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Abstract

:

People are spending more and more of their lives indoors, making thermal comfort and air quality essential factors for their health and well-being. The use of natural elements within indoor spaces can improve the indoor environment and air quality, but can also bring multiple health and well-being, psychological, cognitive, and behavioral benefits due to its biophilic effect. Indoor vertical greenery strategy in buildings can give these benefits to the building occupants. In this study, a prototype of a living green curtain is assessed to evaluate the benefits that may derive when used as a shading device. The analysis evaluated the performance of the green curtain prototype compared to the other two scenarios, no curtains (control module) and external blind. Temperature, relative humidity, air quality, and solar radiation were measured in the indoor environment. Results indicate that the green curtain module was cooler by 0–4 °C than the control module during the peak solar radiation hours, and the difference even reached up to 8 °C on hotter days. Due to the evapotranspiration effect, the green curtain recorded the highest daily average relative humidity of 67%. This study demonstrates the potential ability of a green curtain to improve air quality and thermal comfort.
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1. Introduction


The rapid increase in urbanization has created several environmental issues, including the urban heat island effect [1], increased air pollution [2], increased temperature [3], and depletion of resources [4,5]. These negative effects add to climate change. In the urban environment, the high building density consumes more resources as the building sector accounts for 40% of the world’s energy usage [6], mainly due to the high conditioning energy loads. Heating, ventilating, and air conditioning (HVAC) systems consume approximately 50–70% of the building energy, primarily because of inefficient building service systems and poorly insulated external walls [7]. The other reason for this high consumption lies in the control strategy, which was identified as a parameter that has a high potential to affect energy efficiency [8]. Therefore, reducing energy demand for heating and cooling is essential for improving the energy efficiency of a building, but modern technology re-circulates the air instead of refreshing it, which leads to reduced air quality [9]. Inadequate ventilation results in poor indoor air quality (IAQ) [10]. IAQ represents attributes of the respirable air inside a building (indoor climate), including gaseous composition, humidity, temperature, and contaminants [11]. With people spending 90% of their time inside buildings [12], IAQ is an essential factor contributing to people’s health, comfort, and well-being. Indeed, poor IAQ can result in lower productivity and dissatisfaction in the workplace [13]. On the contrary, better IAQ can enhance the lives of building occupants, increase the resale value of the building, and reduce liability for building owners [14]. Recently, extreme events (e.g., bushfires and the COVID-19 pandemic) are forcing people to spend even more time indoors and persuading the building operation strategies to isolate the indoor environment. In addition, to keep the indoor environment healthy, the implementation of biophilic design strategies is important [15], because, during the building life cycle, the emissions of carbon dioxide is more than in the construction phase [16] and a biophilic design can minimize these emissions. The biophilic design uses natural elements on the premise to enhance human–nature connectedness which could immensely contribute towards health and well-being. The use of natural elements providing biophilic visual connections inside the building can improve IAQ as a factor of indoor environmental quality (IEQ) [17], as IEQ is defined by the American Society of Heating, Refrigerating and Air-conditioning Engineers (ASHRAE) [18] as “a perceived indoor experience of the building’s indoor environment that includes aspects of design, analysis, and operation of energy-efficient, healthy and comfortable buildings”. Consistently occupying spaces with natural elements can have positive effects on mood and cognitive performance [19], low pulse rates [20], and psychological nervousness (mental stress) [21], and it can also slow down blood flow, which minimizes the burden on the heart and, potentially preventing cardiovascular and cerebrovascular diseases [21]. Green plants also have a soothing effect on the human mind causing relaxation of the nervous system, reduction of mental stress, and fatigue prevention [22].



In recent decades, different internal and external vertical greening systems have spread worldwide. There are several terms used to define and describe vegetated vertical surfaces or green surfaces in buildings. Wall vegetation primarily refers to free-standing walls, and dividing properties [23]. Green or greened facades commonly feature woody or herbaceous climbers either planted into the ground or in planter boxes to cover buildings with vegetation, as this practice has been seen in many developed cities globally [24]. Green curtains and green facades have been used interchangeably in research studies. To create a green curtain, hanging shrubs are planted around the building as part of the facade [25]. Panels or geotextile felts are used to make living walls, either pre-cultivated or fixed to vertical supports or on the wall structure itself [25,26].



Vertical greenery systems have shown their advantages in different climates, as green walls improve the thermal comfort of indoor environments, and can also reduce a building’s energy consumption during the summer and winter seasons [27,28,29,30]. Moreover, the cooling load was reduced by 20% when plants were used as green walls instead of blinds under the same solar radiation intensities [31]. In comparison to the concrete wall, Cheng [32] found that green walls can reduce indoor temperature and delay the heat transfer from outdoor to indoors, while, in comparison to bare walls, green walls lead to a 6.1 °C and 4 °C reduction in external wall temperature on sunny and cloudy days, respectively [33]. Some other studies about the benefits and uses of green walls were conducted in different climates: Mediterranean [34], Mediterranean continental [25], hot and dry Middle Eastern [35], humid subtropical [36], temperate [37], temperate oceanic [33], tropical [32], subtropical [28], and maritime [31]. Overall, greenery systems can reduce the wall and roof surface temperature, resulting in a reduction in heat transfer through building envelopes, which can be as high as 80–90% [38]. Moreover, the external vertical greening fully uses the building’s structural surfaces, such as facades, roofs, windows, columns, and balconies, to grow green plants. The external vertical greenery systems in buildings can address problems such as the lack of biodiversity [39], urban drainage pressures [40], improving indoor thermal environmental conditions, and reducing cooling load [41,42]. It is clear from these studies that the vertical greening effect on a building can vary based on climates, plant species, and other factors.



