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1 Introduction 

Increased urbanisation has led to a worsening in the quality of life for many people in large cities, in 

respect of the urban heat island effect and increases of indoor temperatures in housing and other buildings. 

The total urban population is predicted to increase from 7.3 to 9.7 billion people by 2050 [1]. In terms of the 

concept of Urban Heat Islands (UHI), many suburban and urban areas experience elevated temperatures 

when compared to their outlying rural surroundings. The annual mean air temperature of a densely populated 

city can be between 1 to 3°C warmer than the surrounding areas, and on a clear, calm night, this temperature 

difference can reach 12°C [2].  As temperatures and populations increase, urban air quality worsens and the 

potential for increased health issues around heat stress grow, especially for older people.  Despite rapid 

urbanisation and population growth, typically only 1-2% is added to the total stock of buildings annually, and 

therefore the focus for the maximum benefit for UHI mitigation lies with retrofitting existing buildings with 

vegetation applied to walls and roofs.  These structures are known as green roofs and green walls. When 

building envelopes are covered with green roofs and green walls there is great potential to attenuate the UHI 

effect [3,4,5,6,7]. According to Herreira-Gomes [8] and Yaghoobian and Srebric [4] green roofs are an alternate 

way to mitigate climate change effects.  

Compared to traditional roof surfaces typically covered with bitumen, asphalt or steel sheeting which 

are directly exposed to the sun, retrofitted green roofs can attenuate housing temperature [9], and this is 

attributed to the reduction in thermal conductivity [10,11,12,13]. However, in residential external walls exposed 

to the sun and, especially in tall buildings, where wall areas are much greater than roof areas, it is expected 

the role of green walls in mitigating extreme temperatures is significant. Thus, the combination of green roofs 

and green walls is expected to promote better thermal performance in residential building envelopes. This 

research sought to explore to what extent this was the case, using a modular vegetated system as a retrofit 

covering for walls and roofs.  

It is important to analyse the heat effect in terms of human impact, since heat stress may affect 

populations with adverse health consequences. According to Robinson [14], integration of meteorological 

elements must be used for the human evaluation of heat effects. The estimate of human heat exposure is 

based on environmental studies that use indices to capture the combination of several weather factors [15]. 

Steadman’s apparent temperature [16-18] is one of the most popular indices for environmental health research. 

It combines air humidity and temperature into a single scale; adopting the same units as air temperature. The 

calculation of apparent temperature, based on original Steadman equations, requires the iteration of multiple 

equations that takes into account heat and moisture transfer. Steadman [16] carried out this calculation for the 
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combination of air temperature and moisture, expressed in terms of relative humidity (RH) and dew point 

temperature, summarised in table format. Further details on how the principles of physiological heat regulation 

are used to include the effects of humidity and temperature in determination of heat index (HI) values for a 

specific weather condition is presented in Steadman [16]. As an alternative to the use of Steadman’s tables, 

Anderson [15] identified 21 algorithms that have been developed to reproduce HI values. One of these 

algorithms, based on Steadman’s theory, is used by the United States (US) National Weather Service (NWS) 

to provide the base for heat warnings and is adopted in the present work. 

The HI is a combination of RH and air temperature, which provides the apparent temperature in degrees 

Celsius or Fahrenheit. This index is used by the National Weather Service (NWS), an agency part of National 

Oceanic and Atmospheric Administration (NOAA) of the US government, responsible for providing weather 

forecasts and hazardous weather warnings. According to the Occupational Safety and Health Administration 

(OSHA), US Department of Labor, the HI can be used to indicate the risk of heat-related illness. Danger and 

Extreme Danger categories are associated with risk levels that vary from high to very high/extreme risk levels, 

whereas Caution and Extreme Caution represent low to moderate risks respectively. 

This work evaluates the role of extensive, or shallow depth, green roof and green wall technologies in 

heat stress attenuation. As in previous studies [19-21], vegetation parameters such as substrate, foliage height 

and leaf area index (LAI) were not taken into account. However, the characteristics of the vegetation used in 

the experiments lie among previous works carried out by Pandey et al. [22]; Wong et al. [23]; Djedjig et al. [24]; 

Wong et al. [25] and Lazzarin et al. [26].  

According to Pandey et al. [22] in experiments performed in prototypes, foliage height is related to the 

degree of shading of soil surface, and the lower the foliage height the higher the heat transfer. The combination 

of foliage height with the density of the vegetation is a crucial factor in thermal performance. As stated by 

Djedjig et al. [24], the shading effect of foliage decreases substantially the surface temperature of the building 

envelope. Additional studies corroborate a direct relationship between LAI and the thermal performance, 

showing a significant influence of foliage density on the thermal behaviour of green roofs [27,28,29,30,31].  

