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Abstract

:

This research involves the study of two models of green facades and a model of bare wall. A house miniature was used as thermal lab. The aim of the project is evaluating the performance of energy transfer based on the various leaves densities on the green facade. Heat calculation was used to calculate heat transfer on the wall surface. There are two kinds of leaves densities, 50% and 90%. The data measurement show that the green facade has a significant cooling effect and more visible for the facade with higher leaves densities. Respectively, from experiment I to experiment III, the average of heat fluxes are 22.35 W/m2, 8.76 W/m2, and 0.60 W/m2 where in experiment III, the negative heat flux occurred during day time due to interior surface temperature is higher than exterior surface temperature. Lastly, higher leaves densities possibility can create a better cooling effect but also has the risk of creating higher relative humidity, especially for the interior air layer.
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1. Introduction


Recently, greenery aspects on the buildings started to take important place due to their concept as mitigation in urban heat island [1,2]. Even though it is not a new innovation, it still has not been recognized as an energy saving system, especially in the urban environment.



Chen et al. [3], resume three technologies relate to vertical greenery systems, as following:

	
Green facades refer to applying climber plants which are planted directly in the ground or in planter boxes, and are managed to grow directly on building surfaces or by using wire or trellis frameworks as supporting materials [4,5,6].



	
Living wall constructed from modular panels along with a watering system. The vegetations placed in the substrate inside the modular panel and attached on the walls. Usually, living walls use small vegetations such as small shrubs and grass that naturally do not grow higher [4,5,6,7].



	
Bio wall is a kind of vertical greenery system that applied on the interior wall surface [5,6].








In the previous studies, a number of outstanding public and private benefits can be provided by vertical greenery system, such as aesthetics, acoustic, social, ecological, and environmental benefits [1,8,9,10,11,12,13].



From the previous researches related to the potential of vertical greenery system as a passive cooling design, it can be concluded that the most interesting parameters are the cooling period, the species of vegetation used, the orientation of the facade, the leaves densities or the percentage of foliage coverage and the air temperature between the greenery layer and the building facades [1,14,15,16,17,18].



The benefit of plants on the building facade is important, especially for better sustainability in the built environment. Compared to synthetic materials such as plastic or metal, a vegetative facade does not radiate back the heat of solar radiation into surroundings of the building and makes the surroundings of the building cooler [19]. Hunter et al. [4], also proved that green facades, like other green technologies are more and more being considered as a future design to cooling down building temperature, saving energy consumption of the building and mitigating urban adaptation to an area that has warm climate. Photosynthesis and evapotranspiration use solar radiation that can effectively prevent temperature increase [6].



Series of studies have been conducted to prove the effect of vertical greenery systems on the building. An initial study established in Singapore by Wong et al. [20], proved that facades with vertical greenery system has maximum temperature decrease compared with bare wall. Further result also discover that the position of plants on the vertical greenery system will affect the temperature decrease.



In Sailor [21], model with vegetated facade can save 5–10% in the consumption of electricity. However, when all facades were using vertical greenery systems, possibility can improve energy saving from 35% to 90% [22]. These results are similar with a previous study by Hoyano [23], where the potency of solar radiation reduction in the veranda was reaching up to 60% for sun shading and 1–3 °C on air temperature reduction from a climbing plant type vine. A comparative study by Sunakorn and Yimprayoon [24], also proved that in the building with natural ventilation, climbing plants have potential to decrease indoor air temperature and remain cooler than the control room during daytime.



A more interesting study conducted by Wong et al. [1], using eight different vertical greenery systems, one of the results said that the effect of temperature reduction depended on the foliage densities. There is a correlation between leaves densities and temperature reduction. However, these results cannot be generalized as a conclusion for the effect of leaves densities to temperature reduction because the study is done in a different construction system and there is no further description related to leaves densities.



In previous research by Laopanitchakulet al. [17], three chambers were used to observe the effect of leaves densities in green facade on temperature decrease. The result is the higher leaves densities has better quality in temperature reduction. Further discussion also expandin the effect of distance toward effectivity of climbing plant in reducing heat transfer inside building. Still, the calculation on the heat flux seem do not explain yet.