Recent studies on the uses of vertical greening systems mostly focus on green walls and green roofs, the former having greater potential considering that the extent of the facade greening area can double the ground footprint of buildings in urban centers [43,44]. Indoor green walls or vertical greening systems in the form of indoor living walls, and vertical greening systems can affect the room’s relative humidity, as shown by [45], who monitored relative humidity and found that, near the living wall, higher relative humidity levels were experienced, increasing the overall relative humidity by 15%. This additional indoor relative humidity was identified as a potential criticality of living walls, as it may cause respiratory problems [46]. In Athens, Greece, an investigation of the absolute relative humidity of an area shaded by a deciduous tree and an unshaded area was undertaken [47]. It was found that the relative humidity measured in the shaded area was constantly higher than the unshaded area, clearly showing the effects of evaporated water from the trees. In dry environments, high relative humidity may be favorable; however, in already humid climates, this may cause discomfort [48]. Monitoring relative humidity and implementing a ventilation system may aid in achieving more comfort for occupants [45]. The main factors that influence energy usage and climate are: vegetation quality and quantity, leaf area index, vegetation species, substrate properties, air ventilation/infiltration rate of the building, façade properties, location and orientation of the building, and vegetation and local climate [48]. Other forms of indoor greening can be integrating plants as additional insulation layers. Another beneficial effect of indoor vertical greening is IAQ. Studies have found that indoor vertical greening systems can prove IAQ [49,50] by decreasing carbon dioxide concentration [50] and can ultimately lead to fewer medical issues arising from poor IAQ [51].



Mostly outdoor vertical greening systems have been discussed in literature focusing on issues such as the insulating effects of plants on facades (mostly outdoor), plants’ evaporative cooling effects, and habitat creation for urban wildlife. This particular research work focuses on passive low-tech windows with an indoor vertical greening system used as internal shading devices to capture solar energy, redistribute natural light, and create psychological comfort for the inhabitants. This study aims to monitor a prototype for an indoor green curtain. The objective is to assess the potential of this shading typology as a means to improve thermal comfort and the IAQ in residential applications for warm temperate climates. The assessment relies on a performance comparison of thermal comfort parameters (air temperature and relative humidity) and air quality. The thermal comfort parameters are compared between three modules: the prototype, a base case without any shading device, and an external window blind module. The air quality is only compared between the prototype module and base case without any shading device.




2. Methodology


The methodology consists of first designing and then constructing three modules: the No Curtain (NC) module, the Green Curtain (GC) module, and the Window Blind (WB) module, as shown in Figure 1. The first module, NC was used as a control or reference. Indeed, the window was cleaned and kept without any shading system. This module acted as room area in a house that receives maximum sunlight and heats at a higher rate than other areas. The GC was the second module which was set up on a wooden counter in front of a glass window panel. The third module accommodated an external blind to fully shade the window from the outside. All three modules were separated by plywood walls, in the form of plywood box frames with a plexiglass sheet opposite to the window frames from the inside to enclose the modules in the form of a room environment, shown in Figure 1. This allowed the indoor environment of the different modules to be compared, and it showed whether GC had been effective in improving thermal comfort and air quality inside the module environments. Sensors were set up on the surfaces of the module ceilings to monitor the thermal comfort parameters and air quality. A customized sensor was built to monitor the indoor solar radiation intensity coming from outside.



2.1. Location and Climatic Conditions


The experimental site is located in Sydney, in the eastern part of New South Wales State, at 33.8688° S latitude and 151.2093° E longitude. Sydney has a warm temperate climate with four distinct seasons, shifting from mild and cool in the winter to warm and hot in the summer, with no extreme seasonal differences, as the weather is moderated by proximity to the ocean.




2.2. Experimental Set-up


The modules and the green curtain prototype were placed in an interior environment as shown in Figure 1a. The individual components in the experiment as modeled image are shown in Figure 1b. The exterior environment of the modules was a glasshouse. This choice allowed us to test the benefit of the green curtain in indoor module (room) conditions. Indeed, the glasshouse was not equipped with any shading system, and thus the indoor temperatures are usually higher than the ones normally found in residential buildings. The temperature in the glasshouse varied considerably, which ideally resembled the extreme climatic conditions of the Australian outback region; e.g., 50 °C temperature has also been recorded in the summer season. Therefore, the temperature in the controlled climate of the glasshouse was higher than the normal Sydney ambient temperature.