In general, vegetation increases the thermal performance, quantified by the U-value of roofs and 

external walls. Also known as the overall heat transfer coefficient, this parameter indicates the heat transfer 

through a surface and higher values indicate low insulating levels. According to Wong et al [25], when 

compared to a non-thermal insulating building, a roof covered by a 100 mm soil substrate, vegetated with turf 

reduces the U-value from 2.39 to 1.19 W/m²K. In addition, for extensive green roofs with soil depths varying 

from 50 to 100 mm, Nichaou et al. [19], Alcazar & Bass [32] and Castleton [33], demonstrated the role of 

vegetation in reducing U-values. Castleton [33] stated that besides insulation, the vegetated surfaces provided 
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by green roofs and green walls add thermal mass, which is the material capacity to store or absorb energy, 

providing inertia against temperature fluctuation that results in temperature peak delay in vegetated structures 

when compared to non-vegetated ones.  

In addition to the role of affecting heat loss through the evapotranspiration process, the water content 

in soils influences their thermal conductivity and thermal mass. Alcazar and Bass [32], Castleton [33], Lazzarin 

et al. [26], Wong et al. [25], Lin et al [34], Ouldboukhitine et al. [35] and Sun et al. [13] found that thermal 

performance worsens in wetter soils, as water is a better conductor of heat than air. In comparison to traditional 

roof design, Lazzarin et al. [26] stated that the thermal performance of green roofs under dry conditions 

reduces the influx of heat by 60%. However, when the soil is wet evapotranspiration plays an important role, 

acting as a heat sink [5,35,36,37]. The water content in vegetated structures seems to regulate the heat flux 

simultaneously by altering the conductivity condition of soils, and indirectly through evapotranspiration of the 

plants. According to Castleton [33], the water content regulates the heat out flux when the evapotranspiration 

process is considerable. 

Considering that RH plays a relevant role in establishing HI values, any extra moisture supply provided 

by evapotranspiration, which may migrate into the vegetated structures, contributes to increase the RH levels, 

counteracting the internal temperature attenuation promoted by the plants.  

The HI, also known as the apparent temperature, is the combination of what the temperature feels like 

to the human body when air moisture and temperature are combined. This has important considerations for 

human body comfort [15]. Rather than temperature itself, HI is used in the evaluation of heat stress in small-

scale experiments, where identical prototypes (vegetated and non-vegetated) are compared using blockwork 

and timber-framed structures for Rio de Janeiro, Brazil and Sydney, Australia respectively.  

Both countries are predicted to be affected severely by increased temperatures in the coming decades 

as climate change impacts. It will be necessary to retrofit many existing buildings, in a relatively short time 

frame. Furthermore, many developing countries will be severely affected by increased temperatures [38] and 

this research aimed to test lightweight, low-cost systems that could be used for retrofitting without the need for 

additional structural reinforcement to most existing wall and roof types. The research objective was to develop 

and test practical solutions that can be retrofitted quickly when needed. This paper sets out the rationale for 

the research design and the experimental setups, focussing on the implementation of low-cost, affordable 

technologies. The results of the experiments are presented, followed by a discussion of the datasets before 

conclusions are drawn. 

This proposal focussed on affordability and low maintenance aspects. Low-income groups are far more 

vulnerable to heat stress, which also impacts on health and well-being. As a result, both experimental setups 
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made use of simple technologies. In Rio de Janeiro, the materials came from recyclable resources, reusing 

vaccine boxes for the vegetated system on the walls. In Sydney, the use of document holders, available at 

stationery stores formed the vertical plant holders. For both sites, low-cost plastic trays were used for the 

vegetation on the roofs. The Sydney trays were fabricated using 3D printers. These materials were accessible, 

simple and affordable. Adoption of accessible, simple and affordable materials enables the application of these 

types of vegetated systems on a large scale, and is not restricted to the service of specialised companies. He 

et al. [39]  planted succulents in a modular rooftop system and found these plants provide excellent insulation 

[31,36,40,41]. Ease of and low maintenance were important criteria and succulent plants were used due to 

their drought resistant characteristics, low risk of fire, and ability to grow in shallow substrates that do not 

require structural reinforcement to many typical existing roof and wall structures.  

 
 

2 Research Methodology and Experimental Design 

This research adopted a quantitative experimental approach to data collection. The methodology 

comprises the use of adaptive building technologies to assist in mitigation of problems caused by increased 

urbanisation and climate change, such as the UHI effect and increased internal housing temperature. 

Given that temperature increase and rapid urbanisation occur mainly in developing countries, low-cost 

techniques based on lightweight modular systems (modular containers) that enable off-site planting, cultivation 

and maintenance were adopted. Due to increasing building density in urban areas, envelopes may become 

more relevant than roof areas in terms of heat exchange. In tall residential buildings, it is expected that green 

walls will have a significant influence in improving heat stress. Greening residential external walls is relevant 

especially when walls have direct sun exposure.  

