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Abstract  

Sustainable urban environments aim to reduce energy consumption, increase localised sustainable 

production, and provide infrastructure that benefits human health. One method to contribute to 

sustainable urban environments through the provision of urban ecosystem services is the 

application of green technologies such as green walls and green roofs. While biophilic design is well-

known to have a positive effect on the psychological health of urban dwellers, green walls and 

green roofs have additional, quantifiable environmental benefits that contribute to health and 

productivity. In this thesis I explore the benefits and drawbacks of green walls for the indoor 

environment and green roofs for the outdoor environment and quantify to what extent these 

technologies provide tangible urban ecosystem services. For example, indoor active green walls 

have been developed that can remove air pollution emanating from sources such as cooking or the 

off gassing of toxic chemicals from synthetic materials or cleaning products. Through the addition of 

active airflow, contaminated airstreams are exposed to the rhizospheric bacterial community within 

the green wall substrate where pollutants are metabolised as a source of nutrition. However, the 

combined use of active airflow and botanical material requires strategic design to ensure the 

efficacy and safety of these systems. As plants rely on lighting to drive photosynthesis, and 

therefore sustain their biological functions, an inadequately designed lighting system can lead to 

both decreases in pollution removal performance and the deterioration of plant health. Plant 

systems that are poorly maintained could potentially lead to the proliferation of pathogenic or 

allergenic bioaerosols, which coupled with active airflow, could increase the risk of dispersal. 

Additionally, the sustainability performance of green roofs is significantly under researched in the 

Australian climate, despite demonstrations in other locations of the range of benefits that this 

technology can provide. These include improvements to biodiversity, thermal comfort, stormwater 

filtration and retention, localised air quality and solar performance, and reduced noise pollution and 

solar reflectance. Additionally, nearly all previous green roof studies have been conducted on an 

experimental scale, with few studies utilising full-scale buildings nor appropriate controls. In this 

thesis, I explore several novel aspects of sustainability-oriented green infrastructure, notably the 

factors that contribute to the health and performance of commercial indoor active green walls, in 

addition to several services provided by a commercial scale in-situ extensive green roof, with an 

independent control roof free of spatial or temporal confounding factors. 

Firstly, I surveyed the in-situ lighting conditions of a sample of commercial indoor green walls in 

Sydney Australia and found the illumination levels to be insufficient for plant health and 

performance in most instances, leading to this may lead to both poor performance as well as plant 

health, which has a flow-on effect for maintenance and aesthetics. In this chapter I assessed the 
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phototropic adaptation potential and CO2 removal performance of the two plant species that 

dominated the in-situ green walls (Chlorophytum comosum and Spathiphyllum wallisii). 

Phototropism (plant movement in response to light) was significant in both plant species, although 

in most treatments there was little impact of this phenomenon on CO2 removal performance. 

However, increased light intensity with optimised lighting direction led to significantly higher CO2 

removal performance than the average lighting scenario observed in-situ (up to 30% over a 40-

minute period). It was concluded that lighting is a significantly under-addressed factor for the 

performance of active green walls and that wall design and arrangement of different plant species 

can influence light availability. Improved lighting could reduce maintenance and improve plant 

health, which could in turn reduce the potential for the aerolisation of contaminants. This led to the 

second experiment, involving the assessment of bioaerosol emissions, including potential fungal or 

bacterial pathogens or allergens, from an in-situ active green wall. This study found a significant 

increase in the fungal aerosol load (120-240 CFU/m3) proximal to the green wall, however 

concentrations remained below the WHO guidelines at all times (500 CFU/m3), and solely consisted 

of fungal species that posed no allergenic or pathogenic risk. To further understand the pollutant 

removal capacity of the green wall system, I explored the rhizospheric bacterial community that 

sustains the VOC degrading potential of active green infrastructure and found the microbial 

community distribution to be significantly different to those studies previously reported. While no 

microbial pathogens were detected in the effluent airstream from the system, 16S sequencing 

results identified the presence of the ubiquitous environmental bacterial genus Legionella in the 

green wall substrate. The abundance of Legionella detected was equivalent to previously quantified 

abundances in environmental soil samples (~1 %). Unfortunately, speciation was not possible with 

the detection technique, however this finding is unlikely to be a cause for health concern, as 

substrate bound Legionella requires direct contact with mucous membranes after coming into 

direct contact with contaminated soils, and this phenomenon is very unlikely to occur with an 

indoor green wall and poses no risk situation different to traditional indoor plant systems.  

The proceeding three chapters describe the quantitative benefits of an in-situ extensive green roof 

in the Sydney CBD. The third experiment describes the thermal properties of the green roof and 

demonstrates a significant reduction in surface temperatures of both rooftop solar panels and roof 

surfaces, as well as a net reduction in ambient temperatures. The green roof was able to reduce 

surface temperatures by up to 9.63 and 6.93°C for the solar panels and roof surfaces respectively. 

There was also an average peak temperature reduction by 8°C on the green roof, which has 

substantial implications for building thermal comfort. In addition to this, the theoretical heat flow 

(thermal penetration) through the green roof was significantly improved across all three seasons. 
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The green roof reduced the average heat flow by 13.37 and 5.37 W/m2 for Spring and Summer 

respectively, as well as having a lower average nightly heat flow in Autumn. This indicates that a 

green roof could reduce building energy consumption for the heating and cooling of air before 

entering the building, as heat cannot penetration or escape the building envelope as easily as a 

building with a conventional roof.  

The fourth experiment aimed to characterise the stormwater and trace metal retention capacity of 

the green roof. Green roofs have been documented to have variable stormwater retention 

capacities, an effect which stems largely from variations in substrate characteristics and depth, and 

plant species choice and density. In addition, it has been predicted that heavy metal 

phytoremediation, where plants remediate contaminated soils with high levels of soluble and 

insoluble trace metals, could occur in green roofs as well as field soils. Here I demonstrate a 

significant reduction in stormwater flow rates (retention) by up to 60% for storms at a 1 in 10 years 

severity. Additionally, the green roof achieved a significant reduction in soluble and insoluble 

copper, chromium, and zinc. These results indicate that a significant increase in green roof coverage 

in the Sydney CBD could lead to a reduction in flow rates into the urban stormwater management 

network. It is entirely plausible that the mass adoption of this technology could decrease the 

severity and duration of semi-frequent flash floods that are experienced in the Sydney CBD as a 

result of short-lived heavy rain events.  Additionally, there are implications for stormwater 

management where toxic trace metals that stem from vehicle combustion and abrasion can be 

captured and retained by a green roof, potentially undergoing phytoremediation in the process.  

Lastly, it has been predicted that due to plant evapotranspiration on a green roof, there is the 

potential to passively cool the proximal ambient environment. This reduction in temperature has 

been previously demonstrated experimentally in pilot-scale studies and has been modelled to be 

effective for increasing solar performance by reducing the temperature of the panels. However, 

there are extremely limited studies that demonstrate this effect in-situ on a commercial scale roof. 

In the final experiment I thus monitored a Bio-solar roof and a matched conventional solar array for 

differences in performance. The observed and modelled performance increase provided by the Bio-

solar roof was significant in both cases, with the Bio-solar roof achieving an increased solar power 

output of 21-107 % depending on the month. Additionally, the modelled performance indicated 

that an extensive green roof in the Sydney CBD could potentially achieve a 4.5% increase in energy 

output at any given light level. The performance quantified by the Bio-solar green roof assessed in 

this study credentialled the prediction that 13.56 t e-CO2 greenhouse gasses were mitigated during 

the course of the project, which equates to the planting of nearly 200 urban trees, and a financial 

saving of over $4,500 AUD due to savings in energy costs.   
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Preface: Chapter 1 

The following chapter is comprised of text from two peer-reviewed publications (a book chapter 

and a peer-reviewed conference proceedings) that introduce indoor air quality and green walls, 

along with some unpublished work on green roofs. Parts have been taken from the two publications 

verbatim or have been edited to avoid repetition, and new information has been added to create a 

generalised “green infrastructure” introduction. The Abstract section has been written de novo to 

encompass all of the material presented in this section. 

Briefly, with an increasing global urban population, the need for technological innovation that 

reduces energy consumption and increases sustainability are in growing demand. Green walls and 

green roofs are ancient technologies that are only recently finding a footing in modern society with 

a range of published literature describing their many benefits for the indoor and outdoor urban 

environment [1,2].  
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Abstract  

Increasing urban populations and behaviour associated with urban lifestyles has led to growing 

concerns about the sustainability of future cities. Green systems: where the ecosystem services of 

plants are harnessed to improve the environmental quality and sustainability of urban 

environments are growing in favour. The two most well-described and developed green systems are 

green walls and green roofs.  

In recent decades there has been an increase in awareness of indoor environmental quality, 

especially the maintenance and control of indoor air quality (IAQ). Early research into the role of 

botanical systems for IAQ treatment demonstrated that many common indoor plant species and 

their potting materials could remove a range of toxic volatile organic compounds (VOCs). It was 

subsequently established that the predominant mechanism of VOC removal was due to the 

metabolic action of the substrate microbial community. The rates of removal demonstrated in these 

early studies, and the numerous laboratory trials that followed, provided evidence that ordinary 

https://doi.org/10.1016/B978-0-12-819481-2.00015-5
https://www.researchgate.net/profile/Robert-Fleck-3/publication/351624924_Reducing_indoor_air_pollution_through_applied_botanical_biofiltration/links/61e9f3225779d35951c22fa6/Reducing-indoor-air-pollution-through-applied-botanical-biofiltration.pdf
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potted plants could provide a valuable service within the indoor environment by controlling VOC 

concentrations. However, limitations to the efficacy of this process have been associate with the 

slow rate at which potted plants remove pollutants, rendering their practical efficiency in full-scale 

buildings negligible. Recent developments have fused the removal mechanisms of plants and their 

substrate with biofiltration technology to create active green walls (botanical biofilters), what have 

been proven to be highly effective for the removal of gaseous pollutants.  

Green roofs are known to provide numerous benefits to building occupants and urban dwellers in 

the forms of increased biodiversity, contributions to the reduction of stormwater flows, as well as 

contaminant retention, improvements to the rooftop microclimate, and reductions in thermal 

penetration, as well as positively influencing the generation of solar energy. While these benefits 

have been documented and modelled, the performance of these systems varies worldwide. 

Currently there is very little literature that describes the performance of commercial green roofs in 

the Australian context, especially for the Eastern Australian Coast, where the majority of the 

population resides. Not only are there few Australian studies, but the international studies 

published tend to include internalised controls which may reduce the observable effect of the green 

roof, depending on the focus of the study. Therefore, the study of Australian green roofs, with the 

appropriate independent, non-spatially or temporally confounded controls are required to assess 

the benefits of Australian green infrastructure.  

Keywords 

Active biofiltration, Active green walls, Air pollution, Bioaerosols, Biological filtration, Green 

buildings, Green walls, Green roofs, Indoor air quality, Phytoremediation, Volatile organic 

compounds. 
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1. Introduction 

Air pollution exposure is ranked amongst the most significant health risk factors worldwide, and 

accounts for up to 5% of the global disease burden [3]. Rapid urbanisation has led to an increase in 

building occupation time, where on average, urban residents in the developed world spend 90% of 

their time indoors. In an effort to reduce building energy consumption, natural ventilation has 

progressively been reduced or eliminated in favour of mechanical ventilation, which has resulted in 

a substantial decrease in indoor air quality (IAQ). It is well recognised that indoor air is generally 

more polluted than outdoors [4,5], where indoor spaces are subject to the accumulation of 

egregious indoor-sourced contaminants which give rise to a range of health issues such as “sick-

building-syndrome” and respiratory discomfort. The cost associated with indoor air pollution 

exposure for developed countries is between 2.1 and 8.4% of the global world product [6].  

Common indoor contaminants include volatile organic compounds (VOCs) sourced from off-gassing 

from synthetic furnishings and cleaning products [7]; particulate matter (PM, [3,8]) from cooking, 

solid fuel heating, smoking or cleaning activities; and ‘criteria’ pollutants (CO, NO2, O3, SO2 and CO2) 

from heating, smoking, printers and photocopiers, and occupant respiration [9–11]. The 

concentration of these pollutants across different indoor environments varies due to differences in 

building filtration technologies, reactivity amongst pollutants, and the presence of indoor sources 

[12].  

Conventionally, commercial spaces are equipped with heating, ventilation and air conditioning 

(HVAC) systems, that remove PM from ambient air, and modulate its temperature and humidity 

prior to it entering the building [13]. However, even with the addition of high-efficiency particulate 

air filters, HVAC systems are still incapable of removing non-particle bound gaseous pollutants such 

as VOCs in a time-efficient manner [14]. In addition to this shortcoming, the use of HVAC consumes 

approximately 50% of the urban energy demand [15], and could be responsible for up to 75% of 

global carbon emissions [16]. Therefore, technologies that reduce occupant exposure to indoor 

pollutants without increasing the energy demand of the built environment sector are paramount to 

ensuring safe indoor environments for urban occupants and the development of sustainable cities.   

Amongst many eco-efficient technologies, building-integrated vegetation (also known as urban 

green infrastructure) for both the indoor and outdoor environment provides a multitude of benefits 

for both building owners and urban residents [17]. There are two distinct formats for building-

integrated vegetation, and they are specific to the environments in which they are utilised: Green 

walls and Green roofs. Green walls are often deployed indoors where they can have the greatest 

impact on IAQ and building occupants. However, green walls are distinct from green façades [18] 



27 
 

which are often used as cladding on high profile or influential spaces, in that they have a 

quantifiable effect on the quality of the indoor environment [2] and positive perception of 

occupants [19]; aspects that are not well quantified for green facades. Green roofs are primarily an 

outdoor technology, where functional green roofs in commercial spaces are commonly inaccessible 

to building occupants due to the absence of appropriate building regulation allowing them to 

function as dedicated recreational spaces [20]. As such, the interaction between building occupants 

and a green roof are largely indirect, and likely go unnoticed by urban dwellers in many cases. 

 

1.2 Active and passive green walls 

Indoor botanical biofiltration, or the use of plants for the remediation of contaminated indoor air, 

was conceptualised by researchers from the US National Aeronautics and Space Administration 

(NASA) [29,30] while developing “biological life support systems” as long-term outer space 

habitation solutions. It was discovered through this research that many common indoor plant 

species and their potting materials could remove a range of toxic VOCs [30]. I was subsequently 

established that the predominate mechanism of VOC removal was due to the action of the 

substrate microbial community [31,32]. The rates of removal demonstrated in these early studies, 

and the numerous laboratory trials that followed (e.g. [33,34]) provided evidence that ordinary 

potted plants could provide a valuable service within the indoor environment by controlling VOC 

concentrations. While more recent research and modelling studies (e.g. [35,36]) have shown that 

the quantitative pollutant removal rates of potted plants are likely to be inadequate to produce 

useful air cleaning effects in realistic settings, the proof-of-concept findings provided by the early 

potted plant research have led directly to the development of active botanical biofilters, which 

display high-performance pollutant removal efficiencies [11,37].   

 

Active green infrastructure describes any infrastructure that utilises botanical biofilters 

incorporating some form of active airflow, either through the addition of fans to direct airflow 

towards the rhizosphere or incorporating botanical material into HVAC systems (Figure 1). One 

study by Wang et al., [38] described the integration of botanical biofilters into HVAC infrastructure, 

however while the VOC removal efficiencies recorded in this study were adequate, they are 

significantly lower than subsequent studies that have tested stand-alone systems. For example, a 

study conducted by Pettit et al., [21] demonstrated the significant reduction of both TVOC and PM 

concentrations from a classroom in China with a pilot-scale active green wall [21] at rates that 
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exceeded those presented by Wang et al., [38]. Additionally, these systems have been found to be 

capable of removing other gaseous criteria pollutants such as NO2, CO and CO2 [10,11,36].   

 

 

Figure 1. An active green wall incorporated into building HVAC ducting. Air is mechanically forced through the plant foliage, 

travels through the bioactive substrate, and then returns to the ventilation system through the back of the botanical 

biofilter modules. Image adapted from [36]. 

Active systems have been the subject of some system performance development. The exploration 

of VOC remediation performance based on the modification of the plant species used, substrate 

composition modifications and the scale of biofilter relative to room volume has been performed, 

moving these systems beyond the point of proof-of-concept. However, several factors remain that 

delay the implementation of this technology on larger commercial scales. Currently the capital cost 

of installation and ongoing maintenance costs are prohibitively high for many commercial 

consumers [39]. As this technology relies on the natural symbiotic relationship between plants and 

their rhizospheric microbial community, ensuring optimum plant health through the manipulation 

of abiotic factors such as light exposure has been shown to ensure sustained VOC removal [40,41], 

as well as reduce maintenance intervals, and therefore reduce costs [23]. Perhaps more important 

than performance and cost of active green infrastructure is the validation of biosafety. To date, 

there are few studies that have explored the biosafety risks associated with the application of active 

airflow through a biologically active substrate [42]. The dispersal of allergenic or pathogenic fungal 



29 
 

spores has been addressed in some detail, however there is little research available on the 

speciation of fungal species in these papers [43,44]. Additionally, the use of a soilless substrate does 

not rule out the proliferation of ubiquitous pathogenic bacteria such as Legionella spp. With 

optimised substrate moisture and active airflow, there is the potential for the aerolisation of 

pathogenic bacteria from these systems, and to date there is an extremely limited number of 

studies that address this, let alone quantify the microbial community of in-situ commercial active 

green walls [45,46].  

 

1.3 Green roofs  

Green roofs can be characterised by the depth of their substrate, and subsequently the types of 

plants that can be used. While there is some inconsistency in the literature on the specific 

definitions of green roof types, there are two main categories of green roofs: intensive and 

extensive. Generally, intensive green roofs are defined as those with substrate depths greater than 

300 mm. These roof types can host large plant species such as shrubs and trees [47] and are often 

employed for roofs that are intended to be accessed by building occupants as a recreational space 

[20,48,49]. Due to the deeper substrate and larger plants, intensive green roofs are substantially 

heavier than their counterpart, and have higher capital and maintenance costs [50], which reduces 

their suitability for retrofitting older buildings [51], and discourages many stakeholders. Extensive 

green roofs, however, are substantially more commonly employed than intensive green roofs [52]. 

With substrate depths of less than 300 mm, they generally host smaller plant types such as grasses, 

mosses, wildflowers and succulents [53]. Due to their relative abundance and global distribution, 

green roof research pertains mostly to extensive green roof designs.  

Extensive green roofs are often cited for their biodiversity benefits [26,27,54–56], contributions to 

the reduction of stormwater flow, as well as contaminant retention [57–60], improvements to the 

rooftop microclimate and reductions in thermal penetration into the building envelope [61–64], and 

providing conditions which positively influence the generation of solar energy [65–68]. While these 

benefits are well documented, there is substantial variation in efficacies reported worldwide, where 

climate and roof design are appear to be key factors in system performance [69]. To date, the 

majority of green roof literature describes experimental or pilot-scale installations (Figure 2), with 

few studies utilising commercial-scale roofs [70]. Due to difficulties associated with establishing 

non-spatially confounded independent controls, it is common for green roof studies to utilise 

internalised control roofs that present several methodological problems.  
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Figure 2. Examples of previous green roof studies. Example [A] describes the hydrological performance of a green roof in a 

subcontinental climate, image from [71]. Example [B] describes a simulation of green roof runoff in a Mediterranean 

climate, image from [72]. Example [C] comes from a review of 20 years of green roof research and describes a PV-green 

roof study in a temperate climate, image from [56]. 

For studies that examine biodiversity, thermal effects and solar efficiency, the use of internalised 

controls may underestimate the observable effect of the green roof due to proximity or carry-over 

effects. As many of the animal species associated with green roofs are insects and birds, there is the 

potential for animals to travel through control spaces to reach the planted regions of the roof. 

Similarly, the evapotranspiration effect of the plant material serves to passively reduce the 

temperature of a roof space, and may therefore reduce the observable heat flow, or influence the 

operational temperature of nearby solar installations, increasing performance to an unknown 

degree. These factors may serve to reduce the effect sizes associated with the green roof effect, 

and it is therefore essential that green roof studies are conducted on isolated roofs that are not 

temporally or spatially confounded. 

In addition to the lack of effective controls, to date there are an extremely limited number of 

studies that describe the performance of green roofs in Australia [73–76], with the majority of the 

research conducted limited to the city of Adelaide [74,75] (Australia’s 5th largest city; population 1.4 

million [77]). For a country like Australia, with an urban population density of approximately 90% 

[78] and the 12th largest economy in the world, there is the potential for green roofs to have 
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substantial impact on the Australian population, especially in the larger cities like Brisbane, 

Melbourne and Sydney with populations over 2.5, 4.9 and 5.2 million, respectively [77].  

 

1.4 Proceeding Chapters 

In Chapter 2 of this thesis I explore both the potential for increased performance and reduced 

maintenance for green walls through the addition of supplementary lighting based on experimental 

and in-situ measurements. Additionally, in Chapter 3 I present the most comprehensive biosafety 

assessment of in-situ active green walls, as well as the third international study that aims to 

characterise the microbial population of commercial active green walls. This work is particularly 

significant as the findings directly relate to the performance of the system for the removal of 

gaseous contaminants but the current findings have not been confounded by the biostimulation of 

the system through experimental testing with various VOCs, as has been the case in previous work. 

The microbial characterisation described in this thesis represents the third ever attempt at 

characterising the rhizospheric and substrate microbial population of active green walls, with 

results that vary considerably from those previously reported. I also identify some ubiquitous 

environmental pathogens and address the risk of aerosolisation from the active green wall design.  

 

In addition, in Chapters 4, 5 and 6 I explore the multifaceted benefits of green roofs in a unique 

setting. Here I present one of the only studies that have utilised an in-situ commercial scale 

extensive green roof with a non-spatially confounded independent control roof. I quantify the 

beneficial thermal properties of a green roof as a mechanism for cooling the rooftop microclimate 

and the potential impacts on building occupants and the urban heat island; the improvements to 

stormwater runoff in respect to trace metal contamination, as well as reductions in peak 

stormwater flow with implications for the reduction of flash flood severity in the Sydney CBD; and 

lastly the effect of a green roof on mediating the temperature below a solar panel array and 

consequent increase in solar energy output, along with exploring both the environmental and 

financial benefits of the system. These findings are significant as they represent the most 

comprehensive study of a green roof to date, and address most of the key aspects of green roof 

technologies that are critically under addressed in Australia.   
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Preface: Chapter 2 

One key limitation of indoor urban green infrastructure is the inadequate lighting that is often 

installed by providers. Illumination for indoor living walls is usually limited to ambient lighting 

through in-room ceiling lights, or horizontal illumination from nearby windows, with the addition of 

supplementary lighting frequently considered partly as a biological requirement, and partly as a 

showpiece to demonstrate the aesthetic appeal of the technology. However, even the addition of 

supplementary lighting may be inadequate for optimal plant health and performance: the provision 

of insufficient lighting is known to reduce the long-term health of several indoor plant species.  

Here I aimed to assess the lighting scenarios experienced by a range of commercial in-situ indoor 

living walls, and to determine the optimum lighting for sustained plant performance and, 

potentially, health, in an effort to reduce maintenance requirements and therefore costs associated 

with indoor green wall installations.  

The following chapter is comprised of text from a peer-reviewed publication.  
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 Abstract 

Vertical greening systems, or living walls, are becoming increasingly used indoors for improving the 

sustainability of buildings, including for the mitigation of excess CO2 levels, derived from human 

respiration. However, light provision within indoor environments is often insufficient for the 

efficient functioning of many plant species, leading to low photosynthetic CO2 removal rates, and 

the need for supplementary light sources. In this study, we investigated the performance of 

supplementary lighting employed for indoor living wall systems, and whether optimised lighting 

conditions could lead to improved CO2 removal. In-situ trials with several medium-large indoor 

living walls were performed to sample the lighting scenarios currently employed. We concluded 

that the majority of plants in existing systems were exposed to suboptimal lighting and will have a 

net-zero CO2 removal efficiency. Sealed chamber experiments using two common living wall plant 

species were conducted to explore the effect of varying lighting conditions on CO2 removal 

efficiency. Comparisons on optimal and “best case” in-situ conditions were carried out, showing 

that CO2 removal efficiency was significantly correlated with both leaf and stem angles, which 

suggest phototropism may influence in-situ CO2 removal. After a ten-day experimental period, the 

highest CO2 removal efficiency for both test plant species was observed at 200 μmol∙m−2∙s−1 light 

flux density (~10500 lux) at 15° from the vertical growing surface. Our results indicate that most 

current lighting systems are inadequate for healthy plant photosynthesis and CO2 removal, and that 

modified lighting systems could improve this performance. To reduce maintenance costs, technical 

guidelines for indoor living wall lighting should be established, and lighting suppliers should 

recognise the developing niche market for specialised indoor living wall lighting. 

mailto:Laura.Dominici@polito.it
https://doi.org/10.1016/j.jobe.2021.102961
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Highlights 

• In-situ living walls require optimized lighting conditions for high CO2 removal efficiency. 

• Light intensity and directionality influence the CO2 removal efficiency of indoor living walls. 

• Phytosystem selection and design stands to significantly improve indoor CO2 removal 

efficiencies.  
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1. Introduction 

Densification of cities has led a growing proportion of society becoming urban dwellers, spending 

approximately 90 % of their time indoors [5,79]. Population exposure to many air pollutants is thus 

increasingly determined by their concentrations within the indoor environment [80,81], with indoor 

air quality increasingly recognised as a significant health concern. Carbon dioxide (CO2), derived 

mainly from occupant respiration, is a major determinant for the control of indoor environmental 

air quality. While CO2 is considered a non-toxic compound at ambient concentrations, elevated CO2 

concentrations have been correlated with negative health effects and reduced working and 

academic performance in building occupants [9,82,83]. Specifically, reduced decision-making 

performance was observed as CO2 concentrations increased from 600 to 2500 ppm [9]. Additionally, 

high concentrations of CO2 have been associated with reduced workplace productivity [84,85], 

decreased school attendance [86], and symptoms of ‘sick building syndrome’ [87]. Consequently, 

ASHRAE guidelines indicate that indoor CO2 concentrations should not exceed 1000–1200 ppm [88], 

and as such, many heating, ventilation and air conditioning (HVAC) systems increase ventilation 

rates when indoor CO2 concentrations reach ~1000 ppm. HVAC operation, however, uses 

considerable electrical energy, especially when the ambient air requires substantial heating or 

cooling prior to entering the indoor environment [89]. Thus, there is a need to explore alternative, 

low-energy-use systems for the maintenance of CO2 concentrations in indoor environments. 