2.2.1. Design and Working Mechanism of Green Curtain Prototype


The entire curtain frame (Figure 1c,d) was made of commercial cedar also known as Western Red Cedar, treated to be water-resistant with natural sealants, such as Tung oil. The treatment included three to four coating layers of Tung oil, applied in 10 days. This sealant was chosen due to its environmental benefits; indeed, it is both biodegradable and renewable, making it an ideal material for this project [52]. Pivot hinges were used to hinge the panels from top and bottom. Indeed, the curtain is designed with a certain degree of flexibility, allowing the panels to rotate to either shade, and filter or allow sunlight in the room, according to the season’s demand. The prototype is operated manually, and each panel can rotate 360°. This flexibility provides a higher degree of control to the occupants, which is proven to be beneficial in buildings [53]. A wooden ply box was made in the lower section of the panel (Figure 1c); it contains the soil and the plant in jute bags. For the connection between the parts of the prototype to support the plant’s growth in an upward direction, an aluminum mesh was mounted, running from top to bottom. Plants took approximately three months to grow and climb the structure. For irrigation purposes, a pipe of 0.2 mm in diameter was provided at the bottom of the box to allow for the outflow of the water.




2.2.2. Plant Specie


For this experiment, Philodendron cordatum was chosen as the crawling plant (Figure 1c) due to its low maintenance cost. The Philodendron cordatum plant, also known as the Heart Leaf plant, is commonly used indoors, and it is renowned for its air-purifying qualities [54] by removing formaldehyde from the air. Moreover, it is a relatively tough plant, which makes it suitable for high-temperature applications. Soluble, all-purpose plant food was mixed with water and given to the plants weekly for faster growth, providing the plants with extra nutrients. The plants were placed in rectangular hessian bags before placing them in the panels. The bags were filled with peat moss. There was no irrigation system installed, and the plants were watered manually. Watering was carried out twice a week with a cup of water each time for each plant.



Hessian material was preferred for the plant bags because it is solely made from fibers of jute plants, making it fully biodegradable and organic. It is recyclable and reusable, making it an eco-friendly material and a sustainable alternative to plastic planter boxes. Compared to terracotta, the hessian fabric is lightweight yet durable, strong, and resilient, allowing the prototype to be easily portable and avoid adding any unnecessary extra weight.




2.2.3. Data Arrangements


The prototype was equipped with multiple sensors to detect air temperature, relative humidity, air quality, and solar radiation. The specifications of all the sensors are shown in Table 1. The air temperature and relative humidity sensors were placed just below the ceiling inside each module to allow for performance comparison. Figure 2 shows the location of the sensors. The solar radiation sensors were only used for the GC module placed on both sides of the window glass near the ceiling, measuring the outside solar radiation intensity (   q  o u t  r   ), and the radiation on the inner side of the window before the prototype, respectively, in W/m2. It was noticed that there was negligible difference between the two, as the radiation on the inner side of the window was only 8% less than outside because the glass was highly transparent. Therefore, the radiation outside solar radiation was considered as the primary solar radiation value. The air quality sensors were only used for GC and WB modules measuring the quality of indoor air in µg/m3. A preliminary test to compare the air quality of NC and WB was carried out for 48 h period where two sensors were arranged for the experiment. The results were monitored online, and it was found that the values in the two modules did not differ from each other. This result was expected since the primary factor of variation of air quality is the presence of plants in the GC module. Therefore, based on those 48 h data, we decided to install the air quality sensors only in GC and WB. Moreover, for comparison with GC, only one module was required as base case.



The air quality sensor was not installed in NC module because, during a litmus test before the actual measurement, it was noticed that the difference may not be a significant one. The sensor’s specifications are shown in Table 1. Data gaps were fixed with linear interpolation.






3. Solar and Heat Energy Flow


The mechanisms of thermal transfer in the GC are convection (heat transport due to fluid motion), conduction (heat transfer due to molecular vibrations in a solid), and solar radiation (heat transport by photons). Part of the solar radiation is converted into heat and a part is biochemically stored by photosynthesis, and the remainder of the solar energy transmits through the plexiglass sheet. Part of the thermal energy is absorbed by the plants via evapotranspiration. The remaining thermal energy passes through the plexiglass sheet.



The heat flowing inside the building consists of an incoming solar radiation and a heat convection:


   q  T o t a l   =  q  i n  r  +  q  i n      



(1)




where:




	
   q  T o t a l     is the total energy;



	
   q  i n     is the heat flowing by convective heat transfer;



	
   q  i n  r    is the solar energy that passes through the plexiglass sheet (the last material layer in the GC module), which is given as










   q  i n  r  =  q  o u t  r  −  q r  −  q  p h   −  q h   



(2)




where:




	
   q  o u t  r    is the incoming solar energy outside the GC module;



	
   q r    is the solar energy reflected by the GC;



	
   q h    is the solar energy converted into heat inside the GC module;



	
   q  p h     is the solar energy used by plant leaves for photosynthesis by the chemical reaction below [55]:










  6 C  O 2  + 6  H 2  O    →   q  p h        C 6   H  12    O 6  + 6  O 2     



(3)







Photosynthesis absorbs only a part of the solar spectrum, usually around the 400–700 nm waveband that ranges from violet to red. Overall, the efficiency of photosynthesis varies depending on the specific plant species and environmental conditions, but it is generally in the range of 3–6% [56], and the percentage of absorption depends on many factors [57]. During photosynthesis, energy can be lost as heat due to the high temperature of the chloroplasts in which the process occurs. Additionally, energy can be lost through the dissipation of excess light energy, which can cause damage to the leaves. The radiation,    q h   , accounts for all processes where the radiation is converted into heat. The reflection of solar energy by plants,    q r   , is related to the albedo effect [58]. Albedo is a measure of the reflectivity of a surface, or the fraction of incident solar radiation that is reflected by the surface [59]. It is estimated that the reflectance of plants ranges from about 5% to 30%, depending on the wavelength of the incident radiation and the specific plant species [60].