This research aimed to evaluate the combined effect of green roofs and green walls, and two sets of 

experiments were performed in Rio de Janeiro, Brazil at the Oswaldo Cruz Foundation (Fiocruz) and at the 

University of Technology Sydney (UTS), Australia. As depicted in Figure 1 the influence of the combined effect 

of vegetated roofs and walls in HI attenuation is carried out comparing two identical housing prototypes. The 

first is almost fully covered with vegetation, and the second one is not. 
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 Figure 1: Green roof and green walls experimental setup. Left-hand side – Rio de Janeiro, right-hand side – 
Sydney. 

 

Previous studies evaluated the thermal aspects of vegetated prototypes [22-24,42,43]. Due to lack of 

space and so that the experimental setup would have the same exposure of solar radiation without any 

neighbourhood shading, the evaluation of the thermal benefits of green roof and walls was performed on an 

existing building roof. However, due to limitations of structural load bearing capacity, prototypes were used 

rather than full-scale dwellings. 

 

2.1  Planting: characteristics and set up 

The succulent species used were Crassula Lycopodioides, Crasula Ovalata, Echeveria, Callisia 

Repens, Sedum, Pachyveria and Tradescantia. There was a mix of these species on the roofs of both sites, 

while Callisia Repens and Tradescantia were used on the walls. It is important to mention that Callisia Repens 

had the highest level of coverage (density). 

Succulent plants present a Crassulacean acid metabolic (CAM). According to Black and Osmond [44] 

this type of plant protects its photosynthesis from CO2 and H2O stresses, using a mechanism of switching 

photosynthesis pathways. Thus, succulents comprise a group of plants adapted to extremely arid 

environments, habitats with intermittent water supply and semi-arid regions with seasonal water availability 

[41].  

In the evaluation of the thermal performance of green roofs, surface albedo influences absorption and 

reflection of the solar radiation. As Susca et al’s [7] study found in a surface covered with sedum, an average 

albedo of 0.2 was recorded.   

In addition to the modular characteristics in this study, green roof systems comprise previously planted 

vegetated modules placed onto existing roofs covered in metal sheeting or tiles. In this experimental modular 

system, to avoid loss of soil particles, a permeable fabric separates the substrate from the drainage layer and 

water storage system. Additional details are described in Wilkinson and Castiglia Feitosa [45]. 
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The green wall system was originally designed at Fiocruz (Brazil). It comprises re-used plastic closed 

boxes, with six squared shaped openings drilled into the lid, in a three row and two-column array. In this case, 

5 cm of substrate depth is provided in the container, and then is covered by the geotextile fabric, before being 

sealed by the cover of the container box. After this, small cuts are made into the fabric so that the plants can 

be planted in the system, and after the vegetation development, the boxes are placed in "U" shaped metal 

profile channels fixed to the wall. The plastic containers for the Sydney experiment had circular openings for 

planting and adopted identical preparation and wall fixing technologies. 

 

2.2 Prototypes and climate characteristics  

 

Although the Rio de Janeiro and Sydney prototypes have the same galvanised steel sheet tile roof 

covering, they have different structural materials, commonly used in Brazil and Australia respectively. On the 

Brazilian site, the walls are concrete blocks painted white, whereas in Sydney, a 100 mm thick timber frame 

structure covered with drywall painted blue was used. Both prototypes have identical dimensions: 120 cm 

width; 150 cm length; 100 cm front height and 120 cm back height. All prototypes are devoid of insulation. The 

estimated albedo in Rio de Janeiro (white) and Sydney (dark blue) prototype walls was 0.6 and 0.3 respectively. 

For the galvanised steel roof coverings, the albedo was 0.24 [46]. 

Rio de Janeiro is located in the southeast region of Brazil and has a warm, humid climate. During the 

winter, temperatures lower than 15ºC are unusual and it is common for temperatures to reach 30ºC. In summer 

periods, temperatures above 30ºC, and occasionally, exceeding 40ºC are common. In terms of precipitation, 

the driest months occur from autumn to spring (May to October) and the wettest months in the summer [47].  

Sydney is located in the southeast, with a temperate climate shifting from mild and cool in winter, to 

warm and hot in summer. Monthly averages temperatures range from 8ºC to 27ºC. Rainfall is fairly evenly 

spread throughout the year, with moderate to low variability. Slightly higher rates of rainfall occur during the 

from February to June when easterly winds dominate, and lower rainfall rates are common from July to 

September [48].   
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2.3 Heat stress evaluation and measurement methods 

The choice of the use of HI lies in studies performed by Steadman [16-18] that provide the basis for heat 

advisories in the US, which has locations (especially in the southern part) with climate characteristics similar 

to Rio de Janeiro and Sydney. Moreover, according to the study carried out by Anderson et al. [15], HI was 

widely used as a measure of heat exposure in studies in the U.S., Europe, Australia, Bangladesh, South Korea 

and in Central and South American countries. 

The levels of RH play an important role in heat stress since it regulates the evaporation rate of sweat 

from the skin that allows the human body to cool down on hot days. Thus, the higher the RH, the lower the 

evaporation rate from the skin and the higher the apparent temperature. Besides the similarities between 

apparent temperature and air temperature for low levels of RH, it is important to highlight that low humidity can 

be a problem, due to rapid evaporation of sweat. Under these conditions dehydration becomes possible.    