 

Vertical greening systems, also referred to as green walls or living walls, may be an effective nature-

based solution to improve indoor environments and reduce the costs associated with HVAC systems 

[90,91]. Living walls are characterised by infrastructure that enables ornamental plant species to be 

grown on, or within, indoor and outdoor wall spaces [92]. The innate biophilic qualities of these 

systems are often desirable for indoor environments due to their therapeutic psychological effect of 

building occupants [22,93–95]. However, a commercially underappreciated aspect of living walls is 

their ability to remove indoor air contaminants such as volatile organic compounds, particulate 

matter and CO2 [29,36,96–100]. Through photosynthesis, living walls are able to effectively reduce 

the concentrations of CO2 from indoor environments, however lighting conditions have a strong 

influence on the efficacy of this process [101].  

 

Indoor living walls are often situated in areas where they have the greatest aesthetic impact on 

building occupants such as hallways, conference rooms or as a backdrop to building lobbies. 

Consequently, these locations often do not allow for adequate natural sunlight at the plant surfaces 

[102], and therefore, many systems are illuminated with supplementary artificial lighting. As light is 
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a fundamental requirement for photosynthesis, the provision of sufficient lighting is essential to 

maintain plant health and facilitate CO2 removal [103]. Currently, there has been little research into 

the provision of optimal lighting for medium to large scale indoor living wall installations 

[102,104,105].  

 

Various qualitative and quantitative aspects of light affect the photosynthetic activity and 

photomorphogenesis of indoor plants [106]. Both light intensity (photon flux density) and 

photoperiod play a vital role in light-sensing and light-acclimatory processes, both of which regulate 

key physical and chemical plant mechanisms such as disease defense signaling [107] and 

photosynthesis. Within the indoor environment, light intensities and duration are often designed 

for human comfort during occupation periods, with light intensities of 500 to 1000 lux (equivalent 

to photosynthetic photon flux densities of ~10 – 50 μmol∙m−2∙s−1) being commonly used [108]. 

These levels are significantly lower than the photosynthetic requirements of many plant species 

[109,110], and often do not align with natural diurnal cycles. 

 

Furthermore, the absorption of light and the resulting photosynthetic response are determined by 

the interaction between light directionality, and leaf orientation [40]. Many plants are able to adapt 

to dynamic lighting conditions by changing the orientation of their leaves through phototropism, 

thus maximizing the light irradiance at the leaf surface [111], however there is no existing literature 

describing the influence of phototropism and the effect of current commercial lighting systems on 

CO2 removal for indoor living walls.  

 

The current study seeks to establish a rationale for the development of technical guidelines for 

lighting designs for indoor living walls through manipulative laboratory experiments informed by in-

situ observations of current lighting conditions, that aimed to: (i) assess the influence of varying 

light intensities and light angles on CO2 reduction by living walls containing two common indoor 

plant species, and (ii) explore the effect of living wall phototropism on CO2 removal under varied 

lighting conditions, reflective of in-situ conditions.  

 

2. Materials and Methods 

2.1 In-situ living wall lighting assessment 

Prior to conducting manipulative laboratory experiments, the lighting conditions of four indoor 

living walls (LW 1 - 4) from multi-story commercial buildings in the Greater Sydney area were 
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assessed in-situ. Indoor living walls one and two (LW 1 & LW 2) each had vertical surface areas of 60 

m2 and were comprised of 240 individual botanical biofilter modules (0.25 m2), while living walls 

three and four (LW 3 & LW 4) had vertical surface areas of 27 and 16.25 m2 and contained 108 and 

65 individual botanical biofilter modules respectively (Figure 4).  

 

Botanical biofilter modules used in the commercial systems were made from recycled low-density 

polyethylene, containing a coconut husk-based growth substrate and designed with 16 front-facing 

holes into which the following plant species were grown: Chlorophytum comosum, Spathiphyllum 

wallisii, Epipremnum aureum, Philodendron xanadu, Peperomia obtusifolia, Nephrolepis exaltata, 

Neomarica gracilis and Gibasis sp.. The four living walls were selected as they were all installed in 

environments lacking exposure to natural light and were thus reliant wholly on artificial lighting. 

 

At LW 1, 2 and 4, lighting was supplied by adjustable LED spotlights (COB LED spotlight, model PLD-

TL-40W-F1, 130 x 200 cm, 40 W, 60° beam angle, 3000 K warm white, produced by the Huizhou 

Plamd Lighting Technology Co., China), installed above the living walls at a distance of 0.8 – 1 m 

from the planted surfaces and 0.2 m from one another. Lighting at LW 3 was supplied by in-ceiling 

LED downlights, 1 m from the planted surfaces, and 1 m from one another. The intensity of 

photosynthetically active light (photosynthetically active radiation (PAR); λ = 400 – 700 nm) was 

measured with a Li-250A light meter (Li-Cor Biosciences, USA) at a distance of 0.5 m from the living 

wall surface (in front of plant foliage). Light intensity was measured at the wall surface either at 0.5 

or 1 m vertical intervals, dependent on wall design (Figure 4). 

 

Lighting devices at LW 1 and 2 were photographed using a Nikon D3200 camera (ISO 100, f. 3.8, t 

1/100) to establish the lighting profile and average inclination of luminaries (light angle) relative to 

the front surface of the walls. Images were taken from the left and right sides of the walls, at a 

height equal to the luminaries’ position. Only LW 1 and 2 were considered for light angle evaluation 

as they utilised a consistent number of luminaries and represented a larger and more 

comprehensive lighting design than LW 3 and 4. 

 

Image analysis was performed using Adobe Photoshop CC (Adobe Systems) and AutoCAD 2019 

software (Autodesk Inc., USA) to determine the inclination angle between the vertical and the 

luminary’s axis for 50 luminaries (Supplementary Figure 1). Each luminaire was isolated from 

photographs using Adobe Photoshop CC’s (1) [Polygonal Lasso] tool to draw straight-edged 

segments of the selected luminaire’s border, (2) the [Select > Inverse] tool was used to select the 

background pixels and (3) the [Crop] tool was used to delete background pixels. Luminaries were 
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imported into the AutoCAD environment featuring a re-created layout setting of LW 1 and 2 for 

each lighting device. Finally, the [Measure > Angle] tool was used to calculate the luminaire’s 

inclination angle. 

 

2.2 Plant module experimental set up 

Chlorophytum comosum and Spathiphyllum wallisii were the plant species selected for manipulative 

examination in this study, as they are frequently used in indoor living wall applications [104,112], 

were the most prevalent species in in-situ observations, and have previously been recommended 

for the phytomitigation of indoor air pollution [29,101]. While the light requirements of individual 

plant species differ [113], both C. comosum and S. wallisii are capable of tolerating low light 

conditions [101], making them ideal for current indoor living wall designs. 

 

Eight individual plants of each species were housed in open-ended PVC pipes (cassettes: 90 mm 

external diameter and 120 mm in length) containing coco-husk substrate, similar to the substrate 

used in-situ, as described previously [100]. Plant replicates were adapted to a horizontal growth 

position at ambient light intensities (~ 6 – 7 μmol∙m−2∙s−1; ~235 lux) within a laboratory environment 

for seven days (temperature 22.0 ± 2.3 °C and relative humidity 65.8 ± 15.8 %). Plants were watered 

to field capacity weekly and allowed to drain for two days prior to testing. To ensure the plant 

cassette arrangements were representative of a vertical wall, cassettes were housed in a frame 

made of rotary molded polyethylene (500 x 500 x 130 mm: Supplementary Figure 2). 

 

During experiments, the rear of the plant cassettes were covered with plastic film to limit 

respiratory emissions from non-green tissues and microorganisms associated with the growth 

substrate that would be unrepresentative of living walls with an enclosed growth substrate. [98]. 

Additionally, C. comosum plants were arranged in the upper-central module holes (Supplementary 

Figure 2). As the experimental test chamber cannot facilitate wall-mounted modules, this 

arrangement was used to minimise leaf contact with the chamber floor to prevent unrepresentative 

leaf angles (“floor drag”). Living wall frames with single plant species (henceforth, plant modules) 

were used to perform subsequent CO2 removal assessments. 
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2.3 Chamber experiments 

2.3.1 Preliminary study: non-photoadapted CO2 removal 

To determine the effect of lighting conditions on plant specific CO2 drawdown, a preliminary study 

was conducted to assess the optimal lighting conditions for each plant species. Plants were placed 

in a sealed chamber and CO2 drawdown was monitored under varying conditions. As the plants 

were given no time to adapt their physiology to the lighting conditions in each treatment, the 

preliminary study was termed “non-photoadapted CO2 removal”. The results from this study were 

applied over a 10-day period, in which plant species could adjust their physiology to the lighting 

conditions (photoadaptation), similar to how in-situ plants would. Prior to CO2 drawdown 

assessments, total plant leaf area was determined using plant images in AutoCAD. 

 

CO2 drawdown assessments for both plant species were conducted in sealed Perspex chambers 

(216 L), fitted with an 80 mm electric fan (12 V) for air circulation. Lighting was provided by a 

Parscan circular LED spotlight (12 LEDs, 30 W, 3000K warm white; ERCO Lighting Pty. Ltd., Australia) 

and an Opton square LED spotlight (6 LEDs, 25 W, 3500K warm white; ERCO Lighting Pty. Ltd., 

Australia), both equipped with a spherulite optical polymer flood lens (ERCO Lighting Pty. Ltd., 

Australia). Both luminaries were adjustable through 0° - 90° tilt, light housings were rotatable 

through 360°, and the luminous flux was dimmable (Parscan luminous flux 200 – 6600 lm; Opton 

luminous flux 200 – 4920 lm). These light systems were selected due to their similarities to 

luminaries employed in-situ, light manipulation capabilities, low energy consumption, and low 

radiant heat output [114–117]. Frames were constructed to house luminaries where both spotlights 

were mounted on a single linear light track power supply (ERCO 3C/DALI, Jadecross, Australia) and 

positioned adjacent to the test chambers. 

 

Single-species plant modules containing eight plants (Supplementary Figure 2) were placed within 

the chamber where light angles and intensities were set vertically (Figure 3). Four light inclinations 

(0°, 15°, 30° and 45° from solar apex) were tested in combination with five light intensities (50, 75, 

100, 150, and 200 µmol∙m-2∙s-1; ~ 1946, 2919, 3893, 5839, and 7785 lux), providing assessments of 

CO2 removal for both plant species under 20 lighting scenarios. 
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Figure 3. Lighting design for angle and intensity used in Experiment 1 for Spathiphyllum wallisii and Chlorophytum 

comosum. Species depicted in Figure is S. wallisii.    

 

As indoor CO2 concentrations trigger many heating, ventilation and air conditioning (HVAC) systems 

to increase ventilation rates when indoor CO2 concentrations reach ~1000 ppm [88], we assessed 

CO2 drawdown from a starting concentration of ~1000ppm, generated by respiration until chamber 

concentrations reached this threshold (mean starting concentrations of CO2 were 985ppm ± 

90ppm). CO2 drawdown was measured using an infrared gas analyzer (IAQ-CALC 7525, Tsi Inc., USA; 

Range 0 – 5000ppm, Accuracy ± 3% or 50ppm, Resolution 1ppm, Response Time 20 seconds) which 

was sealed within the chamber to monitor the concentration of CO2 at one-minute intervals over a 

period of 40-minutes. This instrument was brand new with factory calibration at the time of these 
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trials. Instrument specifications were: CO2 Range 0 – 5000 ppm, Accuracy ± 3% or 50 ppm, 

Resolution 1 ppm, Response Time 20 seconds. These experiments were performed in triplicate with 

~5-minute intervals between testing to return chamber CO2 concentrations to ambient laboratory 

conditions (baseline global CO2 concentration of ~410 ppm). Sampling was repeated three times 

(sample triplicate), with lighting conditions maintained between measurements by measuring the 

light intensity across plantlet canopies, averaged across four points. Light measurements were 

taken 150 mm from the module using a LI-250A light meter (Li-Cor Biosciences, USA). Light intensity 

adjustments between treatments were achieved through modulation of the light dimmers and 

repositioning of the frame, as necessary.  

 

CO2 removal efficiency was calculated as percentage removal over the 40-minute period from the 

1000 ppm starting concentration after stabilisation. This method accounted for variations in starting 

CO2 concentrations among replicates (n = 3). All CO2 removal data was corrected post hoc for 

chamber leakage (ie. CO2 decay from the empty chamber without plants), calculated to be 1.24 ± 

0.387 % (mean ± SEM) over the 40-minute testing period. Chamber design did not allow for 

manipulation of temperature and humidity, however these factors did not vary significantly 

throughout the 40 min experiments.  

The results from this experiment informed the optimal lighting angles and intensities required for 

heightened photosynthetic performance to be assessed in comparison with the conditions observed 

in-situ.  

 

2.3.2 CO2 removal efficiency and phototropic adaptation study 

To determine how prolonged exposure at the optimal light angles and intensities identified during 

the in-situ field assessments and laboratory experiments influences CO2 removal efficiency and 

plant morphology (phototropism), single-species plant modules were exposed to the following 

treatments continuously for ten days: 

1. 100 µmol∙m-2∙s-1 (~5250 lux) at 15°; this was the highest light intensity detected in the in-

situ field assessments, and the most common light angle observed in in-situ systems, 

2. 200 µmol∙m-2∙s-1 (~10500 lux) at 15°; this was the optimum lighting combination detected 

in the laboratory study for non-photoadapted C. comosum, 

3. 200 µmol∙m-2∙s-1 (~10500 lux) at 45°; this was the optimum lighting combination detected 

in the laboratory study for non-photoadapted S. wallisii.  
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Single-species plant modules containing four plants were assessed in triplicate with a photoperiod 

of ten hours per day, using the above experimental set up. CO2 removal was measured daily, and 

daily movements in leaf and stem angles were measured by taking photographs of four leaves per 

plant, which were then isolated from the photobank and adjusted to a reference axial system (xy) 

using Adobe Photoshop (Adobe Inc., USA). Variation in leaf and stem angle relative to the axis was 

measured using AutoCAD 2019 (Autodesk Inc., USA; Figure 7). 

 

A pilot study conducted by the authors indicated that phototropism would be complete after ten 

days, with negligible leaf/stem angle movement observed after this time thus this trial was 

performed for 10 days. 

 

2.4. Statistical analysis 

Non-photoadapted CO2 removal was assessed using multiple linear regression to quantify linear 

associations with plant species, light intensity, and light angle.  

 

To assess whether the observed, linear changes in photoadapted CO2 removal efficiency through 

time were significant, a series of linear regression models were generated separately for each plant 

species and the three, light angle-intensity combination treatments (six in total). Similar models for 

species and light treatment were conducted to assess whether leaf and stem angle position 

changed linearly through time (nine total: 6 x leaf angle, 3 x stem angle). 

 

To determine whether photoadapted CO2 removal efficiency, leaf or stem position on the final day 

differed significantly between plant species and amongst light treatments, analyses of variance 

(ANOVA) with Tukey HSD post hoc tests were employed independently (three in total). A rank 

transformation was applied a priori to leaf/stem angle data for the ANOVAs only as the data 

violated parametric data analysis assumptions. As such, these analyses compare differences in 

median leaf/stem angles. 

 

To investigate whether CO2 removal efficiency was associated with phototropism, multiple 

Pearson’s correlations were computed between both absolute leaf and stem angle positions, and 

the net daily movements in these parameters, across the ten-day period. These were performed 

separately by plant species, both across and within the three light treatments (fifteen in total). 
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All analyses and graphs were generated using R Project v3.6.2 [118] and using the following 

packages; “car” [119], “dplyr” [120], “ggplot2” [121], “ggpubr” [122], “multcomp” [123], and “xlsx” 

[124].  

 

3. Results 

3.1 In-situ living wall lighting conditions 

Field measurements of light intensity for in-situ commercial living walls from the Greater Sydney 

area are presented in Figure 4. All in-situ living walls demonstrated non-uniform light distributions 

across their plant foliage, due to insufficient light provision in both intensity and direction. 

Additionally, sub-optimal lighting conditions due to inefficient plantscape design and infrastructure 

was observed (Figure 4). Luminaries were observed to create shade zones, and larger branching 

plant species (such as Philodendron xanadu and Nephrolepis exaltata) were observed blocking light 

to smaller, non-branching species below (such as Epipremnum aureum, Spathiphyllum wallisii and 

Peperomia obtusifolia). 

 

Luminary angles of 11–50° were observed in-situ at LW 1 and LW 2 no luminaries produced light at 

angles of between 0–10°, and only 16 % of luminaries were positioned at angles greater than 50° 

(Supplementary Figure 1). 

 

Of the four living walls measured, no lighting infrastructure was able to achieve light intensities at 

the plant foliage of 200 µmol∙m-2∙s-1 (Supplementary Table 1). In all cases, most plants were exposed 

to light levels similar to ambient indoor lighting (≤ 10 µmol∙m-2∙s-1 and 11–49 µmol∙m-2∙s-1 for 35.6 % 

and 51.8 %, respectively).  
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Figure 4. Lightmap of the four Living Walls (LW 1 – 4). Light measurements were taken at 1 m intervals for LW 1-3, and at 

0.5 m intervals for LW 4 due to the relative complexity in both design and plant composition. The number within each 

square represents the average light intensity (μmol∙m−2∙s−1) available at the plant canopy for each 1 m2 area of living wall 

(0.5 m2 for LW 4). No access was available for light measurements at LW 2 for the upper 20 m2 due to infrastructure 

limitations.  

 

3.2 Non-photoadapted plant CO2 removal 

The relationship between non-photoadapted net CO2 removal over the 40-minute time period, and 

the combined effects light intensity and angle, was significant in multiple linear regression for both 
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C. comosum (F(7,52) = 46.390, p < 0.001, R2 = 0.86) and S. wallisii (F(7,52) = 37.420, p < 0.001, R2 = 

0.83). 

 

As expected, higher light intensities displayed significant, positive effects on net CO2 removal for 

both plant species (p < 0.01 in all cases; Supplementary Table 2). For C. comosum, light intensities of 

75, 100, 150 and 200 µmol∙m-2∙s-1 were associated with a mean increase in net CO2 removal of 6.8, 

11.2, 17.7, and 19.4 % relative to 50 µmol∙m-2∙s-1, respectively. S. wallisii featured similar 

associations with intensity, where 75, 100, 150 and 200 µmol∙m-2∙s-1 of light were associated with a 

relative mean increase in CO2 removal of 4.1, 8.2, 13.1, and 16.7 %, respectively. 

 

For C. comosum, there was no difference in net CO2 removal between light angles of 0 and 15° from 

the vertical (p = 0.144; Supplementary Table 2). Greater angles of 30 and 45° both lead to lower 

mean net CO2 removal efficiencies of 4.1 and 6.8 %, relative to 0°, respectively (p = 0.002 and p < 

0.001, respectively). Contrastingly, S. wallisii displayed significantly higher net CO2 removal for all 

light angles, where inclinations of 15, 30 and 45° from the vertical were associated with a mean 

increase in net CO2 removal of 6.1, 4.0, and 5.4 %, relative to 0°, respectively (p < 0.001 in all cases; 

Supplementary Table 2). 

 

Overall, the greatest mean CO2 removal was observed under the maximum tested light intensity of 

200 µmol∙m-2∙s-1 for both C. comosum and S. wallisii at 31.72 ± 3.74 and 30.00 ± 1.14 % (mean ± SD) 

respectively, and at light angles of 15° and 45° respectively (Figure 5, Supplementary Figure 3). 
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Figure 5. Mean CO2 removal concentration (%) from input concentration (~1000 ppm) over 40-minute period for C. 

comosum (orange) and S. wallisii (blue) plant species under various intensities and angles of light. Shaded areas represent 

SDs (n = 3). CO2 concentration (%) is expressed as a proportion of the inlet CO2 at the end of the 40-minute test period.   

 

3.3 Photoadapted CO2 removal and phototropism 

3.3.1 CO2 draw down performance 

Linear regression models of CO2 removal efficiency across the ten day adaptation periods revealed 

non-significant relationships for all light treatments except for the 200 µmol∙m-2∙s-1 at 15° treatment 

(Figure 6), where both models for C. comosum and S. wallisii were significant (F(1,31) = 15.890, p < 

0.001, R2 = 0.34 and F(1,31) = 13.500, p = 0.001, R2 = 0.28 respectively). These models show 

contrasting directional influence of time on CO2 removal efficiency, where for each additional day, 

CO2 removal efficiency decreased on average by 0.92 % for C. comosum, whilst it increased by 0.33 % 

for S. wallisii (Supplementary Table 3). 
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The interaction between species and light treatment had a significant effect on final (day ten) 

photo-adapted CO2 removal efficiencies (F(2,12) = 29.120, p < 0.001), indicating that treatment 

effects were not equivalent for the two species (Figure 6). 

 

Figure 6. Linear regression models of CO2 removal efficiency time series in C. comosum (orange) and S. wallisii (blue) 

species under the three-light angle-intensity treatments. Replicates depict experiments performed in triplicate on single 

plant modules. Lines of best fit represent fitted models of daily CO2 removal efficiency through time, where asterisks 

denote significant relationships (* p<0.05; ** p<0.01; *** p<0.001). 

 

3.3.2 Physiological phototropism 

Linear regression models of leaf angle changes with time revealed significant relationships for all 

light treatments for both plant species (F(1,130) = 4.623-42.860, p < 0.05 in all cases, R2 = 0.03-0.25), 

although with contrasting directional trends. C. comosum demonstrated an average daily 0.88 to 

1.12° decrease in leaf angle from the vertical across treatments, whereas S. wallisii demonstrated a 

4.2 to 5.2° increase (Figure 7 andFigure 8, Supplementary Table 4). Additionally, linear regression 

models of S. wallisii stem angle changes over time were also significant across all treatments 

(F(1,130) = 56.770-144.900, p < 0.001 in all cases, R2 = 0.30-0.53), where stem angle increased on 

average by 1.5–2.4° per day (Figure 7 andFigure 8, Supplementary Table 4). 

 

The final leaf position at day ten differed significantly amongst the three light treatments (F(2,63) = 

8.564, p < 0.001), which was driven by a single comparison between the 100 µmol∙m-2∙s-1 at 15° and 

200 µmol∙m-2∙s-1 at 15° treatments (padj = 0.048). Here, higher leaf angle positions were observed 

under the 200 µmol∙m-2∙s-1 at 15° treatment for both species (Figure 8). The final leaf position of S. 

wallisii was significantly greater than that of C. comosum across treatments (F(2,63) = 148.308, p < 
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0.001), ranging on average between 29 to 71° and -17.8 to -30.5°, respectively (Figure 8). There was 

no significant interaction between treatment and species (F(2,63) = 0.276, p = 0.760). 

The final stem angle position in S. wallisii differed significantly across treatments (F(2,30) = 24.416, 

p < 0.001), where all treatment comparisons were significant (padj < 0.05 in all cases). The final stem 

angle for the 200 µmol∙m-2∙s-1 at 15° treatment was closest to the vertical at 8.25 ± 7.41° (mean ± 

SD), followed by the 100 µmol∙m-2∙s-1 at 15° and 200 µmol∙m-2∙s-1 at 45° treatments at 14.00 ± 12.99° 

and 23.50 ± 3.87° respectively. 
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 1 

Figure 7. Leaf movement analysis of S. wallissi (left) and C. comosum (right) through time under the three light angle-intensity treatments. Single representative replicates are shown here (n = 4 2 

were used in the trial), where α denotes average leaf angle and β denotes average stem and leaf angle, respectively.  3 

 4 
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Figure 8. Linear regression models of leaf positions for both C. comosum (orange) and S. wallisii (blue) (top subplots) and stem 

positions for S. wallisii (bottom subplots) across a 10-day trial under the three light angle-intensity treatments. Points 

represent the mean leaf/stem angles from the vertical for each day, where the shaded areas depict the SDs (n = 4). Lines of 

best fit depict fitted models where asterisks denote significant regressions (* p < 0.05; ** p < 0.01; *** p < 0.001). 

 

Leaf position and net daily phototrophic movement had a small effect on CO2 removal efficiency, with 

fairly weak correlations observed for both plant species (C. comosum leaf position: r = 0.258, p < 0.001; 

C. comosum leaf movement: r = -0.027, p = 0.594; S. wallisii leaf position: r = 0.198, p < 0.001; S. 

wallisii leaf movement: r = 0.168, p = 0.001). S. wallisii stem position and movement was also weakly 

correlated with CO2 removal efficiency (S. wallisii stem position: r = 0.137, p = 0.006; S. wallisii stem 

movement: r = 0.158, p = 0.002). 

 

Interestingly, light treatment specific correlations between leaf position and CO2 removal efficiency 

yielded comparatively higher correlations for both plant species under the 200 µmol∙m-2∙s-1 at 15° 

treatment compared to the other two treatments (200 µmol∙m-2∙s-1 at 15° leaf position: r = 0.304-

0.323, p < 0.001; 100 µmol∙m-2∙s-1 at 15° and 200 µmol∙m-2∙s-1 at 45° leaf positions: r = -0.036-0.109, p = 

0.214-0.679; Figure 9). This same trend was also observed for stem position in S. wallisii (200 µmol∙m-
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2∙s-1 at 15° leaf position: r = 0.437, p < 0.001; 100 µmol∙m-2∙s-1 at 15° and 200 µmol∙m-2∙s-1 at 45° leaf 

positions: r = 0.001-0.155, p = 0.076-0.991; Figure 9). 

 

 

Figure 9. Pearson correlations between CO2 removal efficiency, and the leaf/stem angle positions throughout the ten-day 

testing period for each light angle-intensity treatment and plant species. Note, no stem measurements exist for C. comosum 

due to the physiological nature of the species.  

 

4. Discussion 

The angle of incident light, light intensity and photoperiod all influence the photosynthesis and 

photomorphogenesis of plants, affecting plant metabolism and developmental morphology [114,125]. 

The indoor environment often provides light that is considerably different to the lighting requirements 

of most species of plants. Currently, the scientific literature pertaining to optimal lighting for indoor 

greenery is sparse [99,105,126]. Consequently, commercial suppliers of living wall systems often 

follow the recommendations provided by lighting suppliers and indoor horticultural practices, which 

may be based on conditions for human habitability rather than plant health. 