In particular, similar studies were also done by Perez et al. [25], where the reduction of shadowed area of double skin facade can reach up to 5.5 °C in sunny times in August and reach maximum value of 15.2 °C on the facade facing South-West in September in Mediterranean continental climate. Perini et al. [26], achieved average reductions of 2.7 °C and Koyama et al. [27], also discovered average reductions of 3.7–11.3 °C with foliage coverage between 15% and 54%.



Related to the benefit of vertical greenery system for building energy saving, originally, this concept service occurred due to sun shading provided by plants canopies. Highlights from these previous studies are the relation between the shadow effect, densities of leaves, and temperature reduction. Although, the previous studies have used leaves densities in order to characterize the potential of vertical greenery system as a passive tool energy saving, the data available are still rare, especially in tropical area where reduced heat is crucial for keeping the spaces in comfortable conditions.



Particularly, this research is discussing the thermal performance of vertical greenery systems in buildings. The study compares two models of green facades and a model of a bare wall. The model was built to look alike houses and can be called house miniatures. The objective of the study is evaluating the performance of energy transfer on the building facade based on the various leaves densities of the green facade. The evaluations include performance of wall surface temperature, air temperature, and heat flux on the wall.



In addition, the paper tries to establish an easy method to calculate leaves densities in the green facade, so that it can be applied in further research and architectural projects. Heat calculation was used to calculate heat transfer on the wall surface.




2. Methodology


2.1. Design of Model


An experimental approach is used in this research. A miniature house was used as thermal lab can be seen in Figure 1. The walls were built from bricks and the roof of the model was built using tile roof. The model has two small windows as inlet and outlet that allow air circulation and heat inside the model.



Compare to real building, the scale of model is 1:4. Walls as measurement object have dimension 1 m × 1 m. For the details of dimension of the model, can be seen in Figure 2. While the details of building material can be seen in the Table 1.



As for the detail of physical and structural parameters of miniature house are shown in Table 2.



The east wall is attached with green facade using climbing plants: Passifloraflavicarva and Pseudocalymmaalliaceum. These are evergreen species and based on the observation these species have wide leaves surface so the leaves densities are denser than other climber plants species in this area. Possibility, it will influence the amount of solar gain for thermal balance in the building. Therefore, studies in the area with different seasons of the year, using deciduous species are important to consider [28]. East wall chosen as object measurement because this part get more solar radiation in the morning and high solar radiation directly during afternoon [18]. It will influence the increasing temperature in the building and as consequence, this part needs more protection.



Three series of data measurements were done during December 2013, namely experiment I, II and III. The different among experiments are in the leaves densities of green facade. First, for model without green facade (leave density 0%), second for model with green facade 50% (experiment II), and third for model with green facade 90% (experiment III).



There are no detailed assessments related to the proportion of the vegetation distribution in each experiment. However, based on the observation, both Passiflora Flavicarva and of Pseudocalymma alliaceum have balanced distribution. Due to dissimilar condition with previous studies, it is very unsafe to compare the results from previous studies to the results in this study directly.



Because of limited model, experiment I, II and III were done using one model that simulation in three experiments. There is 2 days different for each experiment. One day for set up the green facade and one day for adapting green facade on the model. Detail of configuration in each experiment and the average of local climate condition during each data measurement based on the Maritime Meteorology Station of Semarang City can be seen in Table 3. The different in each data measurement are 2% for humidity, 0.52 °C–1.4 °C for air temperature and 0.2 m/s–0.5 m/s for air velocity. Those days was sunny and there are no much different in local climate condition.




2.2. Leaves Coverage Calculation


In this research, we studied leaves coverage area which determine in 2 levels: 50% and 90%. Two different plant species, Passifloraflavicarva and Pseudocalymmaalliaceum were planted in the box planting for three months before used for the experiment.



In every week, the documentation of green facade will be taken as an initial simulation to arrange the leaves densities. From the simulation, there are 10 variations of leaves densities from 0%–100%. To determine the area that covered by green facade, a calculation using AutoCAD was done. Simple calculation for leaves densities (LD) was done based on the domination theory by Odum [29], as follows:


LD=L1×100%L2 



(1)




where LD = Leaves Densities, %; L1 = The area that covered with green facade, m2; L2 = Entire area of object measurement, m2.