According to Anderson et al. [15] in the estimation of heat exposure, many environmental health studies 

rely on indices that aim to gather several environmental factors. In terms of environmental health research, 

Steadman’s work [16-18] provided the Steadman’s apparent temperature that translates air moisture and 

temperature into a single scale measured in the same units as air temperature, also called the HI.   

Based on Steadman’s theory [16-18], many algorithms have been developed to calculate HI as a 

function of air temperature and RH or dew point temperature. The NWS algorithm [49] showed the best fit to 

Steadman’s table values and was selected therefore in this research to calculate the HI values. This algorithm 

based on values of temperature (T) in degrees Fahrenheit and RH in percent is presented in the flowchart in 

Figure 2. 

 

 

 Figure 2: Flowchart of the algorithm of heat index (HI) calculation used by (NWS 2017) based on air temperature 

in degrees Fahrenheit (T) and relative humidity in percent (RH) 
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According to NWS [49], the basis for the HI values calculation comprises shady conditions, and during 

exposure to direct sunlight, these values can be increased by around 8ºC.  

The calculation of HI was based on registers of RH and temperature simultaneously recorded every 30 

minutes inside the vegetated and non-vegetated prototypes. These measurements were taken using a 

commercial USB data logger Extech RHT10, which has a RH range from 0 to 100%, a temperature (T) range 

from -40 to 70 ºC (-40 to 158 ºF), and an accuracy in RH and T of 3% and 0.6 ºC (1 ºF) respectively. The data 

loggers were placed about 700 mm above the floor of the structures, which corresponds, in real scale dwellings, 

to a level equivalent to the average height of people.  Access to the data loggers is through 100 mm circular 

openings in the front part of the prototypes. The Rio de Janeiro records comprise a 161-day period from 

October 31st 2016 to February 8th 2017, and the Sydney tests were performed over 300 days, from January 

19th 2016 to November 20th 2016.  

 

3 Results 

The results of the combination of green roof and walls performed for the two experimental sites are 

shown in Figures 3 and 4.  

It is important to note the following results present two different and separate case studies, carried out 

under different experimental setup and climate conditions: a temperate climate (Sydney) and a warm and 

humid climate (Rio de Janeiro). Thus, no attempt is made to perform any comparison between the different 

sites. Sydney and Rio de Janeiro were selected for the experiments as both are coastal cities in the southern 

hemisphere which are experiencing rapid urbanisation and increasingly high temperatures over extended 

periods. In many parts of both cities it is less affluent people living in properties, often designed without 

consideration of excess heat gain and thermal comfort, that are poorly constructed and, as a result, who 

experience the discomfort that arises through excessively high temperatures. Furthermore with ageing 

populations the potential negative health impacts of excess temperature increase. The rationale for selection 

of the cities was to explore options for low-cost, lightweight retrofit modules that could be affordable options 

for those experiencing heat stress in housing. 

This paper evaluates retrofitted green roofs and green walls on small-scale structures replicating 

construction technologies typically adopted in local housing design. Even though under the different structural 

schemes adopted on the Rio de Janeiro and Sydney sites, a significant attenuation in HI or apparent 

temperature is evident when comparing the control structures to the fully vegetated prototypes.  
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3.1  Rio de Janeiro case study 

Figure 3 presents a comparison between RH, temperature, and calculated HI according to the NWS 

algorithm, over 161 days that covered the mid-winter and mid-summer season. The lower lines in the graphs 

represent the differences between the non-vegetated and vegetated prototypes for temperature and HI graphs, 

whereas for RH it represents the opposite. 

A summary of the maximum, minimum, and average registers of temperature, RH, and their associated 

values of HI for both the vegetated and non-vegetated prototypes is shown in Table 1.  

 

 Temperature (ºC) Relative humidity (%) Heat index (ºC) 
 Vegetated Non-

vegetated 
Vegetated Non-

vegetated 
Vegetated Non-

vegetated 

Maximum 39.2 45.3 95.0 93.8 49.2 57.5 
Minimum  18.2 17.3 30.4 26.3 18.2 17.2 
Average 27.0 28.1 72.2 66.6 29.5 30.9 

Table 1: Rio de Janeiro maximum, minimum and average limits of temperature, relative humidity and heat index. 

 

Regarding the RH, all limits presented for the vegetated prototype were mostly higher than for the non-

vegetated prototype. Opposite to temperature, minimum values of RH occur when the temperature is higher 

and vice versa. In addition, the maximum records for both the vegetated and non-vegetated prototypes indicate 

the extremely humid climate of Rio de Janeiro. 

The RH registers of the vegetated prototype were permanently higher than the non-vegetated 

prototypes even for the lower temperature levels, indicating, due to the transpiration of the plants, a moisture 

migration into the housing prototype.   