 

In this study, we highlight the reduced efficiency for indoor CO2 removal under current lighting 

conditions and demonstrate the practical and ideal lighting conditions for heightened CO2 removal. By 

extension, our work also provides direction that may assist in determining the suitability of a given 

light treatment for plant health, using CO2 drawdown as a surrogate for photosynthesis and plant 

metabolic activity.  
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The lighting conditions observed for the in-situ living walls in this study featured relatively low light 

intensities at a range of inclinations, where ~87 % of all sampled living walls received > 49 µmol∙m-2∙s-1 

(Figure 4) at angles of between 11 and 50° (Supplementary Figure 1 and Table 1). Experimentally, 

these conditions were associated with a mean chamber CO2 removal efficiency of between 1.68 and 

7.95 % of ~1000 ppm over 40-minutes (Figure 5). Non-photoadapted removal efficiencies for C. 

comosum and S. wallisii were greatest at a light intensity of 200 µmol∙m-2∙s-1 and inclinations of 15 

and 45° from the vertical respectively, reaching ~30 % CO2 removal over 40-minutes (Figure 5, 

Supplementary Figure 3). For comparability with existing practices used for indoor environmental 

quality maintenance in buildings, we have used the CO2 draw down rates calculated in the current 

work to estimate the ventilation equivalence that might be possible with the use of indoor living walls 

using optimised lighting systems in-situ. The best performing treatment we found was C. comosum at 

the 200 μmol∙m−2∙s−1 light flux density at 15° from the vertical growing surface. Assuming this CO2 

removal was constant per plant, the extrapolated effects from a reasonably-sized, 5 m2 passive living 

wall containing 400 plants in a typical 40 m3 office can be estimated. Such a system could reduce a 

1000 ppm CO2 concentration to roughly 872 ppm, which has a ventilation equivalence based solely on 

CO2 removal to an ACH of 0.21 h-1, assuming an ambient CO2 concentration of 410 ppm. As stated 

previously, this light level will be difficult to achieve in practice: an equivalent sized living wall 

receiving up to 50 μmol∙m−2∙s−1 light flux density will achieve an estimated ACH of only 0.03 h-1. 

 

While no in-situ living walls received a light intensity of 200 µmol∙m-2∙s-1, ~5 % of the sampled walls 

achieved intensities between 100 and 199 µmol∙m-2∙s-1 (Figure 4 and Supplementary Table 1). If 

changes to plantscape design or lighting infrastructure could support an average light intensity greater 

than 100 µmol∙m-2∙s-1, it may be plausible to increase the rate of elevated indoor CO2 removal by 1.5–

7-fold (Figure 5), and thus reduce building reliance on HVAC ventilation by some degree, if adequately 

sized living walls can be used. Our findings confirm the positive correlation between light intensity and 

CO2 assimilation rates by ornamental plants observed in previous studies [97,98,127] and highlight the 

need for technical guidelines to be established for the lighting of indoor living walls. 

 

Previous studies highlight the strong influence of the angular distribution of light incident at the leaf 

surface on the internal absorption profiles and photosynthetic capacity of a plant [128,129]. In low-

light environments such as those optimised for human occupation, light intensity and directionality 

affect the penetration of light through leaf tissues, limiting the effective rate of photosynthesis [130]. 

Plants respond to this through phototropic and spectral signalling, where leaves will respond to light 

stimuli by changing their structural features to more efficiently perform their function [129]. Further, 

phototropism can act synergistically or antagonistically with gravitropic effects to enhance or reduce 
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plant growth behaviours such as light or gravitational sensing, transduction of signals, and differential 

growth of organs and tissues [131]. Previous studies have demonstrated that leaf orientation is critical 

to leaf-level light and that some plant species modify their morphology to increase the light quantity 

received [9]. In living wall systems, plants are orientated with their apical stems parallel to the ground 

as opposed to a natural vertical orientation, and thus plant morphology must respond in accordance 

with gravitropic and spectral signals. During laboratory testing, S. wallisii leaves and stems sought to 

be closer to the light source in all three treatments, while C. comosum displayed a downwards trend in 

response to the light sources over the ten-day testing periods (Figure 7). Differences in plant 

physiology are likely the key factor in this finding, where C. comosum lacks the stem structural 

integrity to facilitate an increase in inclination over time, leading to a response dominated by 

gravitropism. However, despite the variance in phototropism between species, both plant species 

displayed effective CO2 removal efficiencies over the ten-day test period. 

 

Contrary to our hypothesis, the absolute position of plant leaves and stems and net morphological 

changes appeared to have weak associations with CO2 removal efficiency. However, morphological 

movement did appear to induce some sort of photosynthetic response in specific treatments (Figure 

9). Under 200 µmol∙m-2∙s-1 at 15° lighting conditions, S. wallisii exhibited significant leaf/stem 

movement in a vertical plane, seeking the light source, of +15° and +56° (leaf and stem respectively; 

Figure 6 and Figure 7), which exhibited comparatively strong correlations (r = 0.323 and 0.437, 

respectively; Figure 9) with a CO2 removal efficiency increase of 0.33 % per day (Figure 6). Similarly, C. 

comosum, under the same conditions, exhibited significant downwards leaf movement (away from the 

light source) of -14° (Figure 6 and Figure 7), which was also significantly correlated (r = 0.304), 

compared to the other treatments (Figure 9), with a daily CO2 removal efficiency reduction of 0.92 % 

(Figure 6). While there were significant differences observed between species under this treatment, 

both completed the ten-day period with a CO2 removal efficiency of ~18 %, which was higher than 100 

µmol∙m-2∙s-1 at 15° and 200 µmol∙m-2∙s-1 at 45°. These findings indicate phototropism should be 

considered in the decision making process of plantscape design, and could be utilised to optimise light 

capture, prevent light stress, or to balance the effects of other abiotic factors [111,116], although 

decisions will inevitably be species specific. 

 

Neither species displayed significant changes in CO2 removal efficiency under the 100 µmol∙m-2∙s-1 at 

15° and 200 µmol∙m-2∙s-1 at 45° lighting conditions over the ten-day period (Figure 6). These findings 

indicate these treatments had a generally equivalent effect on final CO2 removal efficiency, 

independent of plant species. Variations in plant species performance (Figure 6) could again be 
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attributed to various physiological characteristics, however it is likely that these results speak to the 

robust nature of these species and further validates their popularity for species selection in living walls. 

Brodersen and Vogelmann [128] notes that at the leaf surface, only illuminated tissues are capable of 

photosynthesis. As light intensity measurements were taken only across the top of the plant foliage, 

variations in single leaf light exposure attributed to inclination and orientation may have been 

overlooked in the current work. nevertheless, from the work conducted, it is evident that light 

inclination is an important factor in living wall performance and should be considered in future designs 

or retrofits, such as optimisation of individual species placement to suit the available light. 

 

In many current photosystems used for indoor living walls, static lighting at fixed light inclinations is 

employed, typically placed ~0.8 – 1 m from the foliage. This ‘one size fits all’ approach has proven to 

be suitable for maintaining plant survival between maintenance periods, however it provides little in 

the way of optimised, plant specific lighting, especially if photosynthetic activity is to be harnessed for 

indoor environmental quality improvement. Our observations indicate that some living walls are 

constructed with little forethought for the morphology of specific plant species, giving the impression 

of a ‘set and forget’ installation with a reliance on plant cycling and maintenance. In some instances, 

this approach creates shaded areas across the wall surface, where scrambling plant species such as 

Philodendron xanadu and Nephrolepis exaltata block plants below from adequate lighting (Figure 4). 

This can be overcome only if regular and costly maintenance is performed. 

 

From the in-situ measurements performed, up to ~63 % of plant foliage was exposed to light levels 

less than 10 µmol∙m-2∙s-1 (Supplementary Table 1). Previous literature has demonstrated that light 

intensities below 10–15 µmol∙m-2∙s-1 may lead to increased ambient CO2 concentrations through plant 

respiration [109,132], and that light levels of 250 µmol∙m-2∙s-1 are optimal for highly efficient living 

walls [109]. It is entirely possible that at the low light levels recorded, the overall effectiveness of living 

walls could be CO2 neutral, with plant species exposed to insufficient lighting contributing to indoor 

CO2 concentrations. 

 

Insufficient lighting (i.e. below the light compensation point, where plant photosynthetic CO2 

drawdown is greater than respiratory CO2 emission) provided to living walls may indeed contribute to 

elevated CO2 concentrations of an indoor space. Although there is little literature to suggest that this 

occurs in-situ, it might be prudent to assess the costs associated with this inefficiency. Maintenance 

costs are thought to be the bottleneck in the widespread implementation of air phytoremediation 

technology worldwide [133], where it is common for maintenance to be conducted purely for ‘plant 
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health management’. With insufficient lighting, ornamental plants are able to sustain biomass, but are 

unable to properly utilise certain biological functions such as disease defences [107], which in turn 

leads to the deterioration of plant health, and subsequent increases in the maintenance required. For 

improved economic management and implementation, designs with sufficient lighting systems for 

living walls are required. While current systems can provide adequate lighting to limited regions of 

living walls (Figure 4), there are opportunities in the interior plantscape industry for the development 

of lighting to provide a more adequate range of illumination. 

 

Recently, light emitting diodes (LEDs) have increased in popularity amongst indoor horticulture 

applications due to their reduced pricing, operational costs, longevity and energy consumption [115]. 

LEDs demonstrate remarkable promise as supplementary lighting in terms of luminous flux control 

due to their low radiant heat output and wavelength specificity [105]. While some capital costs of 

LEDs may be high, they are characterised by long lifetimes [117] and are more versatile than current 

indoor lighting systems [134]. They can be easily adjusted to increase photosynthetic photon flux 

density (PPFD: the proportion of the light spectrum usable by photosynthetic tissues) at the leaf 

surface, without creating an undesirable glare to building occupants. Additionally, plantscape design is 

a currently underutilised aspect of indoor living walls, with many suppliers basing plant species 

placement solely on aesthetics, as opposed to optimal lighting. For example, of the walls observed in 

this paper, branching species such as Philodendron Xanadu and Nephrolepis exaltata should be placed 

towards the base of the LW, to reduce plant-shading. Moreover, plant species with relatively low light 

compensation points such as Peperomia obtusifolia (13 µmol∙m-2∙s-1 [109]), may be situated where 

light intensities are sufficient to ensure photosynthesis. To this extent, future studies that incorporate 

any form of in-situ living wall analysis should take note of the plantscape design employed and 

monitor the light distribution across the wall.  

 

5. Conclusion 

As living walls have become more common for indoor air quality improvement, technical guidelines 

for lighting design should be developed to promote plant health, enhance phytoremediation potential, 

and reduce maintenance costs. A systemic design approach that considers plant species responses to 

supplementary lighting variations would facilitate an understanding of how and where plants should 

be placed across vertical greening infrastructure to receive optimal lighting conditions. 
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The current study demonstrates that living wall lighting systems are a crucial yet often neglected 

consideration to enhance the removal of CO2 from indoor air. This study simulates the current removal 

efficiencies of living wall systems to remove CO2 under commonly used in-situ conditions (50 µmol∙m-

2∙s-1) to be low. Due to the lack of homogenously distributed light observed at the four living walls 

tested, the shortcomings of the lighting systems employed are clear. To address these shortcomings, 

commercial suppliers should invest in better lighting systems to increase photosynthesis and reduce 

maintenance costs associated with plant care and replacement.  

 

This study found the highest CO2 removal efficiency for both plant species to be in the 200 µmol∙m-2∙s-1 

at 15° treatment. This, coupled with the enhanced phototropic movements observed, suggests that 

phototropism at specific light angles may play a significant role in increasing the CO2 removal 

efficiency for some plant species. It has been proposed that a permanent lighting schedule could also 

increase the CO2 removal by plants indoors due to the elimination of photorespiration that occurs in 

the dark, however this option is not viable due to the increased energy demand associated with the 

additional lighting hours. In addition to the power consumption, the impact of the increased net-

removal of CO2 from the indoor environment would be negligible as active green walls are generally 

only featured in commercial buildings that do not host staff during the night. Instead, the additional 

CO2 produced through photorespiration is better dealt with by building ventilation that runs 

regardless of green wall presence. It would therefore be preferable for commercial suppliers to 

develop smarter, low energy solutions that cover phototropism, higher light intensities (above 100 

µmol∙m-2∙s-1) and a plantscape design that considers the morphological parameters of the selected 

plant species. The intensity and directionality of light will influence the growing trends and 

morphology of branching species, leading to increased maintenance work when excessive shading 

occurs (as observed in this study). For this reason, further analysis on plant species growth under in-

situ conditions, and extended light exposure, may facilitate the design of an appropriate vegetation 

framework for indoor living walls.  

 

 

The authors recommend that living wall providers undertake research and development to 

incorporate not only comprehensive lighting systems, but also a plant-scape design optimised for 

lighting. This will facilitate the development of more efficient living walls for indoor air pollution 

removal, rather than those that prioritise aesthetics or ease of access. 
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Preface: Chapter 3 

With the addition of active airflow into the design of botanical biofilters, the rates of removal of 

gaseous pollutants from both indoor and outdoor air has been significantly increased. However, the 

addition of airflow raises the question of whether this technology is emitting bioaerosols into the 

indoor environment. Prior to the current work, this aspect was significantly under addressed in the 

literature.  

Several ubiquitous plant and soil microbes have been associated with significant respiratory symptoms 

such as the bacterial genus Legionella spp. and several fungal genera. The following study aimed to; 

determine if an existing, commercial indoor active green wall contributed significantly to the indoor 

fungal load or production/aerosolisation of any Legionella species; and to characterise both the 

bacterial and fungal species diversity associated with the green wall, with particular emphasis placed 

on the exploration of pathogenic species. 

The following chapter is comprised of text from a peer-reviewed publication.  
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Abstract 

Indoor air quality (IAQ) is of growing public health concern which has prompted the use of plants to 

phytoremediate air pollution in interior spaces. Active green walls are emerging as a means of 

reducing indoor contaminants and have demonstrated efficacy comparable to conventional air 

filtering technologies. However, the use of active airflow through organic substrates has the potential 

to emit bioaerosols into the surrounding environment, where the potential risk to human health is 

largely unknown. In this study, we demonstrate that two indoor green walls (with and without active 

airflow) contribute significantly to the ambient fungal load, however concentrations remained well 

below WHO safety guidelines. Bacterial dynamics within the rhizosphere/substrate of the operational 

botanical biofilters displayed variability across plant species. Phyla-wide distribution generally aligned 

with previous literature; however, differences from those previously reported were observed at the 

genus level, possibly due to geographic location, substrate composition, or plant species selection. 

Targeted assessment of Legionella aerosol contamination, an under-addressed potential pathogen for 

these active systems, yielded no positive identification during the sampling period. We conclude that 

active green walls host a unique bacterial profile and do not emit harmful levels of fungal propagules 

or pose significant risk of aerosolised Legionella species, provided systems are well monitored and 

maintained.  

Keywords 

Indoor air quality (IAQ), Active green walls, Botanical biofilter, Bioaerosols, Bacterial characterisation, 

Legionella. 

Highlights 

• Green wall bacterial community varied amongst plant species. 

• The aerosolised fungal load emitted by green walls did not exceed WHO guidelines.  

• No aerosolised Legionella species were identified. 
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1. Introduction  

In modern societies, humans spend up to 80% of their time indoors [45], where air quality is often 

more polluted than outdoors [4,5]. Due to the accumulation of air pollutants, and the extended 

duration of exposure associated with an indoor lifestyle [135], domestic and commercial indoor air 

pollution is responsible for up to 5% of the global disease burden [3], equating to costs of 

approximately US$90 billion annually [6].  

Since the 1980s, the use of plants in interior spaces to phytoremediate air pollution has grown 

considerably in popularity [29,30]. The efficiency of botanical systems in improving indoor air quality 

has been significantly enhanced by the development of active botanical biofiltration, or active green 

wall systems [136]. Active green walls use ornamental plants grown along a vertical plane with the 

addition of mechanical air induction to actively draw polluted air through the plant growth substrate 

and foliage [137]. During this process, air pollutants are delivered directly to the rhizosphere where 

they may be metabolised/sequestered by microbes, the predominant mechanism for contaminant 

degradation [132,138,139]. Additionally, particulate matter (PM) may be filtered by the substrate and 

root structures [140].  

While botanical biofiltration is still an emerging technology, there is substantial evidence for its 

practical potential, along with growing commercial interest [2,91,99,141,142]. In their current state, 

botanical biofilters have comparable removal efficiencies to those of conventional indoor technologies 

such as MERV (minimum efficiency reporting value) 4, 6, 10, 11 and 13 filters for the removal of PM 

(PM10 and PM2.5) [143]. In addition, botanical biofilters are capable of reducing indoor concentrations 

of volatile organic compounds (VOCs) and other pollutants such as CO and CO2 [109,144–147], which 

cannot be removed by most conventional systems, other than by dilution [148].  

Despite the benefits of active green wall technologies, there is a potential for systems that use active 

airflow through biologically active substrates to emit bioaerosols into the surrounding environment 

[149]. It has indeed been proposed that active green walls may provide a favourable environment for 

the proliferation of pathogenic fungal or bacterial species, with the use of mechanically assisted air 

flow increasing the risk of the aerosolisation of water containing microbial bioaerosols. Currently, 

research which has assessed bioaerosol emissions from active green walls are limited to assessments 

of total fungal and bacterial loading. While there are no documented cases where harmful levels of 

fungal [44,150–152] or bacterial aerosols [143,150,152,153] have been detected in active green wall 

emissions, there is a paucity of research that has comprehensively characterised bioaerosol emissions, 

and we propose that assessments of this kind are essential to fully understand the implications of 

biowall systems for indoor air quality (IAQ).  
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Limited research has specifically investigated the aerosolised release of pathogenic bacteria from 

green walls [154], such as the ubiquitous bacterial genus Legionella. Legionella are free-living motile 

bacteria that can infect other microorganisms or form chemo-resistant biofilms [155–157], and several 

species are the causative agents of legionellosis [157–159]. L. pneumophila serogroup 1 is responsible 

for up to 90% of infections worldwide, with the exception of in Australia, New Zealand and Thailand, 

where L. longbeachae is the dominant pathogen, and is responsible for up to 40% of infection [160–

163]. The dispersal mechanisms of these two species vary significantly [154,164]. Where L. 

pneumophila requires aerosolization through water droplets for infection to occur [154,158,159,165], 

L. longbeachae requires physical contact from contaminated soils with the eyes or mouth [163,164]. 

Due to the nature of the components used in active green walls, there is some concern that Legionella 

spp. may proliferate within irrigation systems and botanical substrates and become aerosolised in the 

event of over-watering or physical disturbance. 

In this study, we aimed to determine whether an established active green wall in a modern urban 

office building contributed significantly to the release of fungal and bacterial aerosols, with specific 

focus on bioaerosols that have implications for IAQ and human health. We assessed the culturable 

indoor aeromycota, characterised the bacterial community composition using 16S rRNA amplicon 

sequencing approaches, and performed targeted enumeration of the pathogen Legionella spp. to 

examine potential risks to public health.  

 

2. Methodology 

2.1 Site description 

Aerosol sampling was conducted on four floors (levels 12 – 14 and 17) of a newly built commercial 

office building, made of steel and glass near Sydney’s Central Business District. The building featured 

standard heating, ventilation and air conditioning (HVAC) systems with no additional filtration 

technology. One active and one passive green wall span the interior of two stories (levels 13 and 14), 

each covering 60 m2, in a semi-open plan café and meeting/reception space, with a floor space of 

2300 m2. Both green walls consist of several hundred individual plant housings (modules) supporting 

sixteen plants per module [166]. These house six plant species: Chlorophytum comosum, 

Spathiphyllum wallisii, Epipremnum aureum, Gibasis sp., Philodendron xanadu and Peperomia 

obtusifolia, of which C. comosum, S. wallisii, E. aureum represent most of the greenery at the time of 

sampling.  

The active green wall utilises six low-profile 230 V, single-phase, 50 Hz fans operating at 98.96 m3/h, 

per fan, when freestanding. These are located at the bottom of the wall to facilitate active air flow 
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through the plant growth substrate and foliage. Each fan supplies airflow to 9.5 m2 of active green wall 

on 15-minute on–off intervals, from 06:00 to 20:00 daily, with a total run time of seven hours per day. 

The volumetric flow rate of effluent air was recorded as 17.3 m3/h through the green wall, determined 

with a VELOCICALC Model 9545-A air velocity meter (TSI Incorporated, USA). Active and passive walls 

are irrigated every two and four days respectively for eight minutes (two 4-minute watering cycles), 

with a delivery rate of 5 L/minute. Irrigation is divided into zones, with three irrigation catchments. 

Runoff falls gravimetrically into large drainage reservoirs at the base of the wall.  

To determine the bioparticle density in areas of the building not serviced by the green walls, reference 

sites were positioned on levels 12 and 17 in thoroughfares within the building, as the open plan office 

spaces of these floors contained relatively high densities of potted plants (~0.33 potted plants/m2) 

which may have also had an effect on indoor bioaerosol levels [13].   

Foot traffic was explored by correlation analyses (Pearson’s correlation coefficient) to assess its 

association as a potential influential variable with fungal density [167]. Foot traffic data was sourced 

from the building reception booking system.  

 

2.2 Bioaerosol assessment 

Bioaerosols were sampled over a three-month period from late summer to early autumn (February 

28th, March 28th and May 3rd, 2019) between 11:00 and 14:00. Samples were collected with a Reuter 

Centrifugal Sampler (RCS; Biotest Diagnostics Corp., Denville, NJ, USA), which is comprised of a hand-

held cylinder with an impeller that rotates at 4100 rpm. Air is drawn into the sampling head, and 

aerosolised particles are imbedded on the surface of selective agar strips that encircle the head. The 

RCS was operated for 2- and 4-minute cycles, sampling 80 and 160 L of air for fungal and bacterial 

samples respectively. For each green wall, six samples were taken at different locations adjacent to 

the wall surfaces. On the lower level of each green wall, three samples were taken along the length of 

the wall 1.8 m above ground and 0.5 m from wall surfaces, clear of any protruding vegetation. This 

sampling procedure was repeated on the upper level of each green wall. Thus, the sampling locations 

encompassed the length and height of the green walls, as well as taking air samples from places that 

were relevant to a person’s breathing zone. Reference site samples (six in total) were collected from 

designated 3 m2 spaces within the thoroughfares, 1.8 m above ground and 0.5 m from wall surfaces. 

Sample collection was conducted at each location individually, and all samples were completed within 

a three-hour window and during the operational period of the active green wall fans.  
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Figure 10. Schematic representation of bioaerosol sampling locations across each green wall site of a newly built commercial 

office building. Sampling was conducted over two stories, 1.8 m above ground and 0.5 m from protruding vegetation at both 

sites. 

 

Commercial Rose-Bengal Chloramphenicol (RBC) agar RCS strips and modified RCS strips containing 

Buffered Charcoal Yeast Extract with L-Cysteine agar (BCYE-cys) were utilised for fungal and Legionella 

sampling respectively. RBC is a pH neutral agar with added Chloramphenicol for the suppression of 

bacterial growth and allows control of the size and height of mould colonies to prevent luxuriant 

species growing over slow-growing moulds or yeasts [168].  Bacterial samples were assessed for 

Legionella spp. as per the British Standards Institution (BSI) [169]. Incubated BCYE-Cys agar strips were 

assessed visually for putative Legionella colonies (grey/white in colour) and, if detected, colonies were 

sub-cultured onto BCYE growth agar, deprived of L-cysteine, where Legionella spp. should not grow. 

BCYE-Cys is a Legionella spp. preferential growth media that employs the use of L-Cysteine, soluble 

ferric pyrophosphate and alpha-ketoglutarate to enhance Legionella growth. The use of activated 

charcoal removes toxic metabolic products and proteins, and other growth nutrients are supplied by 

yeast extract [170]. All samples were tested against a Legionella pneumophila positive control. 

Imbedded fungal and bacterial samples were sealed and transported for incubation at room 

temperature (21–23 °C) and 37 °C respectively in dark, aerobic conditions for five days. Cultured strips 

were photographed, after which colonies were enumerated. Fungal samples were identified by 

microscopy using identification guides [171–173]. Colonies that did not have conidial structures or 

spores were classified as ‘sterile mycelia’.  
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2.3 Characterisation of bacterial community diversity 

Samples from three single-species (C. comosum, E. aureum and S. wallisii) botanical biofilter modules 

containing healthy plants were selected randomly from the active green wall. Modules were 

suspended and flushed with 12 L of Milli-Q water (Ω 18.2; Millipore, Eschborn, Germany) and run-off 

was collected in pre-sterilised (1:10 sodium hypochlorite, Milli-Q rinsed) natural LDPE plastic bags. 

Samples were then aseptically transferred to three sodium hypochlorite sterilised 10 L sample 

containers for filtration. Triplicate 2 L samples were filtered through 0.22 µm GPS sterivex membrane 

filters (Millipore). Filters were stored at -80 °C prior to DNA extraction.  

DNA extraction was performed using the DNeasy PowerWater kit (QUIAGEN) as per the 

manufacturer’s instructions. A Nanodrop-1000 spectrophotometer was used to measure DNA quantity 

and purity. DNA was sequenced using the 16S rRNA amplicon Illumina MiSeq platform (2 x 300 bp), by 

the Ramaciotti Centre for Genomics (University of New South Wales, Sydney, Australia), using the V3-

V4 region (341f-805r) and 341F and 805R primers.  

16S rRNA fastq files were processed using R-Project and the Dada2 (V1.12.1), DECIPHER (V2.12.0), and 

Biostrings (V2.52.0) packages [174–176]. High quality reads were filtered and trimmed using: trimLeft 

= c (17,21) to remove primer sequence; truncLen = c (280,210) to trim low-quality tails; and maxEE 

(2,5) to relax the expected error on the reverse sequence. Taxonomic classification was assigned by 

aligning amplicon sequence variants (ASVs; equivalent to operational taxonomic units (OTU) at 100% 

sequence identity) with the Silva SSU r132 database [177]. A grouped mean relative abundance (gmRA) 

threshold of ≥100 was established as a cut-off for plotting using the phyloseq (V1.28.0) and ggplot2 

(V3.2.0) packages [121,178]. 