In the previous study, observation on the green facade with coverages area 50% and 90% has been done by Laopanitchakul et al. [17]. Then, the latest study in Beijing was conducted by Qin et al. [30] also measured in situ coverage area on the green walls with 100% greenery coverage ratio. A computational fluid dynamics (CFD) simulation was done as a validation [30].



In this works, we compared performance for reducing heat transfer between models with and without green facade. Different with previous studies, the chosen coverage areas are 37%, 64%, and 87.5%, can be seen in the Figure 3.




2.3. Heat Flux Calculation


The aim of heat flux calculation is to express quantity of energy (q) that passing through a material per area (m2). Previously, heat flux calculation also used in the study conducted by Mazzali et al. [31], with three kinds of vertical greenery system as study object. However, in the study there is no calculation related to leaves densities.



The heat flux formula, qc (W/m2) is obtained by the coefficient of convective heat transfer (h) and the temperature difference between the air and the surface (Ta − Tw) according to Newton’s cooling law:


qc=h(Ta−Tw) 



(2)




where Ta is the air temperature, °C; Tw is the wall surface temperature, °C. While for convective heat transfer coefficient calculation is the sum of components from heat convective (hc) and heat radiant (hr), respectively calculated based on the EN ISO 6946:2008 [32] as in the following relations:


hc=4+4v



(3)






hr=ε4θTm3 



(4)




where v is the wind velocity, m/s, ε is the surface emissivity, for bricks wall is 0.45, θ Stefan Boltzmann constant and Tm mean thermodynamic temperature of the surrounding surfaces, °C.




2.4. Climatic Condition


Location of the experiment is in Semarang City (6°58′0.0012′′ S and 110°24′59.9904′′ E) under tropical monsoon climatic condition defined according to Koppen-Geiger climate classification as the climate that has a driest month with rainfall less than 60 mm, but more than 1/25 the total annual precipitation [33].



Further specific conditions according to Maritime Meteorology Station of Semarang City, this region has high relative humidity with annual average 78%, except in July to August where the average of humidity only 58%. In special months around December-January, the average of humidity will reach 97%. The annual of air temperature is 26.7 °C. The warmest condition occurred during October with air temperature can reach 27.6 °C. However, the lowest air temperature is in January 25.9 °C.




2.5. Experiment Description


The model built in Architecture Department, Diponegoro University. Climber plants used as green facade attached on the building wall, as can be seen in Figure 4. While the study based on the data from an experiment conducted during December 2013. At the time, the position of sun on the south of equator and solar radiation intensity is low [34].



The aim of the data measurements was conducted to validate the effects of leaves densities on green facade to the thermal profile of the model. In the following are detail of data measurement:

	
Measurement of surface temperature on the interior and exterior model facade.



	
Measurement of air temperature in the exterior and interior of model.



	
Measurement of air humidity in the exterior and interior of model.








There are fifteen measurement points on the facade surface. Five on the bottom, five on the middle and five on the top, as can be seen in Figure 5. The data of surface temperature are the average from the nine measured points. Whereas for indoor air temperature and indoor air humidity, the measurement tools placed in the middle of a miniature house. As for the shape of the roof that has long overhang, that give more shading effect on the facade made the result of data measurement on the A row has cooler temperature than B and C rows.



Some of measuring instrument was used in this research:

	
Hygro thermometers are used to measure air temperature and air humidity in exterior and interior of miniature house. The exterior air temperature and humidity are represent the thermal condition around measuring wall. Both for bare wall and green facade. The measurement instrument measured the thermal condition with or without greenery system. While for interior space, the measurement instrument placed in the middle of the miniature house.



	
Infrared surface thermometer is used to measure surface temperature, both exterior and interior of facade. The measurement instrument measured the wall surface. As for bare wall in can be done directly, while for green facades are directed under greenery system.



	
4 in 1 environment tester LM-8000 is used to measure wind speed.








All data are acquired at 1 h intervals. Selected data for analysis chosen from data measurement on clear days.





3. Results and Discussion


3.1. Comparison between Surface Temperature of Bare Wall and Green Facade


Walls as part of the building receive direct heat from solar radiation. Generally, in the bare wall, all the heat will receive directly by exterior walls. While in the green facade, direct solar radiation will be blocked by the greenery layer.