The highest temperatures occurred during the daytime and the lowest along the night-time around early 

morning hours. 
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Figure 3: Rio de Janeiro - comparisons between relative humidity, temperature, and calculated heat index.  

 

 

The temperature attenuation is evaluated through the simultaneous temperature difference between the 

non-vegetated and the vegetated prototypes, where positive values indicate higher temperatures in the non-

vegetated prototype and negative values indicate the opposite. As shown in Figure 3, temperature differences 
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ranged between -2.8ºC and 8.1ºC. Throughout the dataset, the non-vegetated prototype had its temperatures 

higher (positive differences) during the daytime and lower (negative differences) during night-time and early 

morning. The highest positive temperature differences occurred slightly after midday, whereas the maximum 

negative differences were evident in the early morning periods, which show the influence of the vegetation in 

attenuating heat exchange and adding thermal mass. 

Compared to previous work carried out by Wilkinson and Castiglia Feitosa [45] where only the roof 

surface was covered with vegetation, the addition of green walls to a previously vegetated roof increases the 

temperature differences between the non-vegetated and vegetated prototypes even more. In the 

aforementioned work, temperature differences varied from -1.5ºC to 5.6ºC; the additional effect of green walls 

altered these limits to positive and negative limits of 8.1ºC and -2.8ºC respectively. However, it is important to 

highlight that the increase in the negative limit was more pronounced than in the positive, indicating a good 

performance in heat loss during night-time periods. 

In comparison to temperature, the maximum levels observed for the HI were substantially higher. With 

regards to average limits, the values for the HI are slightly higher. The similar values for the minimum limits lie 

on the algorithm assumption’s that the HI is quite similar to temperature for low limits (T< 26.7ºC) of this 

parameter. However, it is important to highlight that the HI values depend on the simultaneous combination of 

temperature and RH that present an inverse relationship between them.    

In terms of the HI analysis, the differences between the non-vegetated and the vegetated prototypes 

varied from -7.6ºC to 15.5ºC, widening those limits observed for temperature. Similarly, the highest positive 

differences occurred during the daytime periods and the highest negative differences during night and early 

morning periods.  

Regarding the temperature, RH and HI differences presented in Figure 3, when comparing the 

vegetated to the non-vegetated prototypes, a more similar pattern between HI and temperature was observed, 

which indicates a stronger influence of temperature on HI. Based on this pattern similarity, the maximum 

negative differences (depicted in the upper graph of Figure 4) show that the periods when the HI of the 

vegetated prototype are higher than the non-vegetated prototype occurred early in the mornings. This occurred 

during a combination of higher RH and temperature in the vegetated prototype, over days of successive high 

temperature levels. This is attributed to the capability of vegetation to flatten the temperature fluctuation due 

to the attenuation in heat exchange (U-value reduction) and the addition of thermal mass, together with higher 

RH levels even under events of higher temperature. In the lower graph within Figure 4, maximum positive 

differences were observed subsequent to events of nearly zero temperature differences, combined with 

sudden falls of this parameter. In this case, due to inertia in heat exchange, it takes some time to achieve 
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warmer conditions in the vegetated prototypes during the early morning, which results mainly in the permanent, 

cooler conditions of the vegetated prototype in the first days after these events.     

 

 

Figure 4: Rio de Janeiro – Details in temperature, relative humidity and heat index patterns along conditions of 
maximum negative differences (upper part) and maximum positive (lower part). 

 

Compared to the non-vegetated prototype, the influence of vegetation in HI attenuation was influenced 

by RH levels. The higher the difference of RH between the vegetated and non-vegetated prototypes, the lower 

the attenuation in HI levels. During these episodes, speaking in terms of “apparent temperature” the vegetated 

prototype became warmer more often than the non-vegetated one, exclusively due to the effects of high levels 

of RH that are able to offset the temperature attenuation promoted by the vegetation. 

Figure 5 presents a heat stress assessment through the comparison of the percentage of time that the 

HI of the vegetated and non-vegetated prototypes lie on the categories of heat advisories according to the 

NWS classification. Based on this figure the percentage of time considered, over the 161 days, as conditions 

of ‘Extreme Caution’, ‘Danger’ and ‘Extreme Danger’ could be reduced from 39.1 to 34.5%. However, under 
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conditions of extreme levels of heat exposure, such as ‘Dangerous’ and ‘Extremely Dangerous’, the vegetated 

prototype reduced these conditions from 14.1% to 4.4% when compared to the non-vegetated prototype. This 

result may have substantial health impacts in terms of the probability of heat stroke reduction, especially in the 

elderly population. 

 

 

 Figure 5: Rio de Janeiro - Heat stress assessment. Percentage of time that heat index of vegetated and non-vegetated 
prototypes lie on the categories of heat advisories according to the NWS classification.  