 

2.4 Statistical analysis 

Fungal density data was rank transformed prior to analysis to improve homogeneity of variance across 

treatments. A rank transformation was chosen over a logarithmic function due to the nature of the 

error distribution in all samples, where variance was highly skewed above the mean, relative to below 

it. A two-way repeated measures analysis of covariance (2-way RM ANCOVA) was performed to assess 

differences in rank-transformed fungal bioparticle density (CFU/m3) between green wall sites and 

through time, with foot traffic (number of passers-by per sampling period) as a covariate (Pearson’s r 

= 0.651). Tukey’s Honest Significant Difference (Tukey’s HSD) was performed on significant effects to 

evaluate comparisons. Further, Shannon’s H-Index was calculated to assess fungal diversity between 

green wall sites and across time points, and a two-way RM ANOVA was performed to analyse 
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differences. Results were deemed significant at α = 0.05. All analyses were performed in R-Project, 

version 3.6.1 [118].  

To assess differences in bacterial community diversity, a non-metric multidimensional scaling (nMDS) 

biplot was generated (Supplementary Figure 4) using relative abundance taxa data. Observed 

differences amongst botanical modules with different plant species were then examined with 

permutational analysis of variance (PERMANOVA), and the contribution of individual phyla to 

dissimilarities amongst plant species was assessed with analysis of similarity percentages (SIMPER, 

Bray-Curtis similarity index). These analyses were performed with the Vegan (V2.5.5) package [179] in 

R-Project.  

 

3. Results 

3.1 Fungal bioaerosol assessment 

Active and passive green wall sites featured significantly higher fungal densities than the reference 

sites across the three-month sampling period (p = 0.001 and p = 0.009 respectively; Figure 11). 

Temporal differences in fungal density were not significant, nor were interactions amongst factors or 

with foot traffic (p > 0.05). Despite elevated concentrations of aerosolised fungal propagules, total 

concentrations remained well below the World Health Organisation guideline for indoor air [180] of 

500 CFU/m3 (Figure 11).   
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Figure 11. Average aerosolised fungal density (CFU/m3) detected at active and passive green wall sites and reference sites 

over the three-month sampling period. Error bars represent standard error of the mean. Significant comparisons are indicated 

by asterisks (p < 0.05). Significant WHO Guidelines for safe indoor fungal density is denoted with the dashed line at 500 

CFU/m3.  

 

The frequency of generic occurrence, average propagule density and range of detection amongst sites 

are displayed in Table 1. The most prevalent species was Aspergillus ochraceus, at a relative frequency 

of 83% for the green wall sites and 39% for the reference sites, followed closely by the genus 

Wallemia at 82, 67 and 28% for the active, passive and reference sites, respectively. Despite A. 

ochraceus being the most frequently detected species, the mean densities of Wallemia was higher at 

40, 45 and 28 CFU/m3, respectively. Shannon’s diversity index ranged between 1.24 and 1.98, where 

no significant differences were detected amongst sites (p = 0.098) or through time (p = 0.275).  

 

Table 1. Relative frequency, mean and range of density of aeromycota identified at active and passive green wall and 

reference sites. Sample measurements across the three time points were pooled for this summary. 

  Active Passive Reference 

Species 
Frequency 
(%) 

Mean 
(CFU/m3) 

Range 
(CFU/m3) 

Frequency 
(%) 

Mean 
(CFU/m3) 

Range 
(CFU/m3) 

Frequency 
(%) 

Mean 
(CFU/m3) 

Range 
(CFU/m3) 

Wallemia spp. 82 40 ND – 125 67 45 ND – 113 28 5 ND – 25 

Aspergillus 
ochraceus 

83 22 ND – 63 83 30 ND – 63 39 8 ND – 63 

Penicillium spp. 58 16 ND – 113 58 10 ND – 38 22 3 ND – 25 

Paecilomyces 
spp. 

42 14 ND – 75 8 1 ND – 13 22 3 ND – 13 

Aspergillus 
terreus 

33 6 ND – 25 33 11 ND – 63 11 2 ND – 25 

Sterile mycelia 25 4 ND – 25 25 6 ND – 38 11 3 ND – 25 

Basidobolus spp. 17 3 ND – 25 50 7 ND – 25 33 6 ND – 25 

Epicoccum spp. 17 3 ND – 25 ND ND ND 11 2 ND – 25 

Cladosporium 
spp. 

8 2 ND – 25 ND ND ND ND ND ND 

Rhodotorula spp. 83 1 ND – 13 8 1 ND – 13 11 1 ND – 13 

ND not detected         

 

3.2 Characterisation of substrate bacterial communities  

16S rRNA amplicon sequencing generated a total of 610,345 high quality reads, distributed across 

2,825 Amplicon Sequence Variants (also known as zero-radius Operational Taxonomic Units, where 

differentiation is made at a single nucleotide to avoid similarity-based clustering). These sequences 

were classified into 27 phyla, with the 120 ASVs that exceeded the gmRA (grouped mean relative 

abundance) cut-off accounting for 74.38% of the community composition (Figure 12). The bacterial 
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community was dominated by Acidobacteria, Acintobacteria, Bacteroidetes, Chlamydiae, 

Elusimicrobia, Patescibacteria and Proteobacteria, with these phyla contributing to the ten most 

abundant ASVs (ASV1-10), and accounting for 24.9% of the total bacterial community structure. In 

order of abundance, Proteobacteria contributed 26.7% of the total bacterial community with 953 

individual reads (ASVs), followed by; Patescibacteria (17.6%: 223 reads), Actinobacteria (13.6%: 367 

reads), Chlamydiae (12.1%: 206 reads), Acidobacteria (8.3%: 132 reads), Bacteroidetes (6.3%: 204 

reads) and Elusimicrobia (2.6%: 11 reads).  

 

Figure 12. Relative phylum abundance of bacteria associated with the three single- species botanical modules from the active 

green wall site, showing technical triplicates. The 120 ASVs that exceeded the gmRA cut-off across plant species are displayed 

(with 2705 ASVs excluded).  
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PERMANOVA identified significant differences in bacterial community structure among plant species 

(p = 0.005), which was confirmed graphically by an nMDS plot revealing distinct separation of the 

bacterial community between plant species (Supplementary Figure 4). SIMPER analysis attributed 64.6 

– 72.3% of the dissimilarities in bacterial community structure among the three plant species to four 

phyla (Table 2). Differences between C. comosum and E. aureum were primarily driven by 

Patescibacteria (25.5% of the sum dissimilarity between species); C. comosum and S. wallisii by 

Chlamydiae (20.8%); and E. aureum and S. wallisii by Proteobacteria (19.7%). 

 

Table 2. SIMPER analysis results, showing phylum contributions to amongst species differences in bacterial community 

structure from the three single-species botanical modules from the active green wall site. A dissimilarity contribution 

threshold of 10% was used for comparisons. 

C.comosum - E. aureum  C.comosum - S. wallisii E. aureum - S. wallisii 

Phyla  Contribution 
% 

Phyla  Contribution 
% 

Phyla  Contribution 
% 

Patescibacteria 25.47 Chlamydiae 20.82 Proteobacteria 19.72 
Actinobacteria 23.01 Proteobacteria 17.61 Chlamydiae 18.82 
Proteobacteria 16.2 Patescibacteria 14.76 Actinobacteria 16.92   

Actinobacteria 11.84 Patescibacteria 16.88 
 

Of the 2,825 ASVs sequenced, 33 individual reads were identified as members of the Legionellaceae 

family (Phylum Gammaproteobacteria), whereby 31 reads were assigned to the genus Legionella 

(Supplementary Table 5). Two ASVs (ASV303 and ASV1316) could not be identified to the genus level 

but were included as Legionella because the Legionellaceae contains only one genus. Interestingly, the 

distribution of the 28 least abundant Legionella reads differed between plant species. 

 

3.3 Bacterial bioaerosol assessment  

Aerosolised Legionella assessment yielded no indication of presumptive Legionella colonies with 

respect to the Legionella pneumophila positive control. Several unknown bacterial colonies grew on 

the modified RCS strips, but these were morphologically distinct from Legionella spp., and were thus 

not identified further.  
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4. Discussion  

4.1 In-situ bioaerosol analysis 

While potting soils have been implicated as a source of human pathogens [181–184], studies 

documenting the dispersal of aerosolised fungal pathogens from indoor contaminated soils is limited 

[43]. Several studies have found that neither potted plants nor complex biowall structures contribute 

significantly to allergenic or pathogenic airborne fungal density [43,185–188], unless considerable 

physical disturbance or agitation occurs [189]. Nonetheless, as active green wall system circulate air 

through large volumes of biomass, characterisation of these systems is prudent to assess the 

likelihood of unfavourable microbial growth and the proliferation of fungal and bacterial aerosols. 

Our results demonstrate that both active and passive green walls contributed significantly to ambient 

fungal aerosol concentration in the tested environments relative to reference sites. However, viable 

propagule counts at both walls remained well below the World Health Organisation maximum 

guidelines of 500 CFU/m3 for indoor fungal spore loads [180], and are classified  between very low (50 

CFU/m3) and low (200 CFU/m3) according to Singh et al [190]. A comparative assessment conducted 

on small scale active green walls by Irga et al [43] hypothesised that the use of larger installations may 

increase the density of bioaerosols [43], however, this was not the case in this study. The results 

presented here, while higher than those reported by Irga et al [43], fell into the same low classification 

range [190].  

No highly pathogenic fungal species were detected (e.g. Aspergillus fumigatus) in our analysis, and 

fungi with known allergenic properties (Aspergillus, Cladosporium, Epicoccum and Penicillium) were 

measured in concentrations below their proposed allergenic limits [191]. In line with previous green 

wall research assessing ambient bioaerosols [43], no dimorphic or systemic pathogens were detected, 

nor were any dermatophytes. Further, the species identified were comparable to previous active 

green wall studies in the area [43,192] and generally consisted of common indoor fungi that do not 

represent health concerns for immunocompetent people. This suggests that while green walls may 

contribute to an increase in the fungal loading of a space, it does not change the fungal load 

composition.  

 

4.2 Substrate analysis  

Despite the highly variable diversity of bacterial species in soil environments, diversity at the phylum 

level is remarkably stable world-wide [193]. The substrate bacterial communities detected in this 

study were similar to previous studies on phytoremediation systems [46,194,195]. However, the 
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bacterial community composition varied significantly amongst plant species (Figure 12; p = 0.005) with 

Proteobacteria, Patescibacteria and Actinobacteria driving differences amongst biofilters with 

different plant species (Table 2).  

It is commonly accepted that rhizospheric bacterial communities are controlled by specific assembly 

rules [196], where factors such as soil type, plant compartment, host genotype/species, plant immune 

system behaviour, plant trait variation/developmental stage and residence time/season influence 

bacterial community composition [196]. It is thus likely that differences in root structure and other 

plant traits are the driving factors for bacterial variances amongst the plant species tested, as there 

were no other obvious differences between green wall modules. As active green walls utilise a range 

of botanical species, variations in their natural capacities to host different bacterial communities may, 

in future, influence their relative success as indoor air phytoremediators.  

The prevalence and distribution of Proteobacteria was consistent with earlier rhizospheric studies 

[45,46,197–199], where Alpha- and Gammaproteobacteria were of almost equal distribution. Within 

these two classes, the Acetobacteraceae (Alpha-) and Burkholderiaceae (Gama-) contributed 11.54% 

and 11.69% of the total Proteobacterial density respectively. These findings align with those of Russel 

et al [45] and Mikkonen et al [46], who performed substrate analyses of field-deployed botanical 

biofilters. Further, the potential VOC-utilising families identified by Mikkonen et al [46] (Nevskiaceae, 

Patulibacteraceae and Xanthobacteraceae) were also identified in the current study. Interestingly, the 

genera Devosia, Prosthecomicrobium and Hyphomicrobium, which are VOC degraders that were found 

to be abundant in both previous bodies of work, were largely underrepresented in the current study 

[45,46]. Active green walls equivalent to that tested here have been previously shown to be highly 

effective VOC remediators [41]. 

The newly re-classified superphylum Patescibacteria has been estimated to encompass more than 

15% of the bacterial domain [200]. Due to their reduced genomic profile and limited metabolic 

potential, Patescibacteria are believed to be plant-root symbionts [201–204]. In this study, 

Patescibacteria were dominated by the order Saccharimonadales (56.6%), a vastly understudied group 

[205]. A recent study by Lemos et al [204] found evidence that the Saccharimonadales possess 

uncharacterised metabolic mechanisms that facilitate nutrient uptake [204]. This discovery may lend 

support to the theory that these bacteria are endophytic bacterial symbionts in botanical substrates 

[205]. With little previous research on these bacteria, we hypothesise that variation in Patescibacteria 

composition amongst plant species may be associated with differences in plant root structure or 

molecular mechanisms, by which plants favour specific bacterial endophytes [206].  
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Another driver of dissimilarities in the bacterial communities amongst plant species was the 

Actinobacteria, a widely distributed environmental taxon, ranging from soil inhabitants (e.g. 

Streptomyces spp.), plant commensals (e.g. Leifsonia spp.), nitrogen-fixing symbionts (e.g. Frankia spp.) 

and cellulose metabolisers (Cytophaga and Sporocytophaga spp.), to animal and plant pathogens 

(Mycobacterium spp.) [207–209]. Approximately 60% of biologically active compounds released in 

soils are attributed to this taxon, which are noted for the production of plant-growth promoting 

chemicals [210,211]. For this reason, they are often considered when developing phytoremediation 

bioaugmentation strategies for pollutants such as heavy metals or pesticides [195,208,210]. 

Additionally, several other rhizospheric or endophytic Actinobacterial families (Chitinophagaceae, 

Microbacteriaceae, Solirubrobacteraceae, Sphingobacterium, and Streptosporangiaceae) were 

detected in comparable concentrations. These families have known properties that may contribute to 

plant health, environmental sensing, disease regulation or drought resistance [195,209,212,213]. 

There have been few studies that have characterised the microbial population of deployed 

commercial botanical biofilters [45,46]. Mikkonen et al [46] building on the work of Russel et al [45], 

hypothesised that the genus Hyphomicrobium may be a global green wall system inhabitant [46], 

however, this genus was not detected in this study. Subtle differences in rhizospheric community 

structure may be attributed to a range of factors such as growth substrate composition, geographical 

location, or plant species selection, and it is likely that the rhizospheric community structure of 

botanical biofilters is more dynamic than previously theorised.  

 

4.3 Legionella contamination analysis 

While there is a growing body of research that validates the safety of active green walls regarding 

their contributions to the indoor aeromycota [2,43,44,151], there is less evidence related to the 

emission of pathogenic bacterial aerosols such as Legionella [214]. In Australia, most cases of 

legionellosis have been attributed to sporadic environmental contamination by either L. pneumophila 

or L. longbeachae. However, several major outbreaks by Legionella pneumophila sourced from 

building cooling towers have been documented [158]. In the natural environment, Legionella spp. 

account for less than 1% of the total bacterial community structure [150], which aligns with the levels 

detected here (Supplementary Table 5). While the density of Legionella spp. detected would be 

considered low, due to the limitations of 16S Illumina Sequencing, this study was unable to speciate 

the legionellae identified, and thus determine the extent of potential pathogenic species/strains. It is 

thus suggested that future work makes use of species-specific qPCR to expand on the work conducted 

here.  
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Due to the botanical nature of these systems, strict watering regimes should be employed by service 

providers. The transmission of many pathogens is aerosol dependant [158,215], and it is therefore 

essential that biofilters are maintained at an optimal water content which is sufficient for normal plant 

operations, but does not allow water to stagnate within the substrate or harbour biofilms in irrigation 

catchments [216–218]. In addition to the low concentrations of Legionella reported, this active green 

wall system employed the use of gravimetric drip irrigation – a system that lacks the pressurised 

components that may lead to active aerosolisation [154,155,159] – making the risk of pathogenic 

dispersal very low, provided the systems are well maintained.  

Briefly, several additional potential pathogens were identified with 16S Sequencing (Supplementary 

Table 6), however the relative abundance of these bacteria were insufficient to warrant concern [219].  

 

5. Summary and Conclusion 

Fungi are ubiquitous soil inhabitants and have strong associations with plants. The installation of 

botanical material indoors, either as simple potted plants or complex active green walls, is likely to 

contribute to the ambient fungal load [17,44,188,220]. Fungal aerosols in the ambient indoor 

environment proximal to active and passive green walls remained well below WHO guidelines and the 

systems did not release detectable harmful fungal bioaerosols. The concentrations detected were 

comparative to previously reported literature [43,44,150,153,186], where no pathogenic or allergenic 

species at symptomatic concentrations were detected.  

With an increase in commercial interest in this technology, there is the potential for companies to 

rush products to market without acceptable research into design and maintenance. In these instances, 

there is the possibility for poorly maintained systems to provide the niche environments required for 

an increase in fungal propagation or the formation of harmful bacterial biofilms. In order to prevent 

this, further scientific research is required on the factors that may influence dispersal of fungal 

propagules from green technologies. Additionally, more field studies are required of deployed 

commercial systems in order to validate the research findings presented here and in previous green 

wall literature.  

Whilst the building tested in the current work was new and built to a very high standard, with a 

concomitant low background fungal diversity, it is possible that less well-maintained structures may 

experience different effects from the installation of green infrastructure. It is not possible from the 

current findings to determine whether green walls would make a greater or smaller contribution to 
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the bioparticle load of a building with a higher background level of contamination, and it is 

recommended that this issue be addressed in future research.  

Phylogenetic distribution of bacterial species provided insight into the composition of the bacterial 

community in a commercial botanical biofilter deployed in the southern hemisphere. These results 

differed in some aspects from those previously reported [45,46], inferring that the composition of 

microbial communities associated with green wall systems may be governed by region, substrate or 

plant species.    

Further, no aerosolised Legionella was detected over the three-month monitoring period. Both the 

abundance of Legionella and the pressurised mechanisms required for aerosol dispersal were absent 

in these systems, and therefore present little risk of a contamination event, provided the systems are 

maintained at the industry specifications.  

This body of work contributes a unique perspective to the microbial state of botanical biofilters 

situated in the southern hemisphere. The contribution of green walls to the ambient fungal load has 

been documented, however the bacterial dynamics of these systems is largely understudied. Further 

work in this area should aim to address the bacterial composition of the rhizosphere of deployed 

botanical biofilters in-situ, as well as the bacterial and fungal aerosols they may generate. 
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Preface: Chapter 4 

Domestically there has been very few peer-reviewed studies that quantify the benefits of green roofs 

in context with the Australian climate, and to date, most international studies have been undertaken 

on an experimental scale. Here we provide quantitative evidence for the benefits of green roofs in 

Australia, primarily the thermal regulatory properties, using a unique experimental method. Due to 

the comparatively harsh Australian climate, the inclusion of green roofs into building architecture 

could serve to reduce the thermal burden on HVAC systems for cooling in the summer months, and 

heating in the winter months, leading to a net reduction in commercial building energy consumption. 

Green roofs also provide the less easily quantifiable benefit of reducing the Urban Heat Island (UHI) 

effect through reduced solar reflectance.  

In this study we aimed to determine the thermal regulatory effect of an extensive green roof in urban 

Sydney, Australia, its effects on the rooftop microclimate and the potential benefits of implementing 

this technology city wide and more broadly. The inclusion of a matched, spatially independent control 

roof in this study should add objectivity to the dataset and reduce the potential for methodological 

confounding. This project was run in collaboration with UTS, Lend Lease, Junglefy and the City of 

Sydney to generate quantitative data to support the City of Sydney 2030 Greening Guide, funded 

under the City of Sydney Environmental Performance - Innovation Grant 2019-20.  

The following chapter is comprised of text from a peer-reviewed publication.  
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Abstract 

Urbanisation has led to a growing need for sustainable development leading to climate resilient cities. 

As the urban heat burden increases in severity, technologies to improve the thermal comfort of cities 

are increasingly required. Green roofs are one such technology that can provide increased building 

thermal performance. In this study, we investigate two identical buildings, except, one was equipped 

with a green roof, and the other without. We present the longest-term assessment conducted on an 

Australian green roof with in-situ thermal monitoring coupled with surface temperature assessments. 

Field measurements were utilised to calculate the thermal buffer potential of the green roof 

compared to a near-identical conventional roof, over three seasons. Our findings indicated a reduction 

in rooftop surface temperatures up to 20 °C when ambient temperatures exceeded 40 °C, as well as 

improvements to heat flow of up to 55.54%. These results indicate that green roofs may contribute to 

the much-needed reduction in ambient city temperature to alleviate overheating and the costs 

associated with the urban heat island effect.  

Keywords  

Green infrastructure, green roof, heat flow, heat transfer, insulation.     

Highlights 

● Green roof summer panel/roof temperatures reduced by ~9.63 and 6.93 °C.   

● Green roof microclimate experienced an average peak temperature reduction of 8 °C.  

● Heat flow was 13.37 and 5.37 W/m2 lower for Spring and Summer, respectively.  
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1. Introduction 

Rapid urbanisation has led to a global move towards climate resilience and sustainable design in 

commercial properties. Developers and governments are increasingly turning to nature-based 

solutions (NBS) to address various concerns associated with urban dwellings in an increasingly climate 

aware environment [221–223]. One emerging urban NBS technology is the addition of green 

infrastructure such as green walls and green roofs to new or existing buildings [39]. The benefits of 

these technologies have been well documented, including the provision of ecosystem services [224], 

absorption of air pollutants [47,225], urban noise reduction [226–228], increases in urban biodiversity 

[39,229], improved stormwater management and retention [230–232] and an increase in thermal 

regulation for both indoor and outdoor environments [233–236].   

Of these two NBS options, green roofs are often the most actionable, with a significant portion of 

roofs in urban centres being suitable for retrofitting [51,237–239]. Current roof top real estate is 

significantly underutilised, with many urban roof tops lacking even solar systems in some countries 

[240]. As such, there is an opportunity for substantial benefits to be gained for some densely 

populated urban centres through the addition of green roofs [20]. Green roofs functionally act as 

urban ecosystems with variable substrate depths, plants, and drainage networks that operate in 

concert to create a surrogate environment upon the surface of conventional roofs [241]. These 

provide additional layers to the roof surface, promoting insulation that can reduce both ambient 

rooftop temperatures and prevent heat penetration into the building envelope. The vegetation can 

reduce the heat absorbed by the building through evapotranspiration and blocking or reflecting solar 

radiation [242]. The growth substrate acts as a matrix to retain moisture for plant use, and can 

function to regulate proximal temperature as well as acting as a physical barrier, in combination with 

the multiple drainage layers, to reduce heating of the roof surface [243]. The inclusion of green roofs, 

and therefore vegetation and the associated layers, presents urban designers with an excellent tool to 

assist in the reduction of the urban heat island (UHI) effect [244] that, in part, stems from ever-

dwindling space for vegetated surfaces in urban environments [242].  

The effect of the UHI occurs when an increased heat flux from the land surface is moved into the 

atmosphere near cities [245]. The replacement of vegetated areas for impermeable surfaces such as 

concrete, stone, glass, steel and bituminous materials leads to a significant reduction in the capacity of 

urban spaces to regulate temperature, where solar heat is absorbed during the day and radiated 

overnight as infrared radiation [245,246]. Higher urban temperatures increase the power demand for 

Heating Ventilation Air Conditioning (HVAC) systems, which leads to a drop in building energy 

efficiency by approximately 25% [247,248]. As a direct consequence, urban centres increasingly use 

significant power to heat and cool buildings, with global energy consumption estimates for cooling as 
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high as 20% [249,250]. To this end, urban greening strategies have raised significant interest at both 

the academic and urban policy level [245], with urban green roofs presenting a unique opportunity to 

increase urban green spaces without losing valuable land space.   

Green roofs are often classified into two major groups depending on their characteristics: intensive 

and extensive. Intensive green roofs often have deep substrate depths (> 300 mm) [75] and facilitate 

large plantings, often being used to create rooftop gardens for human occupation [251]. This leads to 

requirements for high load-bearing structures and frequent maintenance [252]. Extensive green roofs 

have shallower substrate depths (< 300 mm) and often utilise grasses and shrubs, and are primarily 

constructed for environmental benefits [253], with lower maintenance costs than intensive green 

roofs. Due to the differences in construction costs and maintenance, extensive green roofs are 

significantly more common in urban spaces than intensive green roofs [52]. Both roof types serve to 

insulate buildings from solar radiation, leading to a reduction in energy costs [254,255]. In a study 

conducted by Ascione et al. [256], building energy use amongst five green roof typologies were 

compared to conventional roofing technology and “cool-painted” roofs across several European 

climates. This study demonstrated that green roofs could provide a 0 – 11% reduction in energy 

demand in warm climates, and -1 – 7% reduction in cold climates, with variances owing to differences 

in solar reflectance amongst locations.  

While there are many factors that influence the performance and longevity of green roofs, climate and 

roof design are of utmost importance. A study conducted by Koroxenidis and Theodosiou [257] 

evaluated the life cycle impacts of three green roof designs. In their study it was concluded that 

extensive green roofs would be preferable in warm climates due to the associated economic costs. For 

colder climates, the selection of green roof type is especially important due to energy consumption 

costs. A study conducted by Jim and Tsang [252] found that in subtropical climates, the winter energy 

consumption of the built environment could potentially increase with the introduction of intensive 

green roofs, as they can create a temperature gradient, effectively drawing heat out of the building 

through the roof surface due to the upward heat flow demand of the substrate [252]. Additionally, 

design is an essential aspect of green roof installations. Commercial suppliers must consider a range of 

environmental factors to facilitate optimal plant species selection. Ideally, a green roof in warmer 

climates should aim to facilitate a high density of foliage (LAI; leaf area index), while maintaining ease 

of access and maintenance. Generally, a high LAI serves to increase the evapotranspiration rate of a 

green roof, and therefore promotes greater cooling potential. However, LAI is often subverted by 

designers and implementers in favour of plant survivability, ease of maintenance, and pollinator 

biodiversity to appease stakeholders [56,258].  
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An additional factor that is often overlooked is the potential to integrate solar systems with green 

roofs. A study conducted by Zheng and Weng [66] utilised computational models to predict the energy 

consumption of various commercial properties under climate change scenarios. This study identified 

considerable net energy use reductions achievable with the inclusion of solar green roofs. They 

reported reductions in net solar green roof building energy demands of more than 20%, for 11 of the 

13 commercial properties modelled in the Los Angeles County, USA [66] .  

In addition to roof design, substrate depth, plant selection, and the addition of photovoltaic (PV) 

panels are all factors that contribute to the thermal regulation of urban rooftops [20]. However, it is 

difficult to directly and accurately quantify these effects relative to conventional building technologies. 