Figure 6 shows the comparison of exterior and interior surfaces temperature. Trends from both surface temperature of the green facade is lower than the bare wall. In other words, the bare wall gains more heat during day time. Fluctuation of exterior surface temperature on the experiments II and III is smaller and tend to overlap, especially from 13:00 to 22:00. During that time, possibility exterior surfaces lost their heat to interior surfaces and ambient temperature around the green facade. The bigger heat lost occurred on the experiment III with denser leaves densities.



Compared to the bare wall, significant temperature reduction occurred on the model with green facade, respectively, 12.34% for exterior surface in experiment II and 14.34% for experiment III. The same result also found in interior surface temperature where temperature reduction in experiment II is 12.38% and in experiment III is 13.72%. This resultshas similar trend with a previous study conducted by Laopanitchakul et al. [17]. It means denser leaves densitieshasstronger cooling effect.



Based on the mean temperature value in Table 3, experiment III has the lowest temperature. The different of exterior surface temperatures between bare wall and green facade are 6.8 °C for experiment II and 7.8 °C for experiment III. While on the interior surface, the different are 6.7 °C for experiment II and 7.3 °C for experiment III. The result presents a good thermal reduction behaviour throughout the day.



The quantity of thermal stress on the green facade creates a different in the occurrence of maximum and minimum surface temperature. In experiments II and III, both the maximum and minimum temperature of exterior facade occurred at the same time. As seen in Table 4, the period is longer than bare facade and similar result also found on the interior surface. At this point, the composition of leaves densities on the green facade improve thermal performance of building envelope and possibility can reduce energy consumption for cooling load.




3.2. Comparison between Exterior and Interior Space Temperature of Barewall and Green Facade


During the data measurement, ambient temperatures were lower and humidity of the air higher with significantly wetter days. Still, generally, data measurement of both exterior and interior space temperature for experiment II and III are lower than experiment I, as seen in Figure 7.



Exterior space temperature represents ambient air temperature around measuring walls. Throughout the observation, the maximum reduction of exterior space temperature opposed with the average of outdoor environmental conditions shown by experiment III with the thickest leaves densities, from 0.3 °C to 3.0 °C. Compared to the ambient air around experiments II and I, the reduction of exterior space temperature, respectively, are from 0.0 °C to 2.3 °C and 0.0 °C to 1.3 °C. The trend of this outcome is similar with the finding given by Wong et al. [1], about the microclimate created by green facade. However, the difference on the thermal performance due to leaves densities did not mention.



After sunset (6:00 p.m.), due to the absence of solar radiation and no effect of shadow from green facade, both for exterior space temperature of experiment I and II decreased. However, in experiment III, the ambient around green facade still absorbed more heat energy during night (7:00 p.m.–5:00 a.m.) to remove the heat store from the interior space during daytime while trying to achieve a balanced point. The lowest differences of exterior space temperature among the three experiments are from 6:00 a.m. to 8:00 p.m.



The effect of leaves densities is more visible in the interior air space temperature. As seen in Figure 7, during data measurement, interior space temperature in experiment I was always higher than experiments II and III. While the interior space temperature in experiment III was always lowest. The average of temperature reduction from experiment I to experiment II is 1.97% and from experiment I to experiment III is 3.4%.



Similar to exterior space temperature, in experiment III, since 2:00 p.m. to 5:00 a.m. the interior space temperature tended to increase. That means during that time, air temperature received heat from exterior and possibility of air circulation being blocked by foliage in the greenery system. The trend of this result resembles Wong et al. [1], even though the point of discussion is distance, where at the certain distance the ambient temperature around vertical greenery system was slightly warmer because the greenery system blocked air circulation.



Nevertheless, as can be seen in Table 5, the duration of the maximum temperatures in experiment II are beyond expectations. In this case, further study needs to be done.




3.3. Humidity between Bare Wall and Green Facade


It is normal when there is a lot of vegetation around a building, the outdoor and indoor humidity will increase. Through evapotranspiration, the vegetation not only can decrease the temperature but also increase the humidity [35]. However, according to Chen et al. [3], the effect just influences the small distance. Furthermore, when the building used well insulated material, the effect on the indoor humidity possibility can be neglectable. In addition, the humidity state in the air layer around the facade is more important because it directly influences the indoor relative humidity.