 

3.2  Sydney case study 

A comparison between RH, temperature, and calculated HI according to the NWS algorithm, is 

presented during a 300 day-period that comprises mostly summer and mid-spring seasons (southern 

hemisphere) in Figure 6. In each graph, the bottom lines represent temperature and HI and the differences 

between the non-vegetated and vegetated prototypes. As for RH, it means the inverse relation (vegetated 

minus non-vegetated). In addition, the maximum, minimum and average of the measured parameters of RH 

and temperature, and their associated values of the HI for both the non-vegetated and vegetated prototypes 

are summarised in Table 2. 

 Temperature Relative humidity Heat index 
 Vegetated Non-

vegetated 
Vegetated Non-

vegetated 
Vegetated Non-

vegetated 

Maximum 33.0 42.0 92.5 89.5 36.3 55.9 
Minimum  7.2 7.4 19.9 17.6 5.7 5.8 
Average 18.9 19.8 67.0 61.6 18.7 19.7 

Table 2: Sydney maximum, minimum and average limits of temperature, relative humidity and heat index. 

All limits of RH observed for the vegetated structure were higher, indicating a possible moisture supply 

into the prototypes due to plants’ transpiration. For all datasets, the RH values observed for the vegetated 

structure were permanently higher when compared to the non-vegetated structure.  
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The highest temperatures occurred during the afternoon and the lowest in early morning. Compared to 

temperature, the maximum limits of the HI were higher, the average values did not differ significantly and the 

minimum limits were the same. 

As for temperature attenuation, according to Figure 6 the simultaneous temperature differences varied 

from -1.2ºC to 12.0ºC, where the positive differences (the non-vegetated prototype was warmer than the 

vegetated one) occurred during the daytime and negative differences were common in the night-time and the 

early morning.  

When compared to temperature, the maximum values of the HI were substantially higher for the non-

vegetated prototypes. The differences observed between the non-vegetated and the vegetated structures 

ranged from -3.0ºC to 21.8ºC. Comparing these limits to the ones observed for temperature, it is observed that 

the efficiency of vegetation in attenuation of “apparent temperature” is even more pronounced, showing it to 

be more effective in avoiding heat inflow rather than heat outflow. The temperature effect was determinant on 

the HI, once the differences observed between the non-vegetated and the vegetated structures were 

substantial, and also due to the similar patterns observed of the differences between non-vegetated and 

vegetated prototypes depicted in Figure 6. Moreover, compared to the non-vegetated prototype, the levels of 

RH in the vegetated prototype were not high enough to counteract the effects of the temperature attenuation 

promoted by the vegetation. Thus, the considerable temperature attenuation promoted by vegetation is 

substantially converted in HI reduction when compared to the non-vegetated prototypes.  

The maximum negative differences, which means higher HI in the vegetated prototype, also occurred 

in the early morning, highlighted by the elliptical dotted line on the left in Figure 7. This can be attributed to 

periods of higher temperature in the vegetated prototypes, combined with higher levels of RH. In Figure 7, 

highlighted on the right by a dotted ellipse line, the maximum positive differences occurred after events of 

similar temperatures between the non-vegetated and the vegetated prototypes, combined with previous 

sudden temperature falls. When similar temperatures occur, the subsequent heat gain is substantially 

attenuated in the vegetated prototypes, whereas this does not occur in the non-vegetated prototypes.  

The RH levels observed in the vegetated prototype was not high enough to offset the substantial 

temperature differences between the non-vegetated and vegetated prototypes, and thus, a much more 

pronounced attenuation in HI was observed. It is important to highlight that the substantial temperature 

attenuation lies somehow in the experimental setup adopted, and this is commented on, in the following 

sections of this paper. 
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Figure 6: Sydney - comparisons between relative humidity, temperature, and calculated HI. 

 

The evaluation of the heat stress assessment is shown in Figure 8 and presents a comparison between 

the HI of the vegetated and the non-vegetated prototypes, based on the percentage of time that their values 

lie on the heat advisories categories. According to Figure 8, the percentage of time, over the 300 days period, 
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the days where conditions of ‘extreme caution’, ‘danger’ and ‘extreme danger’ prevailed, could reduce from 

4.4% to 0.4%. 

 

Figure 7: Sydney – Details in temperature, relative humidity and heat index patterns along conditions of maximum negative 
differences (left dotted ellipse) and maximum positive (right dotted ellipse).   

 

Comparing vegetated to non-vegetated prototypes situations of ‘Danger’ and ‘Extreme danger’ could be 

reduced from 1.3% to 0.0%.  

 

Figure 8: Sydney - Heat stress assessment. Percentage of time that heat index of vegetated and non-vegetated prototypes 
lie on the categories of heat advisories according to the NWS classification.   

4 Discussion 

In relation to previous work carried out by Wilkinson and Castiglia Feitosa [45] where only the influence 

of vegetated roofs was considered in assessing temperature attenuation, the addition of vegetation on external 

walls in the Rio de Janeiro experimental set-up increased the temperature differences between the non-
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vegetated and the vegetated prototypes. Djedjig et al. [24], also using small-scale prototypes, reported 

comparable results under experimental conditions quite similar to Rio de Janeiro, where white external walls 

were compared to vegetated external walls.  