Such tests require urban spaces where comparisons between green and conventional roofs can be 

made without spatial and temporal confounding. To this end, many studies have divided a single roof 

into multiple sections representing different roofing scenarios [68,259,260], leading to potential 

problems with sample non-independence (one roof type affecting the other). In the current study, we 

explore the thermal regulation potential of an extensive green roof in Sydney, Australia with 

comparisons made against a proximal conventional roof of identical size, construction material and 

age. Here we aim to quantify the thermal buffer potential of urban green infrastructure in Sydney to 

reduce the thermal load on buildings and to control the rooftop microclimate.  

 

2. Methodology 

2.1 Site Description 

This study was conducted on two adjacent roofs atop recently constructed buildings in Barangaroo, 

Sydney, Australia (33.8643°S, 151.2028°E). Barangaroo is located on the north-western edge of the 

Sydney Central Business District (CBD), bounded by Sydney Harbour to the west, Barangaroo Central 

and Headland Park to the north, the Sydney Harbour Bridge approach and northern CBD to the east, 

and a range of new developments dominated by large CBD commercial tenants to the south 

(Supplementary Figure 5). Sydney, Australia has a Cfa climate based on the Kӧppen-Geiger climate 

classification [261], characterised by warm summers and cool winters [262], receiving 1309 mm of 

rainfall annually. January is the warmest month, with an average daily air temperature of 23.25 ± 

5.19 °C (Mean ± SD). During the study period, the highest recorded temperature was 45.8 °C, and site 

temperatures exceeded 30 °C on 19 days, with sun hours ranging from 5.21 – 8.95 and evaporation 

rates of 4.51 to 8.88 mm per day. The study commenced in Spring, 2020 and concluded in Autumn, 

2021, with an 8-month / 218-day observational period.  
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The study utilised the unique opportunity to monitor two buildings of similar age and construction 

material, one equipped with a green roof, and the other without. The two buildings assessed were the 

Daramu House (green roof, constructed in 2019) and International House (conventional roof, 2016). 

Both buildings had similar HVAC/air handling units (AHU) and near-identical rooftop infrastructure, 

with minor differences associated with building maintenance unit (BMU) design. Daramu House 

featured a green roof with an integrated, north facing solar array, whereas International House 

featured an East/West facing solar array (Figure 13).  

The construction of the green roof on Daramu House was completed in September 2019 by Junglefy 

P/L (Australia), during the onset of the spring season. Both the green and conventional roofs are 

1,863.35 m2, with 593.96 m2 and 567.44 m2 of PV panel coverage, respectively. The roofs on both 

buildings featured a 0.8 m thick grey concrete slab as the foundation. The green roof hosted a planted 

area of 1,460.7 m2 (78.4% of total roof space) incorporating a selection of native grasses and 

herbaceous plants chosen to attract a diverse faunal community to the roof. PV panels covered 40.66% 

of the planted spaces atop the green roof with an average panel height of ~ 1m from substrate. The 

green roof was host to approximately 15,000 native grasses and herbaceous plants, with an estimated 

LAI of 4.35 (m2/m2) (please see Wooster et al. [28] for detailed information on plant species and 

succession). This LAI is considered high by most thermal modelling standards [66,263,264], and has 

been previously reported to reduce heat flow by up to 3 W/m2 under experimental conditions when 

compared to a bare roof [265]. A high LAI increases the roof’s insulative and cooling potential through 

greater evapotranspiration [137], which is an extremely desirable trait for Australian urban centres.  

The green roof was extensive by design, with a substrate depth of 100-150 mm, and an integrated 

sub-surface irrigation system. The green roof studied here falls under the R6-L green infrastructure 

typology proposed by Koc et al. [266] with the following substrate characteristics: Air-Filled porosity: 

19%; Water-holding capacity: 47.9%; Saturated repacked density: 1.15 kg/L; Particle size: 48.6% w/w < 

2 mm, 48.4% w/w 2 – 10 mm, 2.9% w/w 10 – 20 mm; Permeability: 3769 mm/h; Wettability: AS4419 – 

0.03 minutes; and AS4419 Category 1 Dispersibility in water. The roof utilised a sub-surface irrigation 

system with a variable watering schedule between 3:30 am and 7:30 am. Watering frequency and 

volume varied with season, with irrigation occurring every second day apart from summer, where 

watering was conducted each business day. The irrigation system was divided into 10 zones, where 

each zone received an average 331.6 L of water for each watering cycle, with a water consumption 

range of 124.92 – 382.33 L per zone. Further, the irrigation system allowed for predictive watering 

adjustments, where temperature and weather limits can be set to reduce watering frequency and 

volume.   
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Unplanted areas on the roof were occupied by rooftop infrastructure or BMU rails, both of which were 

not included in the temperature analysis on either building. In respect to environmental exposure, 

both the green and conventional roofs are north facing (Supplementary Figure 5), with approximately 

equal yearly solar irradiance. Differences in solar irradiance (6% greater on the green roof) are 

primarily attributed to reflection off surrounding urban geometries. Despite this, the influence of 

urban geometries on the measurements taken here were eliminated from the surface temperature 

assessment by ensuring thermal images were captured during similar light hours and included in the 

subsequent analysis by using continuous monitoring. 

Figure 13. A) Daramu House green roof, top-down view; B) International House rooftop, south facing view. 

2.2 Surface temperature

Thermography was utilised to monitor surface temperatures at several points on each roof. Thermal 

imagery cameras (TG267, FLIR, Australia) were employed to capture surface temperatures of the PV 

panels (emissivity adjustment 0.80), PV mounting frames (0.60), and rooftop surfaces (0.95 for plants 

and 0.80 for concrete) across both buildings using a six-point sampling regime. Point-transect sampling 

was employed along the length of each roof, with a minimum of six points across each transect 

sampled every two weeks. At each point along the transect, six images were captured; 1) Single PV 

module surface temperature; 2) plant foliage/ground immediately in front of the single module 

(Figure 14 C); 3) walkway immediately in front of plant foliage or ground; 4) horizontally across the 

face of multiple PV modules (Figure 14 A); 5) horizontally across the gap positioned between modules 

(Figure 14 B); and 6) on the plant foliage or ground immediately below the gap positioned between 

modules. Images were captured fortnightly at times within 60 minutes between buildings. Due to 

surrounding urban geometries, images were collected when light conditions were similar between 

points on the transect. 
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Figure 14. Examples of thermal imagery captured during a sample event. A) horizontal image across the face of multiple 

modules in direct sunlight; B) horizontal image across the gap positioned between modules; C) plant foliage. 

PV panel azimuth differed between buildings, with the green roof utilising a predominantly (~ 75%) 

North-facing (0°) azimuth and the conventional roof utilising an accordion style East-West (90°/280°) 

azimuth. This PV panel layout was tailored by building engineers to the specific requirements of the 

green roof, being planting, maintenance and survival of plant foliage. Both solar irradiation modelling, 

and on-site observations (not shown here) determined that the global horizontal irradiance 

experienced on the green roof was only ~ 6% higher than the conventional roof due to the 

surrounding urban geometries. The effect of urban geometries influencing solar exposure were 

incorporated into the image sampling method to reduce the effect of panel azimuth and building 

position on surface temperature. Surface temperature differences were analysed statistically by 

permutational analysis of variance (PERMANOVA) to determine the significance of roof type, 

measurement location, and season. Data was unstandardised using a Euclidean distance matrix with 

999 permutations. Pairwise PERMANOVA comparisons with a Bonferroni correction were performed 

separately for each season as its interaction with roof type was significant (p = 0.001).

Time and date matched ambient temperatures were calculated using data from the Bureau of 

Meteorology [267] to determine whether surface temperature differences between roof types were 

influenced by daily ambient temperatures. Pearson’s correlations were performed between ambient 

temperatures and the difference (°C) between the thermography surface temperatures of the green 

and conventional roofs. 

All analyses and associated graphics were performed using R version 4.1.1 [268] and the following 

packages: car [119], dplyr [269], ggplot2 [270], pairwiseAdonis [271], tidyr [272], vegan [273] and xlsx 

[124]. 
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2.3 Rooftop microclimate

Between August 2020 and June 2021, 12 temperature loggers (i-Button model DS1921G, Thermochron, 

USA) recorded the ambient temperature in 15-minute intervals. i-Buttons have an accuracy of ±1°C 

between -30°C and 70°C ambient temperature, and measure in 0.5°C increments. i-Buttons were 

positioned in a vertical alignment to determine the thermal gradient across the roof layers (Figure 15) 

and were replaced fortnightly (1,334 observations) for continuous monitoring throughout the duration 

of the experiment. On each roof, sensors were deployed above the PVs (Figure 15; orange arrows), 

attached to the mounting frames and exposed to direct sunlight to record the ambient unshaded 

temperatures. Sensors were also deployed below the PVs (Figure 15; blue arrows) to record the 

ambient shaded temperatures, ~ 100 mm below the underside of the PV panel. Finally, sensors were 

deployed either beneath the plant substrate (~ 50 mm), or on the concrete floor of the conventional 

rooftop (Figure 15; white arrows – “substrate/ground”), in complete shade, well out of any sunlight. 

Sensors were deployed within the substrate layer without being buried to determine the insulative 

effect of the substrate at half-depth, away from any sub-surface irrigation and largely unshaded by 

plant foliage (estimated LAI of buried sensor area was < 2). A study conducted by Jim and Tsang [252]

examined the diurnal soil temperature change at varying substrate depths, and found it varied by only 

~ 0.5 °C between 0 and 900 mm of soil. To facilitate ease of access to the sensor network, a substrate 

depth of 50 mm (half-substrate depth at that location) was chosen. 

Figure 15. Thermal sensor vertical gradient design. A) Daramu House green roof; B) International House rooftop. On each roof, 

sensors were deployed above the panels, attached to the mounting frames, and exposed to direct sunlight to record ambient 

unshaded temperature (orange arrows). Sensors were also deployed below the panels in full shade to record shaded ambient 

temperature at approximately equal distances from the plant foliage/roof surface (blue arrows). Sensors were also deployed 

either ~ 50 mm within the growth substrate, or on the ground below the solar panels to determine surface temperatures in 

complete shade on the rooftop substrate/ground (white arrows).
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Daily averages of i-Button temperature data were compiled for subsequent analysis and assessed by 

PERMANOVA to determine differences associated with the effects of roof type, sensor location, and 

season. PERMANOVA was run unstandardised based on a Euclidean distance matrix with 999 

permutations. Significant effects were investigated by further pairwise PERMANOVA comparisons with 

a Bonferroni correction. These were performed separately for each sensor location as its interaction 

with roof type was significant (p = 0.001).  

To describe daily variations in sensor temperature, smooth lines were fitted using a generalised 

additive model (GAM) with cubic splines to each unique combination of roof type x sensor location x 

season. Splines were used as they reproduced the mean temperature profile very well (Supplementary 

Figure 6). This was done to aid in visual assessments of whether the differences detected between 

roof types were distributed equally across a 24-hour period, or whether this was more pronounced at 

different times of day (particularly in the presence of many data points; nobservations = 101,310).   

2.4 Heat flow 

Most previous studies describing the thermal performance of green roofs have been conducted on 

small scales or simple model systems that can be easily modified to accommodate various thermal 

sensors. In this study we present a unique analysis of a recently constructed commercial green roof in 

Sydney, Australia with a near-identical control roof that presents little spatial confounding. This study 

was conducted over an 8-month period, with continuous thermal monitoring for heat flow 

calculations.    

To estimate heat flow, calculations utilised the average of the known thermal resistance values for 

similar plants (Table 3), relative to their abundance on the roof (described previously; see Wooster et 

al. [28]) as well as in-situ time series thermal monitoring data for each roof (T1-T3 below; Figure 15). 

Theoretical heat flow for each roof was then calculated using the following equation: 

𝑞 =
(𝑇1 − 𝑇3)

𝑅𝑝𝑙𝑎𝑛𝑡 + 𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
=

(𝑇1 − 𝑇2)

𝑅𝑝𝑙𝑎𝑛𝑡
+ 

(𝑇2 − 𝑇3)

𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
    

Where:  

● q = Heat Flow (W m-2) 

● T1 = Ambient unshaded temperature 

● T2 = Ambient shaded temperature 

● T3 = Rooftop surface temperature 

● Rplant = Thermal resistance of plants 

● Rsubstrate = Thermal resistance of substrate 
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Table 3. Existing literature relating to the thermal conductivity (λ) and resistance of plant species (Rc) used in the construction 

of the green roof. Study indicated by * represents the thickness (d), conductivity (λ) and resistance (Rc) of the concrete roofing 

specific to this study.   

 
Study 

 
Layers of Green roof 

Thickness d (m) Thermal Conductivity 
λ [W K-1 m-2] 

Thermal Resistance 
Rc=d/λ  

 
[274] 
[275] 
[276] 
 
 
 
 
 
[277] 
 
 
[278] 

Vegetation Layer: 
Viola hederacea 
Dichondra repens 
Crassula multicava 
Aptenia cordifolia 
Dianella caerulea 
Goodenia ovata 
Poa poiformis ‘kingsdale’ 
Themeda australia ‘Mingo’ 
Myoporum parvifolium 
Brachyscome multifida 
Gazania tomentosa 
Carpobrotus glaucescens 

0.1-0.15  
1.67 
0.5 

0.12 
0.05 
0.14 
0.56 
0.56 
0.56 
0.12 
0.14 
0.14 
0.79 

 
0.09 
0.3 
1.3 
3.2 
1.1 

0.27 
0.27 
0.27 
1.3 
1.1 
1.1 

0.19 

[279] Substrate (Slighted compacted 
clay loam) 

0.1-0.3 0.35 – 0.69 0.29 – 0.57  
(d=0.2 m) 

* Concrete 0.8 0.14 5.71 

 

 

3. Results and Discussion 

3.1 Surface temperature assessment 

One aspect of green roofs that promote thermal efficiencies in urban buildings is their ability to 

reduce the effect of solar radiation from heating interior spaces [255]. The use of rooftop gardens to 

lower surface temperatures has been shown to be effective by almost 30 °C [280]. In this study, we 

monitored the surface temperatures of both the roof areas covered by plant foliage and the PV panels. 

Each image captured on the green roof was mirrored on the conventional roof within 60 minutes 

under similar lighting conditions between buildings. 

Surface temperatures between buildings were similar during Spring (p = 0.302), however in both 

Summer and Autumn there were significant differences in both panel and roof surface temperatures 

(p = 0.001 in both cases; Figure 16). During the Summer months, average surface temperatures of 

both solar panels and roof surfaces were 9.63 and 6.93 °C cooler on the green roof building compared 

to the conventional roof (Supplementary Table 7). For the Autumn months, these average 

temperature differences were 7.4 and 4.59 °C for solar panels and roof surfaces, respectively. The 

maximum observed temperature difference between the two roofs for both solar panel and roof 

surface reached 16.4 and 17 °C in Summer and 2.2 and 7.6 °C in Autumn (Supplementary Table 7). As 
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expected, there were significant, moderately strong positive correlations between ambient 

temperatures and the difference in building temperatures in Summer and Autumn (r = 0.59 and 0.67, 

respectively), which indicates that green roofs perform better in coastal Australian climates at higher 

ambient temperatures (up to 29 °C).  

 

Figure 16. Thermographic surface temperatures recorded on each roof for the PV panels and roof surfaces (plant foliage or 

concrete) by season (n ≥ 36).  Green points = green roof; grey points = conventional roof. 

 

A study conducted by Smalls-Mantey and Montalto [70] on a ~ 27,500 m2 extensive green roof in New 

York City reported a maximum surface temperature reduction of 18.4 °C. In the current study we 

observed a maximum daytime surface temperature difference of 16.4 and 17 °C for the roof surface 

and solar panels respectively. The considerable differences in climate between the sample site of 

Smalls-Mantey and Montalto [70] and the current work likely led to this difference. Studies conducted 

by Polo-Labarrios et al. [241] and Ouldboukhitine et al. [63], aimed to assess the surface temperature 

reduction of a green roof compared to a reference building. Both studies determined that surface 

temperature was influenced by time of day at equivalent time periods to what is presented here. It is 

possible that the surface temperature differences observed in this study would exceed those recorded 

if thermography assessments could have extended to monitor a wider range of seasonal effects. These 

findings are of substantial significance for urban environments, as the current urban environment is 

frequently overheated, an effect at least partly attributable to a lack of vegetated space [222]. 
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Reflectance and absorption of solar irradiation by plant surfaces, as well as the evapotranspiration 

cooling effect, both serve to create a cooler, more resilient climate for increased thermal comfort 

[242].  

 

3.2 Rooftop microclimate 

The i-Button temperatures were used to calculate heat flow (q) and to determine the green roof’s 

influence on the seasonal rooftop microclimate. Daily average temperatures differed significantly 

between roof types, sensor locations and seasons (p = 0.001 in all cases; Figure 17). Ambient 

unshaded air temperatures did not differ significantly between buildings (p = 0.382), indicating that 

differences in rooftop design, urban geometry, and solar irradiation/reflectance had little effect on 

these measurements. However, ambient shaded and roof surface temperatures differed significantly 

between buildings, where average daily green roof temperatures were between 0.42 and 3.1 °C cooler 

than on the conventional roof, depending on season (p = 0.001 in both cases; Supplementary Table 8).   
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Figure 17. Average daily thermal sensor profiles for the green and conventional roofs, at each location and seasonal period. 

Curves show fitted generalised additive models (GAMs) with cubic splines, where the lines represent average temperature and 

shaded areas reflect 95% confidence intervals for the mean. Green lines = green roof; grey lines = conventional roof. 

 

The capacity of the green roof to influence the rooftop microclimate is highlighted by the thermal 

stability observed relative to the conventional roof for ambient shaded and roof surface temperatures 

(Figure 17). The ambient shaded temperatures experienced on the conventional roof ranged between 

25 °C in Autumn to 33 °C in Spring. During the same time, the green roof experienced an almost 

constant average peak temperature of 25 °C. These results demonstrate a substantial improvement in 

thermal stability attributable to the green roof and could contribute to an increase in solar panel 

performance due to reduced ambient temperature. Differences in the magnitude of temperatures 

experienced for both green and conventional roof surfaces was significant (p = 0.001), with the green 

roof experiencing an average reduction in peak temperatures in Spring and Summer by ~ 6 °C and ~ 

7 °C in Autumn (Figure 17).   

The green roof’s capacity to regulate the thermal microclimate was further emphasised by the degree 

in which the roof reduced diurnal temperature fluctuations. Average day and night temperatures were 

compared between seasons (Table 4). The range of ambient unshaded temperatures experienced on 

both roofs remained consistent throughout the study, likely due to the similarities in light exposure 

owed to their similar urban geometries. However, for the ambient unshaded and roof surface 

temperatures, the green roof was consistently more stable than the conventional roof. For example, 

the range of temperature on the green roof was 4.05 °C and 0.88 °C for ambient shaded and roof 

surface locations respectively, which was 55.54 and 78% less variable than the conventional roof 

(Table 4).  

These findings are similar to those previously reported by Eksi et al. [281], who performed a small-

scale trial to compare the difference in thermal regulation between green roofs containing Sedum, a 

low leaf area succulent plant, and a herbaceous green roof. Eksi et al [281] reported an increase in 

thermal stability on the herbaceous green roof of ~ 11 °C. Differences in thermal stability between the 

two roof types were credited to an increase in LAI and substrate depth. While Eksi et al. [281] did not 

include a control, a clear relationship between the density of vegetation and a reduced thermal load 

of vegetative spaces was identified. It has been suggested that the lack of vegetative spaces and their 

evapotranspiration potential in Australian city centres may be contributing to urban overheating [282]. 

It is likely that the differences in rooftop microclimate observed here are due to differences in 

emissivity and evapotranspiration, where plant foliage often has an observable emissivity of 0.98 [283], 

and consequently the ability to regulate the microclimate through water transport and evaporative 
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cooling. Contrastingly, concrete has an emissivity of 0.88 [284], which is likely to retain and re-emit 

solar heat throughout the day and thus contribute to the urban heat island (UHI) effect [246].  

The UHI effect has often been associated with the loss of vegetation in urban spaces, however it is also 

a product of an increase in heat-absorbing surfaces, inadequate shading, and an increase in heat 

waste from air-conditioning systems [48]. These factors create a feedback loop, whereby 

temperatures in urban spaces that are lacking in vegetation rise, and urban dwellers are forced to seek 

refuge in air-conditioned buildings, which further promotes energy use, and ambient heating. To this 

end, there is a significant potential for green roofs to reduce the UHI effect of city spaces and increase 

thermal comfort. This could be achieved by retrofitting under-utilised heat-absorbing areas with 

functional green spaces [48], thereby mitigating thermal penetration into the building envelope [252] 

and reducing a proportion of dweller dependency on air-conditioning [66,242]. 

Table 4. Average diurnal temperatures (°C) and their ranges for each roof, by season. 

 Green Roof Conventional Roof 

 Ambient 

unshaded 

Ambient shaded Roof surface Ambient 

unshaded 

Ambient 

shaded 

Roof surface 

Spring 

Day 25.26 22.55 19.99 27.29 27.80 23.63 

Night 17.96 18.50 19.11 18.46 18.69 19.63 

Range 7.30 4.05 0.88 8.83 9.11 4.00 

Summer 

Day 26.01 23.80 21.14 26.15 26.35 24.05 

Night 19.57 20.26 20.54 20.12 20.55 20.95 

Range 6.44 3.54 0.60 6.03 5.80 3.10 

Autumn 

Day 22.42 21.09 17.97 21.99 21.79 20.89 

Night 17.13 17.91 17.60 17.63 18.06 18.26 

Range 5.29 3.18 0.37 4.36 3.73 2.63 

 

Interestingly, the green roof did not demonstrate the same performance in Autumn as it had in the 

preceding months, with differences between shaded regions on the two roofs being as low as 14.75%. 

Despite this, the green roof maintained a measurable effect in influencing the rooftop microclimate, 

even in the cooler months.   

 

3.3 Heat flow 

Green roofs are able to reduce the heat flow through the building envelope due to the insulative 

effect of the growth substrate, plant foliage barrier, and transpiration cooling effect [1,61,285–287]. 
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Due to their ability to reduce heat transport both into and out of buildings, there is the potential for a 

reduction in building energy consumption for heating and cooling [288]. In a study conducted by Sailor 

[289], a building energy simulation model predicted the energy savings of a building with a 2000 m2 

green roof to be 27.2 to 30.7 GJ/y of electricity and 9.5 to 38.6G J/y of natural gas. It has been 

estimated that an overall 25% energy saving could be achieved with the large-scale implementation of 

green roofs in urban spaces due to a reduction in the UHI effect [288–291].  

In this study, we compared the thermal performance of similar green and conventional roofs over 218 

days. Seasonal heat flow values (q) were calculated (Table 5) across the observed thermal gradients, 

where positive and negative q values represent heat moving across the rooftop layers and entering or 

leaving the building envelope, respectively. During the warmer months, the green roof demonstrated 

an average reduction in the daytime heat flow by 13.37 W/m2 (57%) in Spring and 5.37 W/m2 (39%) in 

Summer (Table 5), with the largest reductions in heat flow observed in the hot months of November 

and December (Supplementary Table 9). During the cooler months of Autumn, the green roof had 

little effect on reducing the average daily heat flow (0.08 W/m2; 2%), possibly due to increased rainfall 

(average 6.34 mm per day; 48.57 and 40.61% more than Spring and Summer, respectively). Rainfall 

can have a significant impact on heat flow in urban infrastructure [292]. During the 8-month 

monitoring period, the average monthly rainfall was 126 mm, where seasonal averages from 2020 to 

2021 are 88.7, 112.47 and 166.47 mm for Spring, Summer, and Autumn, respectively.  

During the warmer months, the green roof was able to reduce the maximum heat flow through the 

roof surface by up to 100.9 W/m2, while preventing up to 83.37 W/m2 from exiting the building 

overnight (Table 5). The results presented here are similar to those previously modelled by Olivieri et 

al. [293], where an extensive green roof in a Mediterranean coastal city was predicted to reduce 

Summer heat flow by up to 60% compared to a bare roof. An experimental study conducted by 

Fioretti et al. [230] assessed the peak solar radiation reduction observed on a single day for an 

extensive green roof compared to a reference roof, and found an average reduction in solar radiation 

(W/m2) by 62.55%. An extensive long term monitoring program was established by Spolek [57] in 

which three small green roofs were assessed for their stormwater and thermal buffering potential. 

The three green roofs were monitored for ~ 3 years and compared to a control site which was situated 

within the green roofs. Spolek [57] determined the roofs were able to reduce the heat flow by up to 

72% in the prevailing mild and dry Summers.  

While these studies detected or modelled slightly greater heat flow effects than the observations 

made here, this study presents the first long-term continuous green roof monitoring performed in 

Australia, where an almost identical control building was utilised to eliminate any confounding spatial 

variables. Differences in climate and LAI of the buildings tested would certainly contribute to the 
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thermal performance of green roofs, as well as the water loading capacity of individual systems, in 

addition to the experimental differences amongst studies. For instance, a study conducted by 

Bevilacqua et al. [294] in Italy aimed to determine the thermal effects of experimental green roof 

designs (50 m2) where three designs were employed and compared to a reference site. This included 

two experimental green roof plots with an LAI of 1.5, and a third plot that was unplanted. In 

substitution of flowering plant species, the third plot was equipped with an additional insulation layer 

(30 mm) under the water storage layer. The first two plots reduced the average summer-time surface 

temperatures by 12 °C compared to the control plot. In comparison, the unplanted plot with 

additional insulation was only able to reduce average summer-time surface temperatures by 4 °C. 