Apart from radiation, we need to account for the heat flow through the GC module by convection and conduction in the various layers of materials of the module. It is assumed that the temperature variation on the GC is slow enough so that there is no accumulation of thermal energy by the thermal mass of the materials. The thermal gradient is calculated by   Δ T =  q R    in each solid phase, and   Δ T =  q h    in each gaseous phase. Here, R [Cm2/W] is the R-value of the GC component and h [W/(Cm2)] is the heat convection coefficient of the air. A special zone is the area occupied by the leaves. Here, there is a heat absorption Q [W/m3] due to the combined effect of the evapotranspiration [61] and the fraction of solar radiation converted into heat.


  Q = −  Q  e t   +    q h   D     



(4)




where:




	
   Q  e t     [W/m3] is the energy lost by evapotranspiration in the GC module;



	
   q h    [W/m2] is the solar energy converted into heat, also called solar irradiance;



	
D [m] is the thicknes of the folliage,   D =  x 2  −  x 1   .








The amount of energy required to evaporate water depends on several factors, including the initial temperature of the water, the atmospheric pressure, and the humidity of the air [62,63]. However, on average, it takes about 2257 kilojoules (kJ) of energy to evaporate one liter of water at room temperature and at standard atmospheric pressure [64]. This energy is used to overcome the intermolecular forces that hold the water molecules together, allowing them to break free and enter the gaseous phase. The power required to evaporate one liter of water in a day can be calculated as Power = Energy/Time = 2257 kJ/24 h = 94 W. Taking into account the fact that the average incoming solar radiation in the GC module is 50 W/m2 × 1.3 m × 1.1 m = 70 W and the average amount of water added to the GC plant is half a liter per day, the evapotranspiration (ET) will make a significant contribution to the energy budget.



The temperature profile in the folliage is calculated by the steady state heat equation


     d 2  T   d  x 2    =  Q  D  R  e f f      



(5)




where    R  e f f     is the effective R-value of the foliage and  D  is the thickness of the foliage. Solving this equation leaves the parabolic temperature profile as shown in Figure 3. The integration constants can be solved using the heat fluxes as boundary conditions, i.e., temperature and heat fluxes are continuous at the boundaries.


   T  o u t   − T  (   x 1   )  =  (   1   h  o u t     +  1   R  g l a s s      )   q  o u t      



(6)




where:




	
   T  o u t     is the outdoor temperature;



	
   h  o u t     is the convective heat transfer in the outside environment;



	
   R  g l a s s     is the R-value of the window glass.








The boundary condition at the point x2 is given by


  T  (   x 2   )  −  T  i n   =  (   1   h  i n     +  1   R  p l e x i      )   q  i n      



(7)




where:




	
   T  i n     is the indoor temperature;



	
   h  i n     is the convective heat transfer in the inside environment after the plexiglass sheet;



	
   R  p l e x i     is the R-value of the plexi glass.
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Figure 3. The mechanism of thermal transfer and heat absorption in the GC module. A part of the incoming solar radiation    q  o u t     [W/m2] is absorbed by photosynthesis    q  p h     [W/m2] (black arrows) and heat    q h    [W/m2] (blue arrows), and a part is reflected    q r    [W/m2] (red arrow). The remaining    q  i n     enters the building. In addition, the interior heat flow    q  i n     [W/m2] is different than the exterior heat flow    q  o u t     [W/m2] due to the amount of heat loss by evapotranspiration and the solar radiation converted into heat. The temperature profile is constructed based on the hypothesis of quasi-static equilibrium, and the temperature gradients are calculated based on thermal material parameters. 
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The governing equations show that the main effect of the evapotranspiration in the GC is to produce a drop of the heat flow indoors,    q  i n   =  q  o u t   −  q  e t   +  q h   . In addition, the GC reduces the amount of solar radiation    q  i n  r  =  q  o u t  r  −  q r  −  q  p h   −  q h   , allowing a comfortable natural lighting indoors. Without CG, the indoor heat flow will be raised due to lack of evapotranspiration and the increase of indoor solar radiation. The main effect of the external blind is to drastically reduce the incoming solar radiation    q  o u t    , with a detrimental effect to the indoor natural illumination and creating discomfort for the indoor occupants.




4. Results and Analysis


The results are discussed in four sections. The first section discusses the ambient conditions in which the experiment was performed. The second section analyzes the solar radiation intensity and the air temperature during solar radiation hours. The third section then discusses the complete recorded temperature and relative humidity data (during solar and non-solar radiation hours). The last section discusses air quality. The temperature and relative humidity results are shown in the form of seasons: November was late spring, December was early summer, January was mid-summer, and February and March were late summer and early autumn, respectively.