Pastore et al. [50] in a multi-scale approach showed the effectiveness of vegetation in controlling indoor 

and outdoor thermal comfort, through the assessment of the influence of green walls, green roofs, and the 

addition of outdoor vegetation in indoor temperatures. The outdoor vegetation and the green walls presented 

a significant role in attenuating indoor temperatures. Green roofs had a considerable effect only in top floor 

apartments.  

As far as temperature is concerned, the Sydney experiments presented considerable differences 

between the non-vegetated and the vegetated prototypes. It may be attributed to the blue colour paint used 

on the walls that increased internal temperature differences, due to the contrast of the surface temperatures 

between the non-vegetated walls and the walls shaded and screened by vegetation. Considering the Sydney 

experimental setup is new, no previous data are available to perform a comparison between a fully covered 

(walls and roof) and roof covered only structures.  

As noted in the research methodology section, the evaluation of temperature attenuation of green roof 

and green walls was carried out on prototypes, rather than real dwellings. However, previous studies validate 

the temperature attenuation of green roofs and/or green walls also comparing vegetated to non-vegetated 

prototypes [22,23,24,28,42]. During a one day comparison, Pandey et al. [22] using brickwork prototypes with 

similar dimensions to the ones used in the present study, found temperature differences between traditional 

roof and green roof prototypes of about 4ºC. In the Rio de Janeiro experiments performed on brickwork 

prototypes, the temperature differences presented here are significantly higher. However, it must take into 

account, that this increase can be attributed to the addition of green walls to an existing green roof prototype. 

Previous work by Wilkinson and Castiglia Feitosa [45] where only the influence of green roofs on temperature 

attenuation was considered, found similar results to Pandey et al. [22]. 

Several works have shown the potential of green roofs to attenuate indoor temperature [10,20,23,25,27-

33,36,39,41,51]. According to Fioretti et al. [51] this occurs due to the attenuation of solar radiation through 

the vegetation layer, as well as to the thermal insulation performance of the green roof structure.  

Niachou et al. [19] investigated thermal performance of a green roof in a real building. Comparing two 

similar insulated buildings with, and without, a green roof; a reduction in temperature up to 3ºC was observed. 

Thus, for non-insulated buildings, a higher reduction in temperature for buildings with green roofs is expected.  

Another study performed by Parizotto and Lamberts [20], evaluated, in the same residential building, the role 

of green roofs compared to two different roof types: ceramic tiles and sheet metal. During warm periods, the 
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air temperature of the room below the green roof was up to 1.5ºC lower than rooms below the sheet metal and 

ceramic tiled roofs. This difference was not pronounced due to characteristics of the experimental setup, since 

all parameters and data have been gathered in insulated rooms with different heights, geometry and roof 

slopes. Moreover, at any given time, the shading is not the same for the roofs evaluated. Furthermore, the 

white colour of the ceramic tile roof covering helps to reflect incoming solar radiation, and the sheet metal 

covering is white and has solar photovoltaic panels which shade most parts of the roof surface. It is important 

to highlight that the room under the green roof has the smallest volume and ceiling height, and is thus expected 

to respond faster than the other rooms. In other words, according to Parizotto and Lamberts [20], the room 

directly below a green roof outperformed the other rooms evidencing the efficiency of green roofs in thermal 

performance. 

It is important to consider that the present work does not intend to extrapolate the results to real 

conditions, but instead, to compare under identical outdoor conditions the effects of vegetation on the 

attenuation of heat stress in dwellings using HI for its evaluation. Rather than consider the single effect of 

temperature, HI considers the combined effect of this parameter with RH in the evaluation of heat exposure in 

human health. Taking into account that HI values higher than 41ºC can lead to dangerous heat disorders under 

prolonged exposure and/or physical activity, the Rio de Janeiro results (Figure 5) showed that the combination 

of the vegetated roof and walls can diminish dangerous heat conditions around 10% of the time. Comparatively, 

such conditions occurred 14.1% of the time in the non-vegetated prototype and only 4.4% of the time in the 

vegetated prototype. 

Due to the milder climate conditions, Sydney’s results (Figure 8) showed that such conditions reduced 

the occurrence 1.3% of the time in the non-vegetated prototype to 0% in the vegetated prototype. However, 

due to the climate change effects this occurrence may increase over time. Figure 9 shows a summary of HI 

differences (percentage) according to different ranges of attenuation.   

Comparing the un-vegetated and vegetated prototypes, and considering a significant thermal attenuation for 

ranges of HI differences higher than 5ºC, an occurrence of 16.3% was observed in Rio de Janeiro. This means, 

that on approximately 26 out of 161 days, there was a significant reduction in HI (> 5ºC) through the use of 

green walls and a green roof.  