As seen in Figure 8, both exterior and interior humidity had a similar trend. In experiment III, the humidity is higher than in experiments I and II. During the night, the humidity increased. Possibly, it is due to the absence of solar radiation. Greenery foliage also increased water vapour. The denser leaves densities, the more air circulation is blocked by greenery and so does the water vapour. Moreover, the data measurements were conducted during December when the average of relative humidity is 78%. Therefore, except greenery factor, ambient condition also affected.



The mean relative humidity of all experiments respectively for outdoor air humidity are 62.9% (experiment I), 69.0 (experiment II), and 70.5% (experiment III). The differences with bare wall are 4.61% for experiment II and 5.75% for experiment III. While for interior space humidity, respectively, the averages are 66.1% (experiment I), 70.1% (experiment II), and 72.5% (experiment III). The differences with bare wall are 2.94% for experiment II and 4.60% for experiment III. A possibility is that infiltration through the wall would increase interior space humidity. However, experiments II and III tend to have smaller fluctuation than experiment I.



Based on the data measurement, it can be concluded that though higher leaves densities in experiment III can improve the cooling effect, it also increased the air humidity. This result is similar to Chen et al. [3], where increased humidity is not good for the building because it can increase latent heat to the indoor space. To face the high humidity, good design in natural ventilation is needed.




3.4. Heat Flux Calculation between Bare Wall and Green Facade


As seen in the Figure 9, there is a similar thermal behavior to all three experiments. It seems the results have relevancy with surface temperature where the lowest different between the average of exterior and interior surface temperature is in experiment III, 0.30 °C. While for experiment I and experiment II are 0.60 °C and 0.80 °C.



The negative results on the heat flux occurred during day time on the experiment III. Start from 8:00 a.m. to 6:00 p.m. the movement of heat flux on the experiment III was negative. It occurred because interior surface temperature is higher than exterior surface temperature. However, in the night the movement of heat flux started to become positive, yet was still below experiment I and II. Though the result is beyond the expectation, it can be explained as the response of leaves densities to solar radiation and potentially reduce cooling load during day time. Compared to other experiments, experiment III had the lowest heat flux profile. Respectively, from experiment I to experiment III, the average of heat flux are 22.35 W/m2, 8.76 W/m2, and 0.60 W/m2.



Based on the discussion, on the surface sections with covered by plant, heat flows are lower compared with those of the bare surface sections, which are unprotected from direct solar radiation. The leaves densities in the green facade reduce significantly the unwanted heat quantities that distribute from the exterior to the interior on the building. It will stabilize the indoor environment by decreasing both outdoor and indoor temperature.



However, it still needs further discussion for the appropriate proportion of leaves densities to create better heat flow to avoid extreme heat flux.





4. Conclusions


This research studies the thermal behavior of the green facade in the tropical climate through three series of experiments focused on the observation of leaves densities in the green facade to create a microclimate around a building facade.



The experiments used a model of a miniature house. The scale is 1:4. The green facade applied in the east wall with three kinds of leaves densities as the parameter as follows: 0% as bare wall model; 50% leaves densities; and 90%. The experiment was conducted during December 2013.



The major findings are:

	
Compared to the bare wall, the green facade had a notable cooling effect and was more visible for the facade with higher leaves densities. The difference of exterior surface temperatures between bare wall and green facade was 6.8 °C for experiment II and 7.8 °C for experiment III. While on the interior surface, the difference was 6.7 °C for experiment II and 7.3 °C for experiment III.



	
In interior space, the effect of leaves densities is more visible compared to exterior space. Experiment I was always higher than experiments II and III. While experiment III is the lowest. The average temperature reduction from experiment I to experiment II is 1.97% and from experiment I to experiment III is 3.4%. However, at a certain time, both exterior and interior space temperatures tended to increase. It means during that time, air temperature received heat, and cannot release it because the air circulation was blocked by foliage in the greenery system.



	
Both exterior and interior humidity had a similar trend. The denser leaves densities, the more air circulation was blocked by greenery. In experiment III, the humidity is higher than in experiments I and II, especially during the night when there is no solar radiation, the humidity will increase. Furthermore, the data measurements were conducted during December when the average relative humidity is 78%.