4.1. Ambient Conditions


The experiment started in November 2021. It was the sixth wettest year on record, with 2021 rainfall being 30% above average. Sydney had its wettest November since national records began in 1900 [65]. It was not a hot summer. The external ambient mean hourly values with error bars of the outdoor temperature and relative humidity are shown in Figure 4.



During the study period, the highest recorded temperature was 46.9 °C, with solar radiation hours ranging from 12 to 15. The study commenced in the spring of 2021 and concluded in the autumn of 2022. The observation period was 5 months (November, December, January, February, and March). During the experiment, the maximum temperatures were recorded around 15:00 hrs–16:00 hrs, while the minimum temperature was noticed in the early morning hours before the sunrise.




4.2. Solar Radiation and Air Temperature


The two external factors which had a high impact on the environment of the modules were the solar radiation   (  q  o u t  r   ) and the oudoor temperature 𝑇out. As an example, the 1 February data of solar radiation and temperatures are shown in Figure 5a,b, respectively. The raw data of every day for solar radiation and temperature are shown in the Supplementary Material. The daily solar radiation ranged up to 455 W/m2 during the experiment. The mean value of solar radiation recorded was 38 W/m2, though it kept increasing as the experiment moved into late summer (February) and early autumn (March). Due to the wet early and mid-summer, the solar radiation values were low because of a high proportion of diffuse radiation [66]. However, in late summer and early autumn, the intensity of solar radiation increased as the weather became clearer. The solar radiation was directly impacting the outdoor temperature, which was then affecting the temperature of the modules inside.



Figure 5b shows the temperature recorded for every 30 min on 1 February during the solar radiation hours. The outdoor temperature is directly correlated to the solar radiation; e.g., from 18 January–22 January, 90% of the values of solar radiation were below 100 W/m2 and the mean outdoor temperature during that period was 27 °C, which is 3 °C less than its mean temperature (30 °C) during January. It is important to note that Figure 6 shows a pattern of three different time frames: (i) the rise towards the peak temperature; (ii) the peak temperature hours; and (iii) the fall of temperature after the peak has passed. The peak hours graph kept on changing monthly; e.g., in November, the peak hours were between 13:30–15:00 hrs, in December 13:00–16:30 hrs, January 13:00–16:30 hrs, February 12:30–15:30 hrs, and March 12:00–15:00 hrs. High-temperature peaks were noticed in the NC module from late spring (November) to late summer (February). The primary peak (27.5 °C) occurred around 15:00 hrs in late spring (November) and slightly late in early summer (December) at 16:00 hrs (31 °C). However, a secondary peak (30 °C) was also noticed in early summer at around 13:30 hrs. In the mid-summer (January), two primary peaks were noticed at 13:30 hrs and 16:30 hrs, with temperatures of 33.5 °C each, respectively. During the peak hours, the GC always had a minimum value compared to the NC and was the quickest to cool when the peak was passed. It was primarily because of the evapotranspiration effect of the plants [67] in the GC module. This cooling-down effect after peak hours was also noticed in other studies [45,49,68]. The main reason that the peaks were found in the NC module the most was the entrapped heat being generated due to the greenhouse effect [69]. As the WB was blocking most of the solar radiation, therefore, understandably, it had the minimum indoor temperature before and during the peak hours. However, due to some radiation still penetrating through the blinds, the entrapped heat inside the WB module increased the temperature.



The absence of a plant delayed the cooling period in both the NC and WB blinds. As in the summer months (December, January, and February), the mean temperature in the after-peak hours (16:30–20:30 hrs) in GC was 1.5 ± 0.05 °C lesser than NC and 1 ± 0.05 °C than WB. This difference even reached up to 8 °C and 4 °C, respectively, on hotter days in particular hours. In early autumn (March), the change in the solar angle due to the seasonal variations resulted in high peaks noticed in the outside temperature.



The difference of air temperature between the base case module (NC) and GC, shown in Figure 6 during the peak solar radiation hours, clearly show the significance of a living plant medium. From late spring (November) to late summer (February), more than 90% of values were positive. In those positive values, more than 95% were between 0–4 °C. The maximum difference reached up to 11 °C in January. A temperature difference of 1–3 °C with an indoor plant medium was noticed in the indoor studies [70]. The seasonal shift in early autumn (Mar) shows more than 90% negative values. Though a short hot spell increased the outside temperature above 40 °C again and even up to 47 °C but the difference was in the negative, it was because, due to the change in the solar angle, the solar radiation was hitting the sensor probes in the GC module directly.




4.3. Temperature and Relative Humidity (during Solar and Non-Solar Radiation Hours)


From the box plot data shown in Figure 7, it is important to note that the mean value (x) and the median line are at the lowest in the GC module from late spring (November) to late summer (February). This shows the overall performance of the GC prototype to regulate the indoor temperature inside the module and keep it around or within the ASHRAE range. The evapotranspiration effect [67] of the GC causes this cooling effect inside the module. Moreover, on an average hourly basis, GC is 1.3 °C and 0.6 °C cooler than NC and WB, respectively. This can be verified by a meta-analysis study of green spaces [71]. WB had the lowest average maximum daily temperature, followed by GC and NC; this can be explained by the reflection of the solar radiation. However, some radiation still comes inside the WB and the heat then gets entrapped as with NC. Therefore, this entrapped heat in the form of high thermal mass [72] does not allow the WB and NC to get low quickly, compared to GC which had plants.