Differences in thermal performance between plot designs are likely due to differences in 

evapotranspiration driven by the vegetation on plots 1 and 2. In our study, we observed an average 

summer-time temperature difference of up to 8 °C, which is substantially lower than Bevilacqua et 

al.’s observations [294]. This is likely due to differences in observational data collection, where in 

Bevilacqua et al.’s study [294] described the temperature reduction of a 7-day period with clear skies, 

high external air temperatures, and an absence of precipitation, whereas  our analysis utilised the 

entire seasonal period of 89 days. It is therefore plausible that the differences observed between 

these two studies could be attributed to the inclusion of non-clear sky days in the current work, and 

that the seasonal performance of an Australian green roof (8 °C) could be comparable to the 

established and well documented green infrastructure in the Mediterranean. The difference in LAI 

between these two studies suggests that the green roof observed here would have a greater potential 

for evapotranspiration, and therefore cooling. The significance of substrate water content on 

evapotranspiration, and therefore the thermal buffer potential of extensive green roofs, is discussed 

in a study conducted by He et al. [49]. As the heat barrier performance of green roofs is affected by 

the moisture content of the substrate layer, differences in green roof performance could be directly 

related to the volume and supply of irrigation [295,296]. It is therefore plausible that current green 

roofs could integrate optimised irrigation to increase their thermal buffer potential in areas that are 

not water-limited [297]. 
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Table 5. Seasonal heat flow (q (W/m2)) calculated using thermal resistance values from the literature (Table 1) and in-situ 

temperatures recorded on each roof over the 8-month monitoring period.  

 Green Roof Conventional Roof 

Spring 

Max 73.10 174.00 

Min -27.59 -32.43 

Average 4.93 10.98 

Avg Day 10.22 23.59 

Avg Night -2.02 -5.58 

Summer 

Max 78.36 149.21 

Min -10.70 -94.07 

Average 3.77 6.77 

Avg Day 8.41 13.78 

Avg Night -2.52 -2.69 

Autumn 

Max 57.13 53.07 

Min -7.55 -28.07 

Average 1.17 1.81 

Avg Day 5.29 5.37 

Avg Night -2.73 -1.56 

 

While the reduction in thermal penetration presented here was significant, there is also the potential 

for an urban green roof to prevent heat from leaving the building envelope during cool periods, or 

overnight. During the study, the green roof’s average nightly heat flow was higher in Spring (3.56 

W/m2) and lower in Autumn (-1.17 W/m2), with little difference observed during Summer (0.17 W/m2) 

when compared to the conventional roof.  However, the minimum heat flow observed on the green 

roof was consistently higher than that of the conventional roof (differences of -4.84, -83.37 and -20.52 

W/m2 in Spring, Summer and Autumn respectively: Table 5). This suggests that the green roof has 

some effect on reducing the rate by which heat is able to leave the building envelope [255].  

These results demonstrate the potential impact of urban green roofs on regulating building 

temperature for both heating and cooling in the Australian climate. A comprehensive environmental 

and economic assessment of green roofs conducted by Koroxenidis and Theodosiou [257] determined 

that green roofs can contribute a reduction between 8 – 31% of lifecycle energy consumption for 
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buildings when compared to conventional roofing. It has been further estimated that the HVAC energy 

consumption of dense urban centres could be reduced by as much as 25%, if only 10% of urban spaces 

would adopt green roofs or equivalent green infrastructure such as green walls [288–290]. The volume 

of international green roof research on thermal performances is substantial, however there is a 

distinct lack of green roof research from Australia where we have a unique climate. Further research 

should be conducted on Australian green roof design for optimising performance under Australian 

climate conditions.    

 

3.4 Considerations 

In this study we aimed to quantify the thermal buffer potential of a common form of urban green 

infrastructure in Sydney and assess its influence on the rooftop microclimate. In doing so, we were 

presented with the unique opportunity to study two near-identical buildings which allowed for 

building-scale comparisons to be made with little spatial confounding or sample non-independence. 

However, we did not have the opportunity to install extensive sensor networks such as those used in 

some previous research. As such, thermal sensors could not be deployed at the full range of depths of 

the green roof layers. As the two buildings were commercial properties, there were also limitations 

associated with access timing, building regulations and lightning risk and the inability to install sensor 

networks within leased interior spaces. Therefore, heat flow calculations can only be made about the 

thermal penetration of solar radiation across the roof surfaces, and estimates provided for 

penetration into the building envelope. Any assessment of energy savings associated with these values 

would be speculative and were therefore avoided.  

While the two buildings were of near-identical construction, there were distinct differences in BMU 

layout, which influenced PV panel arrangement on both roofs. Due to the size of the commercial 

properties, proximal buildings lead to slight differences in urban geometries affecting the sun pathing, 

and therefore exposing the roof tops to slightly different solar regimes. While this was found to be 

non-significant for the ambient unshaded thermal assessments, it must be noted that in-situ 

observations will likely never be able to fully eliminate this effect. Possibly the largest influencing 

factor that could not be quantified was PV panel layout and orientation. Solar panel azimuth and tilt 

angle varied between the two roofs, which would affect convection both above and below the panel 

surfaces. This meant that the affect of evapotranspiration cooling could not be separated from the 

effect of differential airflow below panels and was therefore treated as a combined affect of the green 

roof. It should be noted, while differences in panel configuration serve to play an important role in 

airflow movement across roof spaces, each rooftop was bordered by a 1.3 m tall glass railing, and the 
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specifications for the green roof panel layout were directly related to considerations for planting. It 

could be assumed that without the green roof installation, the rooftop on Daramu House (green roof) 

would have had near-identical panel layout to International House (conventional roof). Nonetheless, 

the current work provides clear evidence that commercial green roofs can affect the rooftop 

microclimate compared to conventional roofing in most seasons in the Sydney climate, as well as 

impact the measurable heat flow across rooftops.  

 

4. Conclusions 

Here we present the longest duration Australian green roof study focussing on thermal performance 

to date. Rooftop surface temperatures were reduced by up to 17 and 20 °C as observed with 

thermography and temperature sensors, respectively. These findings align with those previously 

reported, suggesting that Australian green roofs may reduce building heating during Summer and 

especially severe heatwave conditions. Rooftop microclimate was significantly impacted by the green 

roof, where ambient shaded temperatures were up to 56% cooler than the conventional roof, likely 

due to the evapotranspiration of the plant foliage and additional airflow provided by the height and 

orientation of the PV panels. Calculated heat flow values for each season demonstrate a significant 

reduction in the thermal energy able to enter or exit the building envelope. The green roof was able to 

mitigate up to 13.37 W/m2 more heat from entering the building envelope during Spring than the 

conventional roof, as well as reducing the heat flow leaving the building by 20.52 W/m2 during 

Autumn. These results highlight the potential for energy savings in commercial Australian properties 

that rely heavily on-air conditioning for cooling during the hotter months and heating during Winter. 

Future studies should aim to assess the thermal performance of Australian green roofs during the 

Winter months as this was unachievable here, as well as establishing a robust sensor network prior to 

green roof installation for ongoing and representative analysis of thermal penetration into the indoor 

environment.  
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Preface: Chapter 5 

Green roofs provide a range of benefits to the buildings on which they’re installed, however the 

ecosystem services provided by green roofs can potentially extend further than building users. Due to 

the provision of absorbent substrate and consequent water retention potential of green roofs, a 

reduction in stormwater flow rates on green roofs compared to conventionally bare surfaces could 

reduce the city-wide burden of flash flood management. Additionally, green roofs may serve as a 

detention and remediation basin for sedimented, aerosol trace metals that would otherwise be 

washed into the basement wastewater management system of city stormwater network.  

In this study we aimed to assess the stormwater mitigation potential and quantify the trace metal 

accumulation and retention capabilities of an extensive green roof in urban Sydney, Australia, in direct 

comparison to a proximal, conventional rooftop. This work demonstrated a significant reduction in 

stormwater flow rates into the management network from the green roof, which suggests that mass 

implementation city-wide could serve to reduce the burden on the stormwater management network 

and reduce the impact and severity of minor-moderate flash flooding in the Sydney CBD, as is 

common during heavy rain periods. This project was run in collaboration with UTS, Lend Lease, 

Junglefy and the City of Sydney to generate quantitative data to support the City of Sydney 2030 

Greening Guide, funded under a City of Sydney Environmental Performance - Innovation Grant 2019-

20.  

The following chapter is comprised of text from a peer-reviewed publication.  
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Abstract 

This study describes the sister buildings Daramu house and International house in Barangaroo, Sydney 

(Australia’s largest metropolitan city), with and without a green roof, respectively. Trace metal 

samples were collected from both roofs and analysed using ICP-MS to determine the bioretention 

potential of the green roof to remediate soluble and particulate stormwater trace metal 

contamination. Retention of ambient trace metal contamination by the green roof substrate was 

deemed significant for soluble copper and particulate zinc, chromium and copper. In addition, 

hydrological models (DRAINS and SWMM) were applied to predict the performance of the green roof 

to identify its ability to manage stormwater runoff and frequency, as well as to analyse the green 

roof’s performance in complex surface flooding situations where storage or backwater effects occur in 

overflow routes and surface flows. Our results demonstrate a reduction in peak stormwater flow by 

18.29 L/s (~50%) for storms as infrequent as 1 in 5 years, and peak flow reductions up to 90% storms 

of lower intensities. These results are significant as it demonstrates that a green roof could 

remediating trace metals contamination, thus reducing the impact on aquatic environments through 

stormwater runoff. It also highlights their potential to reduce stormwater flow, and utilise this 

additional water for evapotranspiration, leading to cooler ambient temperatures. Future works should 

aim to quantify the remediation effect of various planted species on in-situ green roofs, as well as 

determine the specific retention capabilities of various substrate compositions.  

 

Keywords  

Green roof, hydrological performance, low impact development, rainfall detention, sustainability, 

stormwater. 

Highlights 

• Green roof reduced substrate bound soluble copper 

• Reduction in particulate bound zinc, chromium and copper 
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• Significant reduction of peak flow for severe storms up to 1 in 10 years  

 

1. Introduction 

In recent decades there has been a global population shift into highly urbanised areas [1,2]. As a result, 

many cities worldwide have experienced an increase in the conversion of permeable surfaces to 

impervious ones. This results in many hydrological issues including; increased flood risk, reduced 

infiltration, and altered environmental flows [299]. Therefore, solutions that can mitigate the 

hydrological risk posed by urbanisation are required [300]. In many urban spaces, stormwater 

drainage is largely achieved using an impervious infrastructure network such as concrete lined gutters, 

cast iron catchpits, pipe and manhole networks, and canalisation with creeks [301]. These networks 

inevitably lead to an increase in stormwater runoff volumes, flow and flood peaks downstream. One 

solution is the implementation of water-sensitive urban design (WSUD), otherwise known as low 

impact developments (LIDs) in the USA or sustainable urban drainage systems (SUDs) in the UK. These 

technologies are intended to achieve a ‘natural’ hydrology through various integrated control 

measures and site layout [302].  

The US EPA describes several LIDs that are effective for the management of stormwater such as 

biofilter beds, rain gardens, tree filters and permeable pavement [303]. However, many of these 

solutions require the conversion or use of surface level spaces which may otherwise be occupied by 

alternative structures. As such, urban green infrastructure, specifically green roofs, have been 

proposed as an effective tool for managing increase runoff in urban catchments [304]. Green roofs can 

be installed on new or existing buildings, with relative ease and minimal structural impact [53]. Green 

roofs provide a myriad of benefits and ecosystem services [224], including the mitigation of air 

pollutants [47,225], reductions in urban noise [226–228], increases in urban biodiversity [28,39,229], 

enhanced indoor/outdoor thermal regulation [233–236,305], decreases in building energy 

consumption [20,306], and improved stormwater management and retention [24–27].  

Green roofs typically consist of several layers with varying depths; the uppermost vegetation layer, 

underlaid by a substrate layer, a root barrier and a drainage/waterproofing layer [307]. These serve to 

manage the surface water holistically [308], in line with the ideals of sustainable development [52] 

where surface water can be stored and utilised by plants to reduce runoff and increase retention [72]. 

Urban stormwater trace metal contamination is often ubiquitous due to diffuse sources such as 

industrial activity, buildings, vehicular parts and emissions, fuel and oils, and metallic road structures 

[309–312]. In addition to their water management potential, green roofs are also capable of improving 

the quality of runoff through the filtration and retention of natural and anthropogenic atmospheric 

contaminants and leachable roofing materials [313] such as copper, zinc, lead, chromium and 
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cadmium [309,314–318]. Previous studies have identified green roofs as capable of reducing polycyclic 

aromatic hydrocarbons in runoff when compared to non-green roofs [319], however there have been 

some instances with green roofs contributing to the levels of heavy metal contaminants on roof 

surfaces [319]. 

Extensive green roofs, those with substrate depths less than 150 mm, have been modelled as an 

affective mechanism to reduce both building and city-wide stormwater runoff. A study conducted by 

Mentens et al. [231] predicted 54% and 2.7% reductions in building and city level stormwater runoff if 

10% of buildings in Brussels utilised extensive green roofs [231]. However, the actual performance of 

green roofs varies greatly depending on various factors, including rainfall, green roof coverage, soil 

media, plant selection, preceding dry periods and roof slope [237,320,321]. Conn et al. [322] proposed 

that there was a correlation between soil thickness and water retention, and that this may change 

through time due to soil compaction. Meanwhile, the work of Villarreal and Bengtsson [323] 

highlighted the effects of roof slope and rainfall intensity on water retention, showing that steeper 

slopes and greater rainfall intensities both act to lower green roof retention performance.  

Many numerical models have been used to further the understanding of the hydrological behaviour of 

green roofs under varying conditions [324–327]. Numerical modelling is a useful tool for the 

exploration of theoretical performance in a consistent and comparative manner by removing many of 

the uncertainties associated with dynamic input variables, thus eliminating the constraints brought on 

by study location variability [307]. However, even with identical model parameterisation, two 

numerical models can yield different performance results, leading to inconsistencies in the literature 

on theoretical performance [328]. Nonetheless, there is currently a lack of research that confirms 

many of the well understood (but often anecdotal) benefits of green roofs, especially with respect to 

geographically relevant stormwater management.  

There are currently two primary studies that detail the performance of green roofs for stormwater 

retention in Australia. One study, by Razzaghmanesh and Beecham [75] describes the stormwater 

retention performance of experimental green roofs in the dry South Australian climate to be up to 

74%, which is 12% higher than the global average as estimated by Zheng et al [328]. The second study, 

conducted by Razzaghmanesh et al aimed to assess quality of stormwater filtrate (soluble fraction) in 

relation to nutrient content and trace metals. Unfortunately this study did not compare the trace 

metal profile of the two experimental green roof types to their respective controls, however they did 

report on the concentrations of Cd, Cu, Pb and Zn being less than average concentrations of surface 

runoff reported by Göbel et al [329], and attribute what was observed to the organic fertilisers used. 

Despite these two studies, there is currently a lack of in-situ data from large scale commercial green 

roofs in dense Australian metropolitan areas to confirm their filtration and retention performance.  
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Currently most empirical green roof studies utilise experimental-scale green roof plots and controls 

[24,74,230,323,330–338], or larger installations with internal controls, or reference sites [59,313,339–

342] which may not be completely representative of the sites tested. To address this, we compare an 

operational commercial green roof, and a near-identical neighbouring reference roof, with minimal 

spatial confounding effects. We aim to investigate the potential for extensive green roofs to reduce 

peak stormwater runoff and mitigate trace metal contamination prior to entering the catchment, in 

the largest metropolitan city in Australia (Sydney). 

2. Methodology

2.1 Site description

This study was conducted on two sister-buildings [343] in Barangaroo, Sydney (33.8643◦S, 151.2028◦E) 

atop Daramu house and International house (green and conventional, respectively) (Figure 18). 

Sydney has a humid, subtropical climate, with a median annual rainfall of 1164 mm. Sydney’s recent 

(2017-2022) yearly rainfall distribution is centred around the Summer months [344]. The median 

rainfall is presented in this instance to more accurately describe Australian rainfall due to the effect of 

extreme weather events (drought and flooding) from effecting the mean rainfall. 

Figure 18. Aerial imagery of study site. Daramu house (green roof) featured in the foreground and International house 

(conventional roof) featured in the background. Sister buildings are near-identical with differences (excluding greenery) owing 

to BMU design, rooftop infrastructure, and solar panel layout.  Left of image depicts the layering of the green roof, from 

substrate to insulation layers, as well as a schematic of the stormwater outflow.
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Both green and conventional roofs are 1863.35 m2 with solar arrays covering 593.93 m2 (~32%), and 

567.44 m2 (~30%) of roof space, respectively. The green and conventional roofs were completed in 

2019 and 2017 and each feature a 0.8 m thick, grey concrete slab as the green roof foundation, or roof 

surface, respectively. Both buildings house rooftop infrastructure such as exhaust vents and machine 

rooms, with similar layout/positioning.  

The green roof employs an extensive design and utilises an integrated subsurface irrigation system. 

Vegetation on the green roof covered an area of 1460.7 m2 (78.4%  of the roof space), with plant 

species and distribution being previously described in Wooster et al [28]. The green roof also features 

a region of loose rocks and a large sand pit that make up an additional 216.15 m2 (11.6% of roof space). 

The green roof substrate has a variable depth of 0.1 and 0.12 m, a weight/weight particle size 

distribution of 48.6% < 2 mm, 48.4% 2-10 mm and 2.9% 10-20 mm, and a permeability of 3769 mm/h. 

More substrate details are provided in Fleck et al [305].  

The two buildings are positioned side-by-side (Figure 18), with little confounding spatial variance. Due 

to their location, age, dimensions and construction, these two buildings presented a valuable 

opportunity to compare the in-situ performance of green roofs for stormwater flow reductions and 

trace metal retention/degradation.  

 

2.2 Trace metal analysis 

To determine the water quality of runoff from the green roof compared to the conventional roof, 

trace element analysis was conducted on composite samples collected on each roof. The method 

employed here is similar to previous work [337,345], with differences owing to the collection and 

preparation of solid samples, opposed to liquid samples.  

Trace element samples were collected fortnightly from the North and South ends of each roof, 

provided there had been no rainfall in the preceding two-week period (Supplementary Figure 7). 

Previous literature [346] describes the build-up of contaminants prior to rainfall as achieving an 

equilibrium load after 10 days. In this instance a 14-day sampling period was deemed sufficient to 

ensure equilibrium load on each site was reached, provided there were no preceding rain events. 

Differences in mass collected between sampling events were accounted for by mass correcting the 

trace metals output prior to analysis. As such, the trace element analysis conducted is representative 

of the potential trace contaminant load that could enter local stormwater management systems 

during rain events after a 10+ day dry period. In-situ runoff samples were not collected due to safe 

work procedures preventing roof access in poor weather. 
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Green roof substrate samples were taken by taking core samples of ~20 grams of substrate, and 

carefully removing any rocks or fertilizer pellets with plastic tweezers. Samples from the green roof 

were collected in areas which excluded the sub-surface irrigation to ensure leaching had not occurred 

prior to collection. Conventional roof samples were collected using a Ryobi One+Hand Vacuum (18V, 

Ryobi, Australia), where at least three 1 m2 areas were sampled, per replicate to provide ~1 – 5 g of 

solid sample. Ten trace metal samples were collected per building over a three-month period (April – 

June 2021:  gross rainfall 162.4 mm). Green roof substrate and conventional roof dust samples were 

collected, as any anthropogenic sources of trace metal contamination would be contained in the 

surface dust on rooftops. However, on a green roof there are many deposition surfaces for trace 

metals to settle. As such, substrate samples were taken as particulate matter would eventually be 

deposited into the substrate through various mechanisms, and within the substrate there is the 

potential for bioretention and bioremediation. All samples were deposited into sterilised falcon tubes 

and transported to the laboratory for analysis.  

Samples were dried in a drying oven at 65°C for 36 hours, weighed and transferred to sterile 50 mL 

falcon tubes and diluted with at least 45 mL of MilliQ water (Ω 18.2; Millipore, Germany). Samples 

were sonicated using a water bath sonicator for 15-minutes to disrupt any aggregated particles and 

ensure solubilisation of trace metals. Samples were then centrifuged at 4500 g, and the soluble 

fraction transferred to a new sterile falcon tube.  

The particulate fraction was then digested in 1:1 69% v/v nitric acid and 30% v/v hydrochloric acid and 

made to volume with MilliQ to prepare for Solution Nebuilisation Induction Coupled Plasma Mass 

Spectrometry (SN-ICP-MS; 7700cx, Agilent, USA). Samples were processed in technical triplicate. A 12-

point calibration curve was made from a 68-element standard (ICP-MS68A-500 Choice Analytical) in 2% 

HNO3 / 1% HCl diluent. The calibration points were as follows: 5, 2.5, 1, 0.5, 0.25, 0.1, 0.05, 0.01, 0.005, 

0.0025, 0.001 and 0 ppm.  

Prior to analysis, samples were again digested in high purity nitric acid (15.6 M) in closed vessels using 

a microwave apparatus (MARS Xpress, CEM) according to US EPA method 3051A. Analysis of the 

collected samples focused on particulate phosphorus and the sorbed metals, primarily nickel (Ni), 

copper (Cu), zinc (Zn), lead (Pb), cadmium (Cd) and chromium (Cr).  

All SN-ICP-MS was performed using a 7700cx series ICP-MS (Agilent Technologies, USA) equipped with 

a micromistTM concentric nebuliser (Glass Expansion, Australia). A Scott type double pass sprat 

chamber cooled to 2°C was used for sample introduction. Platinum sampling and skimmer cones were 

used. ICP-MS analysis was controlled using the MassHunter 4.3 software (C.01.03) and all experiments 

used 99.9995% ultra-high purity liquid argon (Argon 5.0, Coregas Pty Ltd, Australia).  
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An Agilent integrated autosampler (AIS) was loaded with solutions for analysis. Solutions were 

transferred to the SN-ICP-MS using a 1.02 mm internal diameter Tygon tubing and a three-channel 

peristaltic pump. The solution was pumped at a continuous flow of 1.0 mL.min-1. A 100 ppb Rhodium 

solution in 1% HNO3 was used as an internal standard and introduced into the analyte flow via a T 

connector post-pump. ICP-MS settings and parameters are detailed in Table 6 below. 

Table 6. SN-ICP-MS (7700cx, Agilent, USA) parameters used for trace metal analysis.  

Sample Introduction 

RF power (W) 1500 

Carrier gas flow rate (L.min-1) 0.7 

Makeup gas flow rate (L.min-1) 0.5 

Sample depth, mm 8 

Ion lenses 

Extracts 1,2 (V) 3.8,-185 

Omega bias, lens (V) -120, 18 

Cell entrance, exit (V) -30,-40 

Octopole parameters 

Octopole RF (V) 190 

Octopole bias (V) -8 

Collision gas, flow rate (mL.min-1) 0 

 

ICP-MS trace element concentrations were mass corrected and differences between buildings for the 

soluble and particulate fractions were assessed using individual Mann-Whitney U tests. This analysis 

was chosen as the data did not satisfy the assumption of parametric testing. Analysis was conducted 

using R statistical software [268] and the packages; xlsx [124], tidyr [272] and dplyr [269].   

Prior to sampling, a literature review (Supplementary Table 10) was conducted to predict the green 

roof’s theoretical performance for the reduction of trace element concentrations. Roadside trace 

metal concentrations were sourced from the Qantas Drive (Mascot, Sydney [347]) data set, and used 

as approximations of anthropogenic trace metal concentrations. 

 

2.3 Modelling stormwater peak attenuation performance 

Two models were used to assess the potential stormwater attenuation performance of the green roof 

in this study. The DRAINS Australian Rainfall and Runoff (2019) Initial Loss/Continuing Loss Model [348] 
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was employed to predict the fluvial mitigation performance of the green roof from a design 

perspective. The USEPA Storm Water Management Model (SWMM) was employed to quantify the 

reduction in stormwater flowrates from the green and conventional roofs into the local stormwater 

management network based on locally sourced data (Observatory Hill, Sydney: Gauge 066062). 

For DRAINS, both the green and conventional roofs were divided into four sub catchments 

representing uniform catchment characteristics of slope, impervious area, and Manning’s roughness 

coefficient (n). The division of the catchments was based on the building hydrology design plans, 

drainage network information, aerial photographs and the information obtained from onsite field 

inspections. Pre-burst rainfall data was retrieved from the ARR Data Hub website, using the 

coordinates -33.8613, 151.2016 and historical rainfall data was sourced from ARR 2019 incremental 

pattern file and intensity-frequency-duration depth file [349]. Major and minor storms with 5-minute 

and 2-hour durations were modelled. Simulation parameters are presented in Table 7.  

Table 7. Simulated roof top parameters for both the green and conventional roofs for DRAINS.  

Model Parameter Green Roof Conventional Roof 

Catchment Area .18 ha .18 ha 
Impervious Area 10% 100% 
Time of concentration 6 minutes 12 minutes 
Impervious area initial loss 1.5 1.5 
Impervious area continuing loss 0 0 
Suburban pervious area initial loss correction  22.4 NA 
Suburban pervious area continuing loss correction  0.64 NA 
Sub-catchment areas 4 4 
Total catchment areas 8 8 
Substrate void space assumption 20% NA 
Detention basin nodes 0.03 m 0.03 m 
Drainpipe design Circular Circular 
K entry/bends 0.5 0.5 
Outlet/underdrain pipes diameter 150 mm 150 mm 
Weir coefficient C-value 1.75 1.75 
Crest length 10 m 10 m 
Downstream catchment flow carried by channel  0 0 
Channel slope 1% 1% 

 

SWMM is a physically based, spatially distributed model for simulating all aspects of hydrological and 

water quality cycles, primarily within urban areas [350–352]. The availability of data describing the 

hydrologic response of urban catchments is extremely limited [353] and due to concurrent 

construction in the study site area, there was a lack of on-site catchment monitoring data. Therefore, 

observational data between 1991 and 2010 from Observatory Hill, Sydney (Gauge 066062) was 

selected for this analysis (Figure 19). Simulation parameters are presented in  

Table 8. 
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Figure 19. Proximity of Observatory Hill (Gauge 066062) from the study site – approximate linear distance is 590 m. 

Table 8. Simulated roof top parameters for both the green and conventional roofs for SWMM.