	
The result of heat flux has relevancy with surface temperature. Compared to other experiments, experiment III had the lowest heat flux profile. Respectively, from experiment I to experiment III, the average of heat flux were 22.35 W/m2, 8.76 W/m2, and 0.60 W/m2. The result in experiment III with the negative result in the heat flux calculation was beyond expectation. It occurred because interior surface temperature is higher than exterior surface temperature.








This research gives new perception about the positive and negative effect of green facade on the microthermal behaviour in the building. However, additional research is needed to determine the appropriate proportion of leaves densities to create effectiveness of the green facade.
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Figure 1. Miniature house as measurement object. 
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Figure 2. Detail of miniature house. 
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Figure 3. Chosen of leaves densitieson the green facade: (a) Leaves Densities50%; (b) Leaves Densities 90%. 
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Figure 4. Placement of green facade. 
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Figure 5. Location of measurement points for the surface temperature. 
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Figure 6. Comparison between: (a) exterior surface temperature and (b) interior surface temperature of bare wall and green facade. 
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Figure 7. Comparison between: (a) exterior space temperature and (b) interior space temperature of bare wall and green facade. 
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Figure 8. Comparison between: (a) exterior space humidity and (b) interior space humidity of bare wall and green facade. 
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Figure 9. Comparison between heat flux of experiment I, experiment II, and experiment III. 
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Table 1. Detail of miniature house.






Table 1. Detail of miniature house.





	Detail of Miniature House
	Specification





	Model size
	1 m × 1 m × 1 m



	Roof material
	Asbestos



	Roof shape
	Gable roof



	Wall material
	Brick



	Inlet outlet
	Porosity 30%



	Floor material
	White ceramic



	Ceiling material
	Asbestos



	Position of opening
	Inlet in the front and outlet in the back
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Table 2. Detail physical and structural parameter of miniature house.
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	Physical and Structural Parameter
	Specification





	Wall thickness
	12 cm



	U value
	0.31 W/m²K



	Layer material
	No layer material
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Table 3. Configuration of the green facade in each experiment.
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Date

	
Thermal Lab

	
Average of Local Climate Condition




	
Humidity

	
Temperature

	
Air Velocity






	
Experiment 1

	
December 10

	
Model without green facade (0%)

	
78%

	
26.0 °C

	
4.7 m/s




	
Experiment 2

	
December 13

	
Green facade 50%

	
80%

	
25.48 °C

	
5.0 m/s




	
Experiment 3

	
December 16

	
Green facade 90%

	
80%

	
24.6 °C

	
5.2 m/s
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Table 4. Comparison of surface temperature in each experiment.
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Exterior (°C)

	
Interior (°C)




	
Max

	
Time

	
Min

	
Time

	
Average

	
Max

	
Time

	
Min

	
Time

	
Average






	
Experiment 1

	
35.7

	
14:00

	
26.6

	
06:00

	
31.0

	
32.2

	
19:00

	
28.0

	
06:00

	
30.2




	
Experiment 2

	
31.4

	
10:00

	
21.0

	
20:00

	
24.2

	
25.4

	
17:00

	
21.6

	
03:00

	
23.6




	
Experiment 3

	
25.8

	
10:00

	
21.0

	
20.00

	
23.2

	
25.7

	
23:00

	
20.0

	
20:00

	
22.9
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Table 5. Comparison of space temperature in each experiment.
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Exterior (°C)

	
Interior (°C)




	
Max

	
Duration

	
Min

	
Duration

	
Average

	
Max

	
Duration

	
Min

	
Duration

	
Average






	
Experiment 1

	
29.0

	
3 h

	
23.0

	
1 h

	
26.2

	
27.0

	
2 h

	
26.0

	
7 h

	
26.4




	
Experiment 2

	
30.0

	
4 h

	
23.0

	
2 h

	
25.9

	
26.0

	
5 h

	
24.5

	
1 h

	
25.3




	
Experiment 3

	
28.0

	
2 h

	
23.0

	
5 h

	
25.0

	
25.1

	
1 h

	
24.3

	
5 h

	
24.6
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