raises the temperature of hot water from its initial temperature to a preset level. In the solar heat collection system, only the water pump that circulates water uses electricity; no other equipment does. Using this system as an example, the circulating water pump’s rated input power was estimated to be around .265 kW. It took .128 h and consumed .034 degrees of electricity to circulate 1000 kg of water having 35° higher temperature. Therefore, the actual calorific value of the centralized solar heat collection system equipped with a circulating water pump is 1,029,411.76 kCal/degrees.
3.6 Wind load standard value detection
When there is no malfunction or damage from repeated pressure detection, the universal value of the wind load should be performed. Detection pressure increased by [image: image]′, decreased to zero, then increased by [image: image]′, again, and finally decreased to zero.′ When the first and last turns were made, the test parts were opened and closed at forward and negative pressure, respectively. Speed of lift and pressure was 300 [image: image]/s∼500 [image: image]/s, and the pressure duration was not less than 3 s. The damage to the test element was noted.
3.6.1 Wind load design value detection
[image: image]′ detection should be performed when the [image: image]′ test does not become functionally disordered, and the angle displacement value does not exceed the allowable deflection. Detection pressure rose to [image: image]′ (take [image: image]′ = 1.4 [image: image] ′), then dropped to zero and to -[image: image]′, and then rose to zero in the end, with pressure duration not less than 3 s. The damage or dysfunction of the test piece was observed and noted.
3.6.2 Evaluation of the test results
The border support triangular glass surface plate method was calculated using Eq. 8
[image: image]
Where, [image: image] is the facial line deflection, mm; [image: image], [image: image], co, and do are the stable initial readings of each measuring point after preparing pressure, mm; b, c, and d are the readings of each measuring point at a certain level of detection, mm.
Other component face line deflection computation can be done using Eq. 9:
[image: image]
Where [image: image] is the facial line deflection, mm; [image: image], [image: image], co, and do are the stable initial readings of each measuring point after preparing pressure, mm; b, c, and d are the readings of each measuring point at a certain level of detection, mm.
3.6.3 Evaluation of deformed detection
The evaluation of the deformation detection should indicate the deflection of the opposite face line [image: image]/2.5 with a pressure difference of 土 [image: image]. The standard specimen used for wind load standard value detection is shown in Figure 5. According to Figure 5, the standard specimen has a thickness of 3.0 mm and .3 mm. The surface of the stainless-steel plate used for the balcony is processed to respond to leveling off, and cannot wait for scratches and burrs. The distance between the standard specimen’s edge and the air vent’s center is 100 + 1 mm. The air vent’s diameter is 20 + .02 mm, and it needs to be neatly organized.
[image: Figure 5]FIGURE 5 | Standard specimen used for wind load standard value detection.
4 DISCUSSION ON FUNCTIONAL BENEFITS AND CONCLUSION
From the preliminary assessment carried out in this study, it is understood that façade reconstruction for integrating solar photovoltaic collectors with vertical green balconies is possible. The design and analysis, shows they could potentially offer two important functional benefits: 1). Ecological functions: Using their inherent ecological abilities, plants can purify indoor air, regulate temperature and humidity indoors, inhale carbon dioxide and exhale oxygen, maintain a balance of the two gases in the atmosphere, and keep the air fresh. They can also trap and filter airborne dust to clean the air. 2). Spatial function: By placing the balcony on the building’s facade, it is important to organize, embellish, and beautify the interior space. However, in order to achieve the transition of indoor and outdoor space, the green color can be set up in the area where outdoor and indoor spaces meet. The technique of borrowing scenery, through the glass and through the window can also be used so that the inside and outside green scenery is connected into a single piece.
The scientific analysis of building construction could be carried out using the PHOENICS software model about the existing high-rise building facade, steel reinforcement of older buildings, installation of solar energy combined with balconies, installation of photovoltaic panels set out on the steel frame, and solution to the shortage of urban greening and internal user comfort. It also reduces construction costs and encourages the construction of green buildings, in addition to reducing air pollution. The plan discussed in this study contributes to the delivery of services that satisfy customers, the elimination of temporary conditions, the reduction of construction-related annoyance for locals, the opportunity for building owners to receive early rental income, and the creation of a comfortable workplace. Future renovations of urban architecture are predicted to apply the process-specific rationalization plan that was created as a consequence of this study, and numerous experiences will be gathered from this that will be used to carry out more type-specific research.
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aesthetic technology

@ Production of heat for room heating in
the cold

 BIPY panels are cooled by double-
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© Potential integration with additional
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and appearance
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 Likely to cost more than other varieties

© The removal of heat in the summer may
need energy through mechanical
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References
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etal. (2013); Nagy et al. (2016)

External Devices/Accessories
Sunscreen and sunshades, parapets on
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restricted views
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o An excellent feature of sun shading

 Through the day, the patterns created by
the shade create a dynamic sensation of
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© An innovative method of managing
shade and sunshine

© Architectural significance of legendary
proportions.
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® The structure itself is illuminated by
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vision

© lower potential efficiency
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substantial
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adherence to a wide range of physical
requirements
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