Model Parameter Green roof Conventional roof

Total catchment area 0.09 ha 0.09 ha

Impervious fraction 10% 100%

Impervious depression storage 1 mm 1 mm

Roof slope 1.25% 1.25%

Green roof fraction 90% N/A

Soil depth 120 mm N/A

3. Results and Discussion

3.1 Trace element retention

In-situ trace metal analysis detected, on both roofs; Li, Be, Na, Mg, Al, Si, P, K, Ca, Sc, Cr, Mn, Fe, Co, Ni, 

Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Ag, Cd, In, Sn, Sb, Cs, Hg, Tl, Pb, Bi, Th. However, there were 21 

metals observed above the detection limit solely on the conventional roof ; Ti, V, Nb, Mo, Te, Ba, La, 

Ce, Pr, Nd, Eu, Gd, Tb, Dy, Er, Tm, Yb, Lu, Ta, W, U. Analysis was conducted on Ni, Cu, Zn, Pb, Cd and Cr 

due to their prevalence in urban environments and their toxicity to human health and aquatic 

environments [309]. 
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Results from the in-situ trace metal analysis show that the soluble fraction for all trace metals were 

similar between roofs (p > 0.05 in all cases; Figure 20), excluding copper. The concentration of soluble 

copper on the green roof was 32% lower than that reported on the conventional roof (Cu; p = 0.022), 

not dissimilar to the values predicted by Steusloff [334]. Atmospheric copper can have many sources 

in urban environments including windblown dust, sea spray, vehicle emissions and mechanical 

abrasion [354–356]. Due to the proximity of the site to a dense urban centre and major motorway 

(80,000+ vehicles per day [357]), it is likely the contribution of copper is derived primarily by human 

activities. A significant reduction in soluble copper on the green roof may be due to the binding to 

inorganic or organic constituents contained within the green roofs substrate, such as clay, organic 

matter or sulfides [358]. This reduction in soluble copper indicates green roofs are able to mitigate, to 

some degree, the impact of soluble trace metal pollution that stems from human activities in dense 

urban environments.

Figure 20. Soluble trace metal fraction for the green roof substrate and conventional roof surface dust. Error bars represent 

the SEM.

As mentioned previously, an Australian study on experimental green roof plots by Razzaghmanesh et 

al [74] assessed the soluble trace metal contribution of green roofs to stormwater outflows. 

Interestingly, the results presented by these authors were substantially lower for both substrate types 
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tested than those presented here (Cu ~10x; Zn ~17x; Pb ~30x and Cd ~90x), where  the trace metal 

concentrations observed were attributed to organic fertilisers. It is hypothesised by the authors that 

the concentrations of trace metals presented in the current work are likely aerosolised from 

anthropogenic sources. Differences in concentrations observed in this study and that of 

Razzaghmanesh et al [74] are likely due to differences in site specification. The experimental green 

roofs monitored by Razzaghmanesh et al [74] were situated 22-stories above street level, in a city with 

10,523 employed people (2016 census; [359]), compared to the current work in which the green and 

conventional roofs are 7-stories above street level, in a city with over 124,746 employed people (2016 

census; [360]), and both adjacent to and level with an overpass motorway with a daily traffic count of 

80,000 vehicles [357].  

A similar study by Berndtsson et al [361] estimated that of the green roofs included in that study, one 

roof type was shown to be capable of retaining 8-93% of the total Zn, Cr and Pb present in 

precipitation loads. Unfortunately, in the absence of analysing in-situ runoff, our study was limited by 

the measurement of dry-deposition surface trace metals on each roof. This limits the observational 

power of the study, with our results only detecting a significant different in soluble Cu, possibly 

attributable to the phytoremediation adsorption and utilisation of trace metals at the root level. It is 

entirely possible that the analysis of in-situ runoff may have elicited a different result.  

For particulate trace metals, the phytoremediation of contaminated soils is well documented, and 

considered to be a cost-effective technology for the remediation of contaminated sites [362]. In the 

current study, a reduction in particulate trace elements referred to a difference in the concentration 

(ppb) of each element present in the samples from the sites. In this sense, the green roof 

demonstrated an ability to significantly reduce particle bound Zn (p = 0.007), Cr (p = 0.012) and Cu (p = 

0.042) (Figure 21) by 77.57%, 92.56% and 90.68%, respectively. Previous work carried out by Sun and 

Davis [315] on experimental bioretention systems for urban pollutants, demonstrated removal 

efficiencies for Zn, Cu, Pb and Cd of over 88% for low metal loading, and over 93% for high loading. 

Their study estimated trace metal removal to be 88-97% attributable to the substrate media, and only 

0.5-3.3% to accumulation by plant material, over a 230-day period. It is therefore likely that over the 

lifespan of a green roof, aerosolised trace metals could be deposited and trapped within the substrate 

media and slowly integrated into plant material through bioretention, rhizofiltration or 

phytostabilisation [363,364]. Comparatively, the sole mechanism for trace metal removal on 

conventional roofs is disturbance and aerosolisation back into the atmosphere, or washing into 

stormwater catchments in storm events [365].   

 



106

Figure 21. Particulate trace metal fraction for both green roof substrate and conventional roof surface dust. Y-axis break at 

50,000 ppb to 200,000 ppb to display particulate Zinc concentrations. Error bars represent the SEM. 

The trace metals detected here are common vehicle and industrial pollutants [316,356,366–371] and 

due to the proximity of the experimental site to a major motorway and extensive urban development, 

the concentration of dry deposited aerosol pollutants presented here should be considered high. This 

is reflected by the differences in concentration between the sites (Figure 20 and Figure 21) and the 

predictive model (Figure 22). Despite the high pollutant loads, the green roof substrate demonstrated 

an ability to retain significant proportions of ambient particle bound Zn, Cr and Cu, and to remove 

significant soluble Cu with comparable removal efficiencies to various industrial filter materials [372]. 

However, the green roof did not significantly reduce the detected concentrations of Pb, Ni, Cd or Cr 

when compared to the conventional roof. It is possible that under different weather conditions 

(during or post rainfall) there could be a reduction in runoff concentrations for these contaminants, 

however this could not be tested in this study. It is also possible that the reduction in both the soluble 

and particulate concentrations of trace metals observed in the substrate were lower than the 

conventional roof through the physical barrier provided by the plant leaves. While the dry deposition 

of aerosolised trace metals onto plant material was untested, the reduction should be considered a 

function of the green roof. Future analyses should aim to determine the efficiency of green roofs 

under varying weather events for their removal of trace metal contamination, as well as the 
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contribution of the above-ground plant matter in respect to trace metal substrate concentration. 

Additionally, future work should be conducted on the optimisation of substrate depth, composition, 

and physiochemical properties to positively influence retention times and therefore phytoremediation 

potential for dry deposition anthropogenic urban trace metals. 

Performance estimates of bioremediation and bioretention from the literature only described the 

total concentration of trace metals that could be removed on each roof, either accumulated in the 

substrate (green roof) or as surface dust (conventional roof) (Figure 22). 

Figure 22. Predicted trace metal concentrations of trace metals to be expected in the substrate of the green roof and surface 

dust of the conventional roof. Data sourced from Supplementary Table 10. Error bars represent SEM.  

Predicted total trace metal concentrations (both soluble and particulate), based on roadside 

observations showed predicted differences between buildings to be highest for zinc (Zn 71.2%; 395 

ppb), copper (Cu 89%; 134 ppb), lead (Pb 66.13%; 8 ppb) and cadmium (Ca 60%; 0.6 ppb). Nickel (Ni) 

and chromium (Cr) were predicted not to differ between buildings. The predictive results presented 

here differ significantly to those previously reported. A study conducted by Steusloff [334] described 

the modelled filtration efficiency of wet deposition trace metals by an extensive green roof (substrate 

depth 0.1m) and a semi-intensive green roof (substrate depth 0.22m) reporting the removal efficiency 

of trace metals from runoff filtration to range between 43.7% and 99.8% for copper, depending on 

season and roof type. Differences in removal efficiency are likely owed to difference in input variables, 

such as substrate depth or total roof area. The predicted concentrations presented in the current 

study represent the total trace metal concentration (ppb), similar to the work of Brockbank [347], 

where Steusloff [334] simply describes the removal of theoretical wet deposition trace metal 

concentration starting at “100%”. 
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It should be noted that dry deposition concentrations of trace metals are substantially higher than wet 

deposition (aerolised pollutants deposited over a period of time vs solubilisation of trace metals 

during a rain event), but several orders of magnitude lower than road runoff concentrations. Here, the 

predicted concentrations (Figure 22) differed from the in-situ observations (Figure 20 and Figure 21), 

likely due to differences in source pollution (solubilised roadside runoff from medium density traffic vs 

long-term accumulation of aerosolised trace metals from extremely high-density traffic). Despite this, 

the reduction in measurable concentrations were similar for zinc and copper (Zn 72% vs 77%; Cu 89% 

vs ~91%), but not the other trace metals. It is possible that bioretention and phytoremediation data 

input from our literature review differed significantly due to species variation, or climatic conditions, 

or simply the trace metal concentrations. However, both our in-situ results and the predictive model 

demonstrated a functional reduction in urban trace metal contamination on green roofs compared to 

conventional roofs (Figure 22).  

 

3.2. Modelled stormwater performance 

Hydrological models are frequently used for both design and analysis. In this study we present two 

models, DRAINS and SWMM, to assess differences in design (predictive) and modelled reductions in 

stormwater flow rates. DRAINS was utilised to predict the effect of the specific green roof design on 

flow rate, using data from the Australian Rainfall and Runoff (ARR) guide data [349]. Design prediction 

software relies on a simulated storm burst that has been designed to assist in the transformation of 

the Intensity–Frequency–Duration (IFD) statistic, which describes the rainfall rate in mm/h, frequency 

of events and duration into a flow statistic. DRAINS is one of the most commonly used software 

systems for prediction of design flows and volumes in Australia. SWMM was utilised to determine the 

specific effect of the green roof for the reduction in peak flow rates using environmental data 

collected for that specific region (Gauge 066062 [373]). In this instance, SWMM was used with no 

assumptions made regarding the transformation of rainfall frequency into flow frequency (such as the 

above simulation of burst rainfall), and therefore can be applied as an analytical tool, rather than a 

design-oriented tool.  

 

3.2.1 DRAINS 

DRAINS was used to calculate the detention nodes, the upper and lower water depths, and flowrate. 

The estimation of flood characteristics requires the determination of the magnitude of the hazard, and 

the likelihood of occurrence, referred to as Annual Exceedance Probability (AEP; 1 in x years). Based 

on an AEP 5 storm event (1 in 5-years), the upper water level was a maximum of 1.04 m for each green 
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roof catchment area (Figure 23; green text (A)) which indicates there is no risk of overflow (excessive 

water pooling). Further, the outlet flowrate from the green roof is predicted to be 7 L/s (Figure 23; 

blue text (C)), which is ~89% reduction in peak stormwater flow rates compared to the conventional 

roof (63.4L/s; not displayed here). 

Figure 23. Green roof catchment model output from DRAINS representing an AEP 5 (1 in 5 years) storm event. Figure depicts 

the catchment areas (A), underdrains (B) and outlet pipe (C) flow rates (blue text; m3/s). Upper and lower water levels for the 

catchment areas (A) are also depicted (green text; water height in cm above level (1.0)). 

Feitosa and Wilkinson [374] demonstrated an increasing green roof substrate depth yielded greater 

peak attenuation linearly, with substrate depth having a greater effect on attenuation with an 

increase in green roof coverage. Based on the results of Feitosa and Wilkinson [374] the green roof in 

this study should have had a peak attenuation of ~35%, which is significantly lower than the DRAINS 

output prediction of ~89%. Differences in the predicted and modelled attenuation from the literature 

are likely owing to the nature of the chosen software (predicted: DRAINS vs modelled: HYDRIUS-1), or 

the data input parameters. Interestingly, a meta-analysis consolidating results from 75 investigations 

conducted by  Zheng et al [375] describes the average extensive green roof runoff retention 

attenuation to be 56% [375], noting that the variability across investigations varied very widely (0%-

100%). 
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As DRAINS is predictive modelling software, differences between prediction and observations are 

expected. Due to the green roof in this study being a commercial installation, we must rely on 

analytical models to more accurately predict the stormwater flow rates, such as SWMM.  

 

3.2.2. SWMM 

Both the theoretical runoff for varying storm conditions, and the depth of surface ponding were 

determined using the stormwater management model. Here we present the peak flow attenuation 

potential of an in-situ commercial green roof and a control roof within the same catchment with near-

identical dimensions and drainage. In our analysis we observed a significant reduction in peak 

stormwater flow rates for all storm events between AEP 1.01 to 20 (Figure 24). Peak flow rates were 

predicted to be reduced by 90% (7.5 L/s) to 69% (18.21 L/s) for frequent storm events (1 in 1.01-2 

years), and 50% (18 L/s) to 19% (9.2 L/s) for less frequent events: 1 in 5 or 1 in 20 years (Table 9). For 

storm events less frequent than 1 in 2 years, the SWMM flow rate values more accurately reflect the 

global averages as reported by Zheng et al [375].  

Table 9. SWMM predictive modelling results for peak stormwater flow rate reduction of green and control roofs. AEP indicates 

the magnitude of a storm event, presented as a likelihood of occurrence.   

AEP Green roof (L/s) Conventional roof (L/s) Reduction (L/s) Reduction (%) 

1.01 0.8 8.3 7.5 90 
1.5 5.4 21.96 16.56 75 
2 8.22 26.43 18.21 69 
3 12.44 31.43 18.99 60 
5 18.38 36.67 18.29 50 

10 27.77 42.75 14.98 35 
20 38.89 48.09 9.2 19 
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Figure 24. SWMM flood flow prediction model with upper and lower confidence limits for each roof type based on storm event 

AEP up to 1 in 30 years (log scale). 

For AEP 3-, 5- and 10-year storm events, the SWMM results indicate a reduction in peak flow rates by 

35%, 50% and 60% respectively (Table 9). These values align with those previously discussed for green 

roofs with similar sizes and substrate depths [374,375]. A study conducted by Yang et al [376] found 

urban green roof and LID practises could reduce stormwater peak flow rates by 52.46%, similar to the 

results presented here for storm events as infrequent as 1 in 5 and 1 in 10 years.  Additionally, Palla et 

al [377] describes both the effectiveness of a case study-sized green roof on the local hydrological 

response and the catchment-wide impact of retrofitting buildings with green roofs. Palla et al [377]

determined that the hydrological performance of retrofitted green roofs could have an impact on the 

hydrological response for rainfall events with a total depth greater than 32 mm and that at the 

catchment scale, the use of retrofitting LIDs could significantly contribute to improved storm water 

runoff management in densely urbanised areas [377]. 

The results presented here demonstrate the practical use of green roofs to reduce the stormwater 

runoff from urban buildings in Sydney, Australia for storm events less frequent than 1 in 5 years, with 

the potential to reduce the runoff for events as severe as 1 in 20 years, although with lower 

confidence (Figure 24). As Australia experiences unique weather cycles through extreme rainfall and 

drought, the input data for the annual maximum flows were low, or close to zero, for 30% of the years 

analysed. Due to this, the degree of confidence the SWMM model can generate for the green roof 

increases with less frequent storm events, therefore the model output was limited to 30 years. 

Regions with more stable climates and predictable rainfall could expect significantly less variation in 

the predicted performance of green roofs. Despite the large confidence interval variation for larger 
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rainfall event projections, there is clear evidence that green roofs can mitigate the severity of flow 

rates atop roofs in urban centres.  

There is substantial literature available on the suitability of various international cities for the 

retrofitting of green roofs, and the approximate spaces available [51,224,339,378]. The current 

findings indicate that it is plausible that the widespread adoption of extensive green roofs in the 

Sydney metropolitan area could significantly reduce the flood flow of the underground stormwater 

management network and reduce the impact of short-lived heavy rain events on ground level urban 

spaces.  

 

4. Conclusion 

Here we demonstrate the performance of an in-situ commercial extensive green roof for both 

stormwater peak flow reduction, as well as reductions in both soluble and insoluble trace metals. Our 

analysis highlights the potential for Sydney urban green roofs to significantly reduce the flow rate of 

frequent and intermediate storm events through the use of analytical simulations (1 in 5, and 1 in 20 

years, respectively), which may reduce contribution of rooftop runoff to over-burdened stormwater 

networks by up to 60%. The east coast of Australia experiences infrequent flash floods and an 

overload of the stormwater network, therefore it is plausible that the mass adoption of urban green 

roofs may reduce the severity of frequent and intermediate storm events and the subsequent effect 

on the stormwater system, as experienced as recently as March 2022. Additionally, removal 

efficiencies for soluble copper (32% reduction) were similar to those modelled in previous work, as 

well as significant reductions in particulate zinc, chromium and copper (77.57, 92.56 and 90.68%, 

respectively), likely due to substrate retention or entrapment by plant roofs. Future works should 

assess the substrate composition on flow rate reductions and particle retention, as well as to simulate 

rain events using realistic dry-deposition in-situ trace metal concentrations.  
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Preface: Chapter 6 

A further benefit of green roofs is the potential for synergistic technologies. The installation of solar 

arrays on green roofs is often referred to as Bio-solar technology. In concept, a Bio-solar roof operates 

by the addition of additional rooftop layers and plant foliage, which acts as a water reservoir and 

transport mechanism through which the green roof can regulate rooftop temperatures, as previously 

shown (Chapter 4). The plant foliage facilitates evapotranspiration to actively cool the rooftop 

microclimate, leading to lower ambient temperatures which draw heat from the backs of the solar 

panels installed above the vegetated surface. The synergistic effect of a Bio-solar roof over a 

conventional solar roof has been shown experimentally [379] to increase the energy output of a solar 

system by up to 4%, depending on roof specifications and climate type. The implementation of Bio-

solar roofs instead of conventional roofs could thus assist in the generation of more efficient, localised 

sustainable energy.  

In this study we aimed to determine the extent to which a Bio-solar roof could increase solar energy 

outputs when compared to a conventional solar array in Sydney, Australia. This work represents one 

of the few in-situ commercial-scale studies, and the only study to eliminate the confounding effect of 

an internalised control. Here we observe both in-situ and through modelling, an increase in system 

performance, leading to higher energy generation and subsequently greater monetary savings and 

reduced greenhouse gas emissions.  

This project was run in collaboration with UTS, Lend Lease, Junglefy and the City of Sydney to generate 

quantitative data to support the City of Sydney 2030 Greening Guide, funded under the City of Sydney 

Environmental Performance - Innovation Grant 2019-20.  

The following chapter is comprised of text from a peer-reviewed publication.  
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Abstract 

In urban spaces, localised energy generation through rooftop solar has become increasingly popular, 

and green roofs are often used for a range of services such as thermal insulation. In recent years, the 

adoption of Bio-solar green roofs (BSGR) for both thermal insulation and increased solar energy 

outputs has increased. Here we present two buildings of the same dimensions and location, similar 

age and construction material, where one hosts a BSGR, and the other a conventional solar roof (CSR) 

in Sydney, Australia. Each solar array hosted a range of environmental sensors, including ambient 

temperature and global horizontal irradiance (GHI). The modelled BSGR average hourly energy output 

was 4.5% higher than the CSR (seasonal trends observed Spring; 4.14%, Summer; 4.16%, and Autumn; 

5.21%) with BSGR producing 14.26 MWh more than the CSR, valued at $4,526.22 AUD, and equal to 

11.55 t e-CO2 greenhouse gas mitigation. Further potential for up to 1.55 t of CO2 could be mitigated 

by the plant material on the roof, provided the trimming of plant material during maintenance is 

conducted responsibly. In this instance, the implementation of a BSGR increased the system’s solar 

output by 23.88 kWh per m2 of panel coverage, as well as reducing the e-CO2 emissions by 0.019 t per 

m2 over the CSR. When compared to the results of previously reported pilot studies and some 

simulations, it is evident that the implementation of a BSGR is favourable for maximising energy 

production and the mitigation of GHGs. 

 

Keywords 

Bio-solar roof, green roof, photovoltaic, renewable energy, sustainable infrastructure, urban resilience 
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BSGR – Bio-solar green roof  

CSR – Conventional solar roof 

GHI – Global horizontal irradiance 
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Highlights

• Average BSGR output 4.5% higher than CSR output across all seasons.

• Average BSGR output (kWh) was 4.14, 4.16 and 5.21% higher than CSR for Spring, Summer and Autumn.

• BSGR produced 14.26 MWh more than conventional solar, valued at $4,526.22 AUD.

• BSGR reduced 11.55 t e-CO2 more than CSR. Up to 1.56 t CO2 was removed by plant biomass.

• BSGR produced 23.88 kWh and reduced 0.019 t e-CO2 emissions per m2 of panel coverage more than 

CSR. 

Graphical Abstract
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1. Introduction  

Non-renewable energy generation, transport and consumption by urban spaces is a significant 

contributor to greenhouse gas emissions worldwide [380], with urban areas consuming between 67-

76% of global energy and generating approximately 75% of the world’s carbon emissions [16]. It has 

been further estimated that 50% of urban energy consumption is attributable to heating, ventilation 

and air conditioning (HVAC) of buildings [15]. The implementation of a renewable grid will play a 

major role in reducing future emissions [381], however reducing demand for energy worldwide is 

often cited as the most effective method to achieve climate targets [382]. In urban spaces, localised 

energy generation for commercial spaces through rooftop solar has risen in popularity [383], as well as 

the implementation of various technologies to reduce energy use [384]. For example, green roofs are 

often used for their range of benefits such as thermal insulation, however in recent years the adoption 

of Bio-solar green roofs (BSGR) for both thermal insulation and increase solar energy outputs has been 

adopted [70,305,385].  

Green roofs are rooftops that have either been purpose built or retrofitted to facilitate the growth of 

vegetation. Green roof designs vary, however all consist of a vegetation layer, growth substrate layer, 

drainage layer, root barrier and waterproof membrane [259]. Green roofs are broadly divided into two 

categories: intensive (substrate depth ≥ 300 mm), and extensive (substrate depth < 300 mm) [75]. 

Intensive green roofs often utilise large perennial herbaceous plants, shrubs and small trees [225] and 

are largely implemented for their aesthetic and biophilic properties [251]. Intensive green roofs 

require high load-bearing structures and frequent maintenance [252] due to soil depth and plant types, 

which leads to higher construction and maintenance requirements and initial costs [52]. By contrast, 

extensive green roofs often utilise grasses and perennial plants. Green roofs are known to provide a 

myriad of ecosystem services [224], including the removal of air pollutants [47,225,246], urban noise 

reduction [226–228], increases in urban biodiversity [39,229], serving as a slow-release detention 

basin for stormwater retention [230–232,375] and reducing the thermal loading of buildings [233–

236].  

Extensive green roofs allow for the integration of solar arrays, which together are often termed Bio-

solar green roofs or Solar-Green Roofs [56]. Bio-solar roofs are theorised to provide greater energy 

output than conventional solar arrays due to the evapotranspiration of the vegetation which creates a 

cooler rooftop microclimate [305,321], reducing solar panel temperatures and increasing performance 

[386]. Bio-solar roofs can also regulate rooftop temperatures through reduced latent heat and lower 

solar reflectance than conventional concrete roofs [63].  

Several experimental and modelling studies have been conducted to assess the performance of bio-

solar roofs compared to conventional solar, with varying results. Pilot-scale sized experiments 
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conducted by Alshayeb and Chang [68] found an increase in energy production of 1.4% for model bio-

solar roofs; where a study by Chemisana and Lamnatou [260] observed an increase in energy 

production of 1.29 and 3.33% for 5 day pilot scale experiments on Gazania sp. and sedum plots, 

respectively. While there are several pilot-scale studies that complement these works, there are few 

that employ the use of commercial or full-scale green roofs for energy assessments over longer time 

periods. One study by Hui and Chan [386] simulated a 2,494 m2 bio-solar roof with varying physical 

parameters and predicted a maximum performance increase of 4.3% over conventional solar. 

However, one of the few scale experiments on bio-solar roofs conducted by Perez et al., [387] 

observed only a 2% increase in performance compared to a conventional system sharing the same 

roof-space.  

Empirical studies have suggested that the differences between bio-solar and conventional solar 

system performance is variable. There is the possibility that through the use of internal control roof 

spaces in some studies, the cooling effect of the green roof on the local microclimate could be 

influencing the control sites, and therefore reducing the observable effect. In addition to this, there 

are limited studies that have been conducted on roofs of a commercial scale, with the assessment of 

bio-solar being largely attributed to small subplots with low plant species diversity or leaf area index 

(LAI), which is known to have an effect on evapotranspiration and the insulative properties of green 

infrastructure [277,296]. Here we present the unique opportunity to compare two roofs that are 

spatially unconfounded, with near identical construction and dimensions, with similar age and rooftop 

infrastructure. In this study we utilise a commercial scale bio-solar roof, as well as an independent 

control roof in Sydney, Australia to determine the independent effect of a bio-solar installation 

through both empirical observations and simulations.  

 

2. Methodology 

2.1 Site description 

This study aimed to compare the solar energy output of sister buildings [343] in Barangaroo, Sydney, 

Australia. Daramu House was constructed in 2019 and hosted the bio-solar green roof. International 

House hosted a conventional solar array and was constructed in 2017. These two buildings are the 

first multi-story commercial timber office buildings in the country and employed near-identical 

rooftop infrastructure, with differences owing to building maintenance unit (BMU) model and design, 

exhaust vent placement and machine room design.  
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This study commenced in Mid-Spring (October), 2020 and concluded in Autumn (May), 2021 for a total 

of 237 days. For this period, the Barangaroo district received an average of 6.66 sun hours and 4.08 

mm of rain per day, with an average evaporation rate of 5.93 mm/day [267]. Average daily 

temperatures in this region ranged between 9 and 27.43°C [267] during the study period. 

Both roofs had a total rooftop surface area of 1,863.35 m2, with 593.96 m2 and 567.44 m2 of solar 

panel coverage, for the bio-solar and conventional roofs, respectively. Each building employed 0.8 m 

thick, grey concrete slabs as the bio-solar roof foundation, or roof surface. The bio-solar roof 

employed an extensive design with a variable substrate depth of 0.1 to 0.12 m and hosted a planted 

area of 1,460.7 m2 (78.4% total roof space). On the bio-solar roof, solar panels covered 40.66% of the 

planted space (Figure 25). 

Figure 25. Aerial image of the study site (centre image). Daramu House (bio-solar; left two panels) and International House 

(conventional solar; right two panels). Sister buildings were near0identical with the exception of roof surface cover (plant 

material vs concrete). Plant material covers all regions of below panel areas on the bio-solar roof. 

The bio-solar roof hosted over 15,000 individual plants and utilised a selection of native grasses and

herbaceous plants to attract a diverse faunal community [28], with an estimated LAI of 4.35 [305]. The 

bio-solar roof also utilised a sub-surface irrigation system to water the green roof on a varying 

seasonal schedule between 3:30 pm and 7:30 pm. Specifications for the two roofs in relation to their 

biodiversity, thermal and stormwater properties have been previously described in [28], [305] and 

[388], respectively. 