The maximum and minimum temperatures also ranged significantly within each season (Figure 7). It was important to note that the temperature range increased during the seasonal shifts; e.g., the largest temperature range overall was recorded in the NC module during late spring (November) (min = 23 °C, max = 45 °C), while the maximum in the GC was found in early autumn (March) between 20 °C (min) and 40 °C (max). The maximum variation in the outside temperature was found in March (min = 18 °C, max = 47 °C). The high temperatures of NC are due to entrapped heat between the window glass and the plexiglass sheet accumulated during the solar radiation hours of the day. The lack of ventilation and the trapping of the long wavelength radiation inside the NC caused a greenhouse effect [73].



The RH data are shown in Figure 8. GC had the highest RH in all the modules from late spring (November) till late summer (February). On a daily average basis, in late spring (November), the RH of GC was greater than OT, NC, and WB by 9%, 6%, and 7%, respectively. In the summer months (December, January, and February), this difference was 3.62%, 7.2%, and 5.72%. The high RH values of GC were due to transpiration, as the water travels from the root to the plant leaves, where it turns into water vapor and is released into the atmosphere [68]. Therefore, green plants can increase indoor relative humidity [74] and also regulate air temperature [75]. The minimum values were all recorded in the afternoon because the cooler morning air is closer to saturation than the hot afternoon air, even with the same amount of water vapor. The season shift from late summer to early autumn lowers the RH in GC and the difference is 1% approximately each between GC,NC and GC,WB. In March, the rise in RH values is due to the dip in the external and internal temperatures [76], as the weather becomes cooler, causing the air to be moist.



The maximum RH observed in GC was 93% on 23 December 2021, whereas the maximum outside RH was 94%, recorded in March. The average hourly peak was observed at 06:30 hrs. A regular pattern of a dip in relative humidity was seen in all modules from 09:00–15:30 hrs, because an increase in solar radiation decreases the vapor content in the air [77].



Practically, 98% of occupants are thermally satisfied when the temperature and relative humidity integration take place in the comfort zone suggested by ASHRAE Standard 55 [78]. Consequently, a person will feel almost exactly as cool at 24 °C and 60% relative humidity as at 26 °C and 30% relative humidity [36]. Moreover, the local standards of New South Wales (an Australian state) recommend a temperature of 20–26 °C [79]. Based on these standards, the frequencies of temperature and relative humidity are shown in Figure 9. It shows that the GC module had the maximum frequencies of temperatures falling between the recommended range for the occupants. The GC temperature complied with 66% of the acceptance limits of ASHRAE and NSW (20–26 °C), greater than WB (57%) and NC (51%). In Figure 9, the frequencies of the relative humidities show that GC had the maximum frequencies falling between 70 to 80% compared to the other two modules.




4.4. Air Quality


The air quality comparison between the GC and WB did not show a significant difference compared to each other, as shown in Figure 10. To examine the data of the Air Quality (AQ), the arithmetic theory of the null hypothesis was used [80], suggesting that no significant difference exists in the set of observed variables (GC-AQ and WB-AQ) between the two sets of observed data. The null hypothesis statement is that the difference in the mean of the AQ of the GC module is equal or not different from the mean of the WB-AQ. The test was carried out for two time frames, 02:00–16:00 hrs and 16:00–02:00 hrs. It was found that, from 02:00–16:00 hrs, the p-value was 0.08 (>0.05), which means the null hypothesis was accepted, but, from 16:00–02:00 hrs, the p was 0.0001 (<0.05) and the null hypothesis was rejected. This means that, in the evening, the difference was significant and the GC module was more effective at decreasing the pollution compared to the WB module.



Because of the lack of ventilation in both the modules, the air quality remained fairly constant in the range of healthy standards for air [81], except in the period between 1800 to 2200 hrs, when the AQ values increased in the module without GC, indicating higher pollution in the evening hours. The daily maximum, minimum and mean values of all the variables is shown in Table 2.



Overall, the plant (Philodendron cordatum) remained in good health, though some issues with the growth of the plant were anticipated, as Philodendron cordatum does not tolerate direct sunlight. However, it was found that the plant adapted relatively well to the solar radiation. Due to the lack of ventilation, in the last few weeks (in March) of the experiment, the number of brown (dead) leaves started to increase but, by then, the data collection process was completed. As the prototype potential difference was at the maximum in the summer months, this indicated that it is a plant that requires less maintenance, that can adapt to harsh environmental conditions.