In Sydney, this occurrence was 6.6%, and thus it meant a reduction in HI of such magnitude in about 

20 out of 300 days. The remarks above, regarding the percentages presented, aim to evaluate the potential of 

HI attenuation through the use of vegetation in the prototypes. 
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Figure 9: scattered data points of HI attenuation between the non-vegetated and the vegetated prototypes for Rio de 
Janeiro and Sydney experiments (upper and centre graphs). The histogram presents the percentage of the time 
according to the ranges of the HI differences observed between vegetated and non-vegetated prototypes. 

 

The RH of the vegetated prototypes was higher than the non-vegetated structure most of the time, even 

when the vegetated structures were warmer. This indicates the influx of moisture from plant transpiration in 

the vegetated structures. Notwithstanding, it is expected that construction details may eliminate the influx of 

moisture to the prototypes, using an impervious layer in the walls, as well as the closure of minute air gaps 

that exist between the junctions of the roofs and walls.  

 

5 Conclusions 

The present study is not a direct comparison between the Rio de Janeiro and the Sydney sites, due to 

their different climates and construction materials used in the respective experimental setups. This work 

evaluated the thermal benefits of an extensive green roof and green walls considering two different cases 

studies: Rio de Janeiro and Sydney. The results showed a good potential for the use of vegetated modular 

systems in attenuating temperature and the HI.  

In terms of simultaneous differences in temperature and HI, high values were observed at the Sydney 

site, due to blue colour (low albedo) used on the walls of the prototypes. This resulted in high internal 

temperature differences, due to the contrast of the surface temperatures between the non-vegetated walls and 

the walls shaded and screened by vegetation. 

In the Rio de Janeiro dataset, HI attenuation higher than 15ºC did not occur. For ranges between 10ºC 

and 15ºC, and 5ºC to 10ºC, the occurrences were 1.4% and 14.9, respectively.  

In the Sydney experiments, HI attenuation between 15ºC and 20ºC was observed over 0.7% of the 

duration of the experiment. For ranges in HI attenuation between 10ºC and 15ºC, there was a slightly higher 
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occurrence of 1.8%. However, it is important to highlight that HI attenuations from 5ºC to 10ºC occurred 4.1% 

of the time.   

 The Rio de Janeiro results showed the combination of a vegetated roof and walls can diminish 

dangerous heat conditions approximately 10% of the time. Due to milder climate conditions observed in 

Sydney, the occurrence of ‘danger’ conditions reduced from 1.3% of the time in the non-vegetated prototype 

to 0% in the vegetated prototype. 

In both the Rio de Janeiro and the Sydney sites, the RH of the vegetated prototypes had higher levels 

over almost all of the dataset, which indicates the influx of moisture in the vegetated structures due to the 

transpiration of the plants. 

The combination of RH and temperature is determinant in establishing HI parameter to evaluate the 

thermal benefits of vegetated systems. Thus, the additional moisture supply from the transpiration of the plants 

may migrate into the vegetated structure and counteracts the temperature attenuation promoted by the plants. 

This became more evident in the experiments performed in Rio de Janeiro for similar levels of temperature 

between vegetated and non-vegetated prototypes. On some occasions, due to the higher moisture levels the 

HI in the vegetated prototype exceeds those observed in the non-vegetated prototype. 

The experimental setups here have some limitations regarding construction, such as small openings 

between the roofs and walls that allow the passage of moisture into the prototypes.  However, the prototypes 

used in the Rio de Janeiro experiments have similar characteristics to most housing for people on lower 

incomes, where concrete slabs are not used and roof coverings comprise tiling only. These specifications are 

common in low-income areas where most dwellings experience the worst conditions in terms of heat exposure. 

Thus, it is expected that eliminating these deficiencies may reduce the RH levels inside the vegetated prototype 

and consequently lower the HI values.   

The addition of vegetation to the walls of an existing prototype with its roof previously covered with 

vegetation resulted in higher temperatures in the vegetated prototype during night and early morning periods, 

and higher temperatures in the non-vegetated prototype during daytime periods. The combination of the 

vegetated roof and walls increased, not only the insulating properties of the external walls, but also added 

thermal mass.  

Taking into account the increasing height and density of buildings in urban centres the combined use of 

green walls and green roofs is desirable for thermal stress attenuation. 

Even considering the experimental scale adopted in the present work, it is vital to highlight that the 

combination of the vegetated roof and walls was important in temperature and HI attenuation.  It is expected 
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that vegetated walls have much higher relevance in attenuating heat stress in buildings since external wall 

areas are significantly greater than roof areas. 

It is acknowledged that the real scale prototypes present a better scenario than experimental setups. 

However, it presents many constraints regarding higher setup costs, available area to consider the same 

environmental aspects and limitations of operational conditions under long-term evaluation. Thus, even though 

these structures are not perfect examples of real conditions, small-scale prototypes allow comparisons that on 

some occasions are not possible to perform in full-scale dwellings. 
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