5. Conclusions


Vertical greening in form of green walls or living facades are used in buildings to improve air quality, reduce the urban heat island effect, provide habitat for wildlife, reduce noise pollution, and enhance the biophilic character of buildings. On the other hand, the indoor vertical greening system is less common and poorly investigated. This research is unique in developing an innovative indoor vertical greening in the form of a green curtain within an indoor setting of a prototype room. The green curtain provides to the occupants full control of the amount of sunlight that is allowed into the indoor environment based on the innovative rotating mechanism of its modules, allowing us to adjust the indoor natural light and the exposure of the plants to the required solar radiation needed for effective evapotranspiration. We demonstrated positive impacts on air temperature and air quality consistent with findings from outdoor greening studies. It was found that, during the peak solar radiation hours from late spring (November) to late summer (February), the difference between NC and GC air temperatures was mostly between 0–4 °C. On hotter days, during the peak hours, with regard to the maximum difference between NC, GC, and WB, GC was as high as 8 °C and 4 °C, respectively. In the after-peak hours, during the summer months, the GC module was cooler than the NC and WB modules by 1 °C and 1.5 °C, respectively. Overall, the GC created a climate in an intermediate space of the module that was characterized by lower temperature, heat absorption, higher humidity, and improved air quality in the evening hours. While the GC would not significantly affect the temperature/humidity indoors, it produces a significant reduction of the heat flow in the building envelope due to the combined effect of evapotranspiration, reflected solar radiation, and photosynthesis.



The implication of the initial findings is vast, as a simple indoor solution without any retrofitting requirement or an alternative to an energy-saving retrofit strategy for windows provides a feasible option to mitigate heat gain. Moreover, we optimized two main thermal comfort factors, air temperature and relative humidity, in the desired range, that improve thermal comfort. In addition, the design adopted a biophilic design approach that creates a natural indoor environment, providing the benefits of biophilia by bringing the green outdoors indoors. High humidity levels were observed near the living wall due to plant evapotranspiration, which is beneficial in the case of dry indoor environments.



5.1. Direction for Future Studies and Methodological Recommendations


The future developments of the research will aim to investigate the performance and benefits of the GC when applied to realistic settings in the form of larger module areas. As for a more real-world setting, proper ventilation is advised to avoid problems associated with excessive moisture because there was reduced air circulation from outside to inside or vice versa. The model can also be studied for naturally ventilated buildings, where more air circulation effects on the plant growth and comfort parameters can be studied. The prototype should also be tested in other seasons, e.g., in winter or early spring. To investigate the fluctuations of the indoor operative temperature over the entire year under various indoor air temperature set-points, a computer simulation model can be developed using a BIM (building information modeling) tool, e.g., Integrated Environmental Solutions [82] or Energy Plus [83]. Computer simulations should account for the thermal mass effect as observed in the experiments reported here. Moreover, a numerical model assessment of the GC prototype is recommended for future studies to evaluate the behavior of the prototype when upscaled. It is important to arrange all the necessary equipment for measuring all the variables, e.g., evapotranspiration rate, photosynthetic rate, latent heat of vaporization, short/long incident/reflected solar radiation, and temperature sensors, inside the leaves of the GC. Moreover, multiple sensors for each variable should be used to improve indoor environmental quality management [84].



However, the design of the prototype for every plant may be different, depending on the plant species’ growth rate and shape; e.g., some plant species grow from top to bottom, others sideways. To further improve the prototype design, we should minimize human interaction by integrating it with BEMS (Building Energy Management Systems). Moreover, some other benefits of plants should be studied, e.g., carbon reduction from a building performance point of view, and numerous health and well-being, psychological, cognitive, and behavioral benefits from the human performance point of view. All the recommendations can assist in promoting an affordable and biophilic solution to improve indoor environmental quality (IEQ).




5.2. Limitations


This study was not benchmarked with other studies because no rotating-mechanism-based indoor plant was found in the literature. However, in the future, this study can be considered as a benchmark of calibration for other plants. Some consideration can also be given to adverse plant-related effects because those effects have received very little or no attention from built-environment-focused studies.



Human habitation in cities occurs in indoor environments and this study has provided an opportunity to enhance building occupant health, well-being, and comfort. This research further identifies the need for future research to consider and integrate plant science aspects, providing a foundation for the inclusion of indoor living walls in urban built environments.
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Appendix A. Green Curtain Prototype Experiment Components
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Figure A1. Front view and isometric 3D modeled view of all the components of the green curtain prototype. All units in mm. 
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Figure A2. Section and top view of all the components of the experimental set-up. All units in mm. 
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Figure 1. (a) Isometric modeled image of the experimental set-up showing all the components, and exterior and interior environment. (b) Exploded view of the components of the experimental set-up. The model was designed and drafted in Autodesk Revit. (c) Experimental set-up showing three modules (NC, GC, and WB). Each section of the GC can be vertically rotated. The fully grown Philodendron cordatum plant is included on each section of the GC module. The hemp mesh running from top to bottom provided a climbing medium for the plant. (d) A 3D view of the plexiglass sheets in front of the modules. The external side of the modules is the glasshouse mimicking the Australian outback region climate. Detailed dimensions of the GC prototype and the experimental setup are shown in Appendix A (Figure A1 and Figure A2). 
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Figure 2. Experimental set-up showing three modules (NC, GC, and WB) and locations of all the sensors. 
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Figure 4. (a) Mean hourly outdoor temperature and relative humidity (with error bars) recorded during the experimental period (4 November 2021–21 March 2022). (b) Mean hourly solar radiation intensity (with error bars) in solar radiation hours recorded during the experimental period (8 October 2021–21 March 2022). 
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Figure 5. A typical presentation of the daily solar radiation and temperature measurements recorded during the experiment. (a) Solar radiation intensity recorded on 1 February 2022 externally. The data were recorded after every 2 min. (b) Temperature data of 1 February 2022 for the outdoor environment, and the inside of the three modules (NC, GC, and WB). The pattern shows three time frames: before the peak hours (10:30–12:30 hrs), at the peak hours (12:30–14:00 hrs), and after the peak hours (14:30–18:00 hrs). The time frames change on daily basis based on the solar angle. 
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Figure 6. The difference between the temperature of NC and GC recorded during the peak solar radiation hours. The horizontal axis shows the outside temperature, and the vertical axis shows the difference of temperature between NC and GC. The black dots in late summer (February) corresponds to 1 February 2022 data points shown in Figure 5. 
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Figure 7. The complete recorded temperature data (solar and non-solar radiation hours) shown as box plots with error bars for outside temperature (OT) and the three modules (NC, GC, and WB) every month. The box plot shows a median (solid middle line), mean value (marker—(×)), the interquartile ranges (upper and lower limit lines of the boxes), and the range of maximum to minimum values (the whiskers), except for “outliers”. 
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Figure 8. The complete recorded relative humidity data (solar and non-solar radiation hours) shown as box plots with error bars for outside temperature (OT) and inside the three modules (NC, GC, and WB) in every month. The box plot shows a median (solid middle line), mean value (marker—(×)), the interquartile ranges (upper and lower limit lines of the boxes), and the range of maximum to minimum values (the whiskers), except for “outliers”. 
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Figure 9. The frequencies of the temperature and relative huimidities inside the modules with moving average lines (black dotted) shown in black. The horizontal axis lines show a certain range of temperature and RH. The vertical axis line shows the frequency of occurrence of temperature and RH. 
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Figure 10. (a) Hourly mean data of AQ for GC and WB modules. The error bars were calcualted using standard error (SE); formula: SE = Standard Deviation/√ (sample size). These mean data were calculated from the complete raw data measured every 30 min from 1 March 2022 to 21 March 2022. (b) The box plot data distribution of the AQ data. The box plot shows median (solid middle line), mean marker (×) and the interquartile ranges; the whiskers give the range of maximum to minimum, except for “outliers”. 
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Table 1. Sensors and data-measuring period of the parameters.
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	Parameters
	Duration of Measurement
	Sensor
	Measurement Range
	Accuracy





	Air temperature (°C) and relative humidity (%)
	4 November 2021–22 March 2022
	HOBO MX2302A
	40–70 °C

0–100%
	±0.2 °C

±2.5%



	Solar radiation intensity (W/m2)
	15 December 2021–22 March 2022
	Solar Jinie
	0–1200 W/m2
	±20 W/m2



	Air quality (µg/m3)
	1 March 2022–21 March 2022
	PM 2.5 Wireless Indoor,

PM 2.5 Wireless Outdoor
	0–999 µg/m3
	±15 µg/m3
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Table 2. Summary of the temperature, relative humidity, and air quality measured during the experimental period (solar + non-solar radiation hours). The standard errors are shown for the daily mean, maximum daily mean, and minimum daily mean. The daily mean was the average of all the values recorded for a variable. The maximum daily mean was found by finding the maximum value of a variable in 24 h and then finding the average of all those maximum values; the same applies for the minimum daily mean. The maximum and minimum values correspond to the highest and lowest values recorded for a variable during the whole data collection period.
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	OT (°C)
	NC (°C)
	GC (°C)
	WB (°C)
	ORH (%)
	NC (%)
	GC (%)
	WB (%)
	GCAQ (µg/m3)
	WBAQ

(µg/m3)





	Daily Mean
	25.72 ± 0.22
	26.39 ± 0.22
	25.05 ± 0.20
	25.64 ± 0.21
	60.07 ± 1.30
	60.74 ± 0.78
	66.75 ± 0.77
	61.43 ± 0.62
	1.99 ± 0.09
	2.19 ± 0.09



	Max daily mean
	31.30 ± 0.41
	31.99 ± 0.42
	30.39 ± 0.37
	28.89 ± 0.29
	65.37 ± 1.41
	68.34 ± 0.67
	77.09 ± 0.81
	64.66 ± 0.62
	0.87 ± 0.18
	1.04 ± 0.22



	Min daily mean
	22.82 ± 0.21
	23.90 ± 0.20
	21.94 ± 0.18
	23.55 ± 0.19
	51.00 ± 1.35
	46.94 ± 1.23
	54.17 ± 1.02
	57.08 ± 0.74
	0.14 ± 0.03
	0.13 ± 0.03



	Max
	46.90
	44.85
	39.99
	36.72
	0.00
	94.00
	84.12
	93.78
	9
	11



	Min
	18.73
	19.33
	16.85
	19.01
	0.00
	22.00
	19.98
	29.67
	0
	0
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