2.2 Solar arrays

As construction was completed in 2019 and 2017 for the bio-solar and conventional roofs respectively, 

the two buildings used different solar panels. Along with other differences between buildings, this 
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required that a series of corrections were made to the data to facilitate accurate comparisons 

between buildings.  

The bio-solar roof employed 332 MAXEON 3 solar panels (SunPower, Australia; pNom 395W, 

efficiency 22.6%) and the conventional roof employed 346 NeON2 solar panels (LG, Australia; pNom 

320W, efficiency 19.5%; see Supplementary Table 11 for full specifications). The bio-solar and 

conventional roofs amounted to 131.14 kWp and 110.72 kWp solar systems, respectively. Both 

buildings utilised four three-phase inverters (27.6k-AU000NNU2, SolarEdge, USA), rated to operate at 

98% efficiency.  

Prior to construction, each roof was modelled to estimate solar exposure, and the optimal panel 

layout. Building architects and solar engineers designed differences between panel layouts to account 

for the presence of the greenery in order to facilitate planting, maintenance and plant survival. On the 

bio-solar roof, solar panels were divided into several sections. The majority of panels (248) were 

situated above the main planted area, arranged with an azimuth of 0° (North-facing) and tilt angle of 

15°. The remaining panels (84) were arranged between rooftop infrastructure, with an azimuth of 90° 

(East-facing), and a tilt angle of 2°. On average, the centre of the solar panels were 1 m above the 

substrate surface (~0.8 m above the leaf zone) due to consideration associated with promotion of 

plant growth and ease of maintenance.  

The CSR did not have the same biological considerations as the green roof; hence the solar panels 

were arranged accordion-style, with the majority of panels arranged with an azimuth of 90° or 270° 

towards the centre of the roof space (145 East-facing and 145 West-facing). This layout was chosen by 

solar engineers to maximise sunlight exposure, as determined by modelling procedures prior to 

installation, similar to those presented in Section 2.3. Similar to the bio-solar roof, additional panels 

(56) were positioned between building infrastructure, with an identical layout to those towards the 

centre of the building. All panels utilised a tilt angle of 5° and were on average the centre of the panels 

were positioned 0.4 m above the concrete slab surface.   

 

2.3 Solar modelling 

Prior to analysis, a 3D model of the Barangaroo district was developed to estimate the average yearly 

incident solar irradiance on each rooftop (Figure 26) using the Rhino 6 modelling software (Rhino3D, 

USA) and DAYSIM in Grasshopper’s Honeybee plug-in (Grasshopper3D, USA). Solar radiation 

calculations were based on the Sydney CBD Representative Meteorological Year (RMY) file 

(Sydney.947680, EnergyPlus, Australia). The model predicted the bio-solar roof would receive 6% 
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more annual solar radiation than the conventional roof due to the reflectance and shading caused by 

the local urban geometries (Table 10, consideration 2). 

Figure 26. Rhino 3D model of; A) the Barangaroo district to determine the effect of urban geometries on reflectance and 

shading; B) the as-built bio-solar array; C) the conventional solar array; D) the average annual solar radiation received for 

each rooftop. Pink regions correspond to the panel layout for each roof, yellow regions represent the roof surface irrespective 

of plant/concrete coverage. Model dimensions are not to scale. 

2.4 Data collection and corrections

Each solar array hosted a range of environmental sensors including ambient temperature and global 

horizontal irradiance (GHI). All environmental and solar data was uploaded to the SolarEdge 

monitoring platform for management. This monitoring platform could retrieve time-matched 

environmental measurements such as temperature from the local NSW Government weather station 

situated at Observatory Hill (Gauge 066062: approximate 590 linear meters). 

Solar energy output data was collected from the SolarEdge monitoring web-platform on a fortnightly 

basis to coincide with on-site fortnightly onsite inspections. Solar energy outputs were collected for 

each inverter and summed each fortnight for both buildings. Rooftop pyranometers recorded GHI as 

the average hourly light intensity for each site. 

Four corrections were applied to the gross energy output of the BSGR to account for differences 

between the two systems, resulting in a total reduction of the recorded energy output of ~19.8%. First, 

to account for differences in system capacity (BSGR: 131.14; CSR: 110.72 kWp), the BSGR output was 

reduced by ~15.54% (Table 10; Consideration 1). BSGR outputs were then reduced by a further 1.2% 

to account for losses associated with the age of the panels that were on CSR (Table 10; Consideration 

5), and 3.1% to account for differences in panel efficiency (Table 10; Consideration 6). Output 
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reductions for efficiency and age were based on the known differences or degradation rates of the 

two systems, as per the manufacturer specifications. Lastly, to account for differences in the 

temperature coefficients of the two systems (BSGR: -0.29%/1°C; CSR -0.38%/1°C above 25°C), BSGR 

energy outputs were reduced by 0.09%/°C for each 1°C panel temperatures were above 25°C (Table 

10; Consideration 7) (See Supplementary Figure 8 for an infographic detailing these corrections). 

As this study utilised the unique opportunity to analyse an in-situ commercial BSGR with a spatially 

unconfounded CSR of nearly identical size, two considerations involving convection air flow could not 

be addressed (Table 10; Considerations 8 and 9). Above and below panel convection could potentially 

influence the cooling potential of the system, and therefore energy output. However, both rooftops 

were modelled prior to construction, and for each roof the optimal layouts were chosen to maximise 

energy yield, along with facilitating planting, survival, and ease of maintenance of plant material on 

the BSGR. Therefore, while this study cannot quantify the effect of above and below panel convection, 

comparisons were made inclusive of these differences in roof design. It is likely that other commercial 

scale BSGRs would utilise panel designs based on these criteria. It is also known that in the 

surrounding region, most CSR solar arrays are designed similarly to the CSR in this study (based on 

satellite imagery).   
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Table 10. List of considerations and variance between buildings/solar arrays. Each consideration was either addressed (Yes), excluded (No), or randomized (N/A) based on the scope of the project. 

Specific issue is described in bold and the response in italics.  

Considerations Addressed Comments 

1. System Capacity Yes 
The peak nominal power of each roof was different, with a variance in system size of 20.42 kWp (15.54%). Bio-solar roof energy output 
was reduced by ~15.54% to account for the difference between system sizes.  

2. Insolation: Shading Yes 
Modules across and between roofs will experience shading differently due to urban geometries. Solar modelling was employed, and the 
observed performance was plotted against a standardised light profile through linear regression analysis. This aimed to achieve a standardised 
performance based on simulated light conditions within the confines of the seasonal light observed for each site.   

3. Insolation: Soiling Yes 
Modules were impacted by soiling differently due to tilt, age and cleaning routines. Each roof was visually inspected fortnightly for the 
duration of the study and soiling was monitored. In instances where soiling was observed, building management organised cleaning which was 
conducted prior to the proceeding fortnight’s inspection.  

4. Insolation: Array layout Yes 

Module azimuth of each roof resulted in different insolation that PV panels were exposed to. Panel azimuth could not be changed for this 
study, however building architects and engineers consulted solar models to determine the optimal layout for each building with respect to the 
physical properties of each roof. Differences in azimuth and tilt were attributed by design teams to the specific physiological requirements of 
the green roof.  

5. Module: Degradation 
losses Yes 

System age differed between roofs and the calculated efficiency of each system varied between manufacturers. The panel age difference 
between systems was accounted for by reducing the output of the panels on the green roof (~1.2%) for equivalence with the conventional roof.  

6. Module: Panel efficiency Yes 
Module efficiency differed between solar arrays. The modules used on the green roof were rated 22.6% efficient compared to 19.6% on the 
conventional roof. As such, green roof outputs were reduced by ~3.1%. 

7. Module: Temperature 
coefficients Yes 

Modules will respond to temperature fluctuations differently. The temperature coefficients of the BSGR and CSR modules were -0.29%/°C 
and -0.38%/°C, respectively for temperatures over 25°C. In instances where BSGR panel temperatures exceeded 25°C, output was reduced by 
the difference in temperature coefficients (0.09%/°C) to simulate output losses similar to the panels deployed on the conventional roof.  

8. Convection: Below panel No 

Module azimuth (Green roof: North ballast layout; Conventional roof: East-West accordion layout) resulted in different convective 
heat transfer opportunities on the rear surface of the panels. Module temperatures will be impacted by this. The effect of convective heat 
transfer was not specifically addressed in this instance, and therefore the comparisons made can only be representative of the two solar arrays 
as built. Temperature variation of panels attributable to building design has been previously explored and directly linked to the function of the 
green roof through evapotranspiration [305].  

9. Convection: Above panel No 

Module tilt (Green roof: 15° and 2°; Conventional roof: 5°) resulted in different convective heat transfer opportunities on the front 
surface of the panels. Module temperatures will be impacted by this. Module tilt could not be manipulated in this study and therefore 
convective heat transfer could not be equalised. Therefore, convective heat transfer owing to tilt was not assessed. The comparisons made are 
thus representative of the two solar arrays as built.  

10. Mismatch Losses N/A 
No two modules will be electrically identical which incurs mismatch losses. These will limit the PV performance. Electrical mismatch 
losses are inherent in a multi-panel system. It is assumed in this study, and all studies on commercial systems, that mismatch losses would be 
randomly distributed across the roofs and any effects associated with panel mismatch were therefore be randomised within this design.  
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2.5 Analysis 

2.5.1 On-site measurements 

Both solar exposure (expressed as GHI), as well as temperature were recorded locally for each roof. 

Both roofs were equipped with pyranometers, as well as ambient and panel temperature sensors. GHI 

was recorded for each building on a continuous timescale and averaged hourly. Both panel and 

ambient temperatures were recorded on a continuous timescale and averaged hourly. All on-site data 

was collected weekly though the online SolarEdge monitoring platform.  

 

2.5.2 Regression analysis 

To determine the theoretical performance of each roof under a standardised lighting scenario, a 

multiple linear regression model was generated for hourly energy output using GHI, roof, and season 

as predictors. The model was as follows: Energy output (kWh) = (GHI × 0.0817) + (Bio-solar Roof × 

0.978) + (Spring × 2.682) + (Summer × 2.009) + 0.613 (Intercept), with an R2 of 0.90 (p < 0.0001) (R2 or 

coefficient of determination represents the proportion of variance in energy output that is explained 

by the predictors of the model, on a scale of 0-1). The model output was then used to compare the 

estimated performance of each roof under standardised on-site conditions. Input GHI spanned from 

25 W/m2 (minimum daytime irradiance) to the maximum shared irradiance for both roofs per season 

(745, 796, and 752 W/m2 for Spring, Summer and Autumn respectively). Results were deemed 

significant at α = < 0.05 (α or significance level represents the probability of the analysis yielding a 

Type I error, that is the risk of a false-positive result). 

 

2.5.3 Alternative performance metrics 

In addition to energy production, solar systems are often described in respect to their economic and 

environmental/social benefits. In this sense, the energy outputs of both buildings can be described in 

relation to the energy savings in dollars, as well as the mitigation of e-CO2 (carbon dioxide equivalent 

greenhouse gasses) emissions related to the use of renewable energy as opposed to energy from a 

fossil fuel powered grid. Additionally, plant matter on a green roof could also contribute to the 

removal of ambient CO2 through photosynthesis and biomass growth, with the total CO2 

removal/mitigation being relatable to the CO2 abatement from planting of urban trees.  

To calculate the financial value generated through the use of the solar arrays on each building, the net 

output of each roof was multiplied by the retail energy costs (AUD $317.5 MWh) as described by the 
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Australian Energy Regulator (AER) for the time period [389]. The mitigation of greenhouse gas 

emissions was calculated using the NSW National Greenhouse Accounts Factor of 0.81 kg e-CO2/kWh 

[390], and the CO2 removal potential of the plant material on the bio-solar roof was estimated 

according to Shafique et al., [391]. A translation of clean energy produced to “trees planted” 

equivalents was calculated using the ratio of 0.0117:1 trees per kWh as outlined by US EPA [392]. 

 

3. Results and Discussion 

3.1 Observed difference between Bio- and Conventional solar 

The Rhino 3D solar model predicted an annual GHI exposure difference between the BSGR and CSR of 

6% due to surrounding buildings both blocking and reflecting light. However, during the 237 days of 

this study, the measured light exposure was both greater than the Rhino model predicted, and varied 

significantly between seasons. On average, the BSGR received 4.37 and 61.31% more GHI than the CSR 

in Spring and Autumn respectively, whilst receiving 5.67% less GHI in Summer (Figure 3A). While the 

current analysis did not incorporate the Winter months, or the full date range of Spring, the observed 

solar exposure was more than double (15.72%) that predicted by the Rhino 3D predictive model. It is 

therefore evident that conducting on-site monitoring for environmental variables such as GHI and 

temperature, which are two key factors in solar energy outputs, are paramount for these types of 

assessments. 

 

Figure 27. Mean ± SEM hourly GHI reported by on-site pyranometers during each season for both roofs. Within season variance in light 

availability are largely attributed to urban geometries, and between season variance to seasonal day-arc. During Spring and Autumn, the 
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BSGR received an average of 4.37% and 61.31% more GHI than the CSR, however in Summer the CSR received an average of 5.67% more GHI 

than the BSGR.  

For the duration of this study, the BSGR maintained an average ambient temperature 1.00, 1.12 and 

0.72°C cooler than the CSR (Figure 28A) for Spring, Summer and Autumn respectively. However, 

during peak GHI hours (11 am-2 pm inclusive (Figure 27)), the BSGR ambient temperatures were only 

0.44, 0.95 and 0.26°C cooler than the CSR (28A). Despite ambient roof temperature not being 

substantially different between buildings, a previous study conducted by Fleck et al., [305] on the 

same two roofs found a significant difference between the two rooftop microclimates (the 

temperature gradient ~1m from the surface of the roof/plant foliage). One unexplored aspect from 

this previous study was the potential cooling effect of the BSGR on the solar array. Below-panel 

temperatures were up to 6 and 11°C cooler on the BSGR than the CSR during Spring and Summer, 

respectively. In this study however we observed a substantial reduction in solar panel temperature 

during peak GHI hours, which aligns with the previously reported below-panel temperatures [305].  

This effect is more likely due to the evapotranspiration and reduced latent heat/solar reflectance of 

the plant material than panel orientation, where plant foliage may apply a foliage-specific drag 

coefficient [393], slowing or reducing the total airflow beneath panels, and thus reducing the effect of 

below-panel convection to some degree. However, as this was not specifically measured in the current 

study the effect of below-panel convection cannot be excluding as a contributing factor.  
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Figure 28. Mean ± SEM hourly ambient (A) and panel temperatures (B) reported by on-site temperature sensors during each season for 

both roofs. The ambient rooftop and panel temperatures of the BSGR were on average 1.00, 1.12 and 0.72°C and 1.50, 2.10 and 2.88°C cooler 

than the CSR in Spring, Summer and Autumn, respectively. During peak GHI hours (11:00 to 14:00 inclusive), ambient and panel temperatures 

on the BSGR was on average 0.44, 0.95 and 0.26°C and 4.68, 4.95 and 4.98°C cooler than the CR in Spring, Summer and Autumn, respectively.  

The BSGR panel temperatures were 1.50, 2.10 and 2.88°C cooler than those on the CSR in Spring, 

Summer and Autumn, respectively, however during peak GHI hours, the BSGR was 4.68, 4.95 and 

4.98°C cooler for the same time period (28B). These temperature reductions are significant as solar 

panel performance decreases above 25°C [277]. In this study, the temperature coefficients of the 

BSGR and CSR were -0.29 and -0.38% for each 1°C above 25°C. It is therefore evident that the BSGR 

was able to mitigate performance loss due to temperature by 1.36, 1.44 and 1.44% during peak GHI 

hours in Spring, Summer and Autumn respectively.  
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Figure 29. Mean ± SEM hourly energy output (kWh) during each season for both roofs. The BSGR generated an average 32.52, 21.25 and 

107.29% more kWh than the CSR during Spring, Summer and Autumn, respectively. Differences between BSGR and CSR maximum power 

outputs were 25.14, 20.35 and 29.8 kWh for Spring, Summer and Autumn respectively.  

For each season, the average hourly energy output for the BSGR was 16.85 ± 0.76 (SEM), 15.66 ± 0.58 

and 14.30 ± 0.74 kWh, whereas the CSR outputs were 12.71 ± 0.58, 12.92 ± 0.48 and 6.90 ± 0.32 kWh 

(Figure 29), although it appears that these performance differences are predominantly driven by solar 

exposure (Figure 27). However, despite the variance in GHI exposure between seasons, and the clear 

effect of the urban geometry (which can be seen in Figure 27: Spring; 8 am-10 am and 1 pm-3 pm, 

Summer; 9 am-11 am and 1 pm-3 pm, Autumn; 8 am-3 pm), in instances where the solar exposure was 

approximately equal, the energy output of the BSGR was substantially higher than the CSR. The BSGR 

produced an average of 17.71 and 17.32 (Spring), and 16.45 and 14.47 (Summer) kWh more energy 

than the CSR (Figure 29) at 11 am and 12 pm, respectively. This was likely due to differences in panel 

temperature, caused by the evapotranspiration effect of the BSGR and the resulting cooler 

microclimate [305,394] (Figure 28). Differences in solar irradiance aside (Figure 27), the BSGR in this 

study had a LAI of 4.35, which would likely have increased the cooling potential of the BSGR to a 

higher degree than those BSGRs studied previously [260,395]. However, due to the discrepancies in 

solar exposure, it is difficult to isolate the primary causative effect for the increased energy output of 

the BSGR, where the BSGR produced an average of 32.52, 21.25 and 107.29% more energy for Spring, 

Summer, and Autumn, respectively (Figure 29). As such, the observed system performance of both 

systems was modelled under standardised lighting conditions to eliminate the effect of the increased 

solar exposure recorded on the BSGR.    
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3.2 Modelled difference between Bio-solar and Conventional solar 

To eliminate variability caused by the effect of urban geometries and seasonal day arc, a multiple 

linear regression model was employed using GHI, roof and season as predictors (Figure 30). Under 

standardised lighting scenarios, the BSGR outperformed the CSR by 4.14, 4.16 and 5.21% for Spring, 

Summer and Autumn, respectively. For the duration of the study, on average, the BSGR produced 4.5% 

more energy than the CSR at any given light level.  

 

Figure 30. Daytime irradiance versus energy output reported by on-site sensors during each season for both roofs. Lines depict 

fitted multiple linear regression model: Energy output (kWh) = (GHI x 0.0817) + (BSGR x 0.978) + (Spring x 2.009) + 0.613 

(Intercept) with R2 = 0.90 (p < 0.0001).  

Previous literature comparing PV system performance varies in the metrics by which system 

efficiencies have been reported, with authors reporting either total energy output for a given period, 

or the average difference in system performance for a specified period (Table 11). Most studies have 

been conducted on small experimental or pilot scale systems, with few testing in-situ commercial scale 

BSGRs with the appropriate controls. The performance differences presented here are higher than 

those previously reported from both experimental and pilot scale studies BSGR (Table 11).  

The study that achieved the closest average system performance to ours was conducted by Hui and 

Chan [386] in Hong Kong (Köppen climate type Cfa), who reported a 4.3% increase in performance by 

a BSGR when compared to an internal control roof. This study used simulations and modelling to 

estimate the performance increase of a commercial BSGR, reporting an increase of 8.3% in the total 

energy output compared to a simulated CSR [386]. While the average performance difference 
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between Hui and Chan’s study and the efficiencies reported here are similar, the total energy 

produced varies substantially.  

Table 11. Comparison of previous literature to this study in respect to; study location, Köppen climate classification, study type, 

study duration, bio-solar array size/panel coverage (m2), comparison made, and difference in solar energy output between treatments. 

Results are reported as total energy output (tot) or average difference in system performance (sys).  

Study Location Köppen Type Duration Size Comparison Result 

This study Sydney, 
Australia 

Cfa Experimental & 
Simulation 

8 months 
(237 days)  

593.96 m2 Commercial bio-solar vs 
independent conventional 

PV 

4.5% (sys) 
23.83% (tot) 

Nagengast et 
al., [379] 

Pittsburgh, USA Cfa Experimental & 
Simulation 

16 months 87 m2 Model bio-solar vs internal 
PV-black roof 

0.8-1.5% (tot) 

Köhler et al., 
[396] 

Germany Cfb Pilot Experiment 12 months Undisclosed Variable model bio-solar vs 
internal PV-bitumen roofs 

6.5% (tot) 

Perez et al., 
[387] 

New York City, 
USA 

Cfa Pilot Experiment & 
Simulation 

10 months Undisclosed Bio-solar vs internal PV 
gravel 

 

2.42% (tot) 

Hui & Chan, 
[386] 

Hong Kong Cfa Pilot Experiment & 
Simulation 

1 days 
12 months 

Undisclosed 
2,494 m2 

Bio-solar vs internal 
conventional PV 

4.3% (sys) 
8.3% (tot) 

Chemisana & 
Lamnatou, 

[260] 

Spain BSk Pilot Experiment 5 days 1.69 m2 Model bio-solar vs internal 
PV gravel 

1.29-3.33%  
(tot) 

Osma-Pinto 
& Ordóñez-
Plata [65] 

Colombia Af Pilot Experiment Undisclosed 15 m2 Model bio-solar vs internal 
PV-black roof 

0.9-1.7%  
(sys) 

Ogaili & 
Sailor, [259] 

Portland, USA Csb Pilot Experiment 3 months 6.6 m2 Model bio-solar vs internal 
PV-black/white roof 

0.8-1.2% 
(sys) 

Alshayeb & 
Chang, [68] 

Kansas, USA BSk Pilot Experiment 12 months 14.7 m2 Model bio-solar vs internal 
PV-black roof 

 

3.3% (sys) 
1.4% (tot) 

 
Kaewpraek et 

al, [397] 
Thailand Am Pilot Experiment 1 months 13.58 m2 Model bio-solar vs internal 

PV-grey roof 
 

2% (sys) 
5% (tot) 

 

Differences between previous findings and the results presented here may be influenced by study 

duration or plant selection. For many studies ([379], [396], [387], [68]), the inclusion of the winter 

months may have reduced the difference in system performance either due to the cooler weather 

reducing the impact of the BSGR, or reduced solar exposure reducing the performance of both 

systems. It is potentially possible that the inclusion of winter months in the current study would have 

also reduced the average system performance and possibly the total energy output difference. 

However, for the Spring, Summer and Autumn months, our reported average efficiencies are higher 

than previously reported. Additionally, many past studies have utilised plants from the genus Sedum 

for their experimental BSGRs [260,386]. This Crassulacean species has substantially lower LAI and 

practical planting densities [28] than many commercial in-situ systems, such as the one tested in the 

current study. A higher LAI and planting density would substantially increase the evapotranspiration 

effect, reduce latent heat, and increase the solar reflectance of the BSGR [277,296], thus improving 

the thermal regulation properties of the space [64].  
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It is therefore plausible that the installation and use of BSGRs in similar regions and climates of the 

world to the current work would stand to gain substantial increases in electrical energy generation 

BSGR, as well as benefit from the numerous additional services that BSGRs provide to building 

occupants. As such, while the results presented here are directly representative of the Eastern 

Australian coast and similar Cfa climates, the quantified benefits of a BSGR to provide a cooler 

microclimate for sustained increases in solar energy output can be applied globally.  

 

3.3 Alternative Performance Metrics 

For the period observed, the BSGR and CSR produced 74.05 and 59.80 MWh of renewable energy, 

with the BSGR producing 23.83% more energy than the CSR. Based on the retail consumer market 

price outlined by the AER [389], the BSGR and CSR offset the purchase price of energy by $23,511.52 

and $18,985.29 AUD, respectively. The implementation of a green roof therefore served to increase 

the economic benefits of the solar array by 23.84% ($4,526.22 AUD; Figure 31).  

While these values may appear small when compared to the scale and capital cost of the two 

commercial systems tested, there is a significant push by governments worldwide for the adoption of 

localised renewable energy within urban environments [398]. In the short term, it is expected that the 

financial savings gained through the use of a solar or bio-solar roof would increase from what was 

observed here due to growing insecurities in the energy market, especially in countries with unstable 

energy markets [399].  
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Figure 31. Performance difference between BSGR and CSR using alternative metrics. Axis-Y1 demonstrates the e-CO2 

mitigation of each system (BSGR; 59.98 t e-CO2, CSR; 48.43 t e-CO2), and Axis-Y2 demonstrates the price offset (BSGR; 

$23,511.52, CSR; $18,985.29, in $AUD) of each system. The BSGR and CSR roofs are represented in green and grey, 

respectively.  

Based on the total energy generated by each roof, the bio-solar and conventional roofs were able to 

mitigate greenhouse gas (GHG) emissions of 59.98 and 48.43 t e-CO2 respectively, based on the 

Australian National Greenhouse Accounts Factor (NGAF) [390]. The increase in bio-solar energy 

production equates to an e-CO2 offset of 11.55 t greater than that associated with the conventional 

roof (Figure 7). These GHG emission calculations are based on the consumption of purchased 

electricity or loss from the grid, and therefore localised energy generation for each building would 

offset these emissions by reducing reliance on the grid. Additionally, the bio-solar roof hosted over 

15,000 individual plants, which innately remove CO2 from the atmosphere through photosynthesis 

during growth. Estimates derived from the literature [391,400] suggest that the green-components of 

the BSGR could have removed up to 1.56 t of CO2 from the atmosphere and stored this carbon in the 

form of biomass gain over the duration of the study (237 days). This would increase the e-CO2 

mitigation potential of a similarly sized bio-solar roof to 13.10 t for the same period. Colloquially, the 

mitigation of GHG emissions is often reported as an equivalent to number of “trees planted”. Here we 

observe equivalent tree plantings of 866.41 and 699.62 trees for the bio-solar and conventional roofs, 

respectively. With the inclusion of the photosynthetic removal of atmospheric carbon, the BSGR has 

an equivalent carbon capture/abatement to planting 192.49 urban trees and growing them for 10 

years.  

The inclusion of photosynthetic removal of atmospheric CO2 in the calculation of GHG mitigation 

potential of green and bio-solar roofs will, however, be reduced by biomass management by green 

roof maintenance. The removal of atmospheric CO2 through photosynthesis is primarily driven by 

biomass accumulation, both above and below ground [401]. However, for commercial green roofs, 

maintenance is usually performed whereby plant material is maintained at certain heights, especially 

when grown around solar modules. The removal of plant biomass, and the disposal of plant material 

will largely determine the CO2 removal potential of a green roof, where biomass burning or 

composting will lead to the reemission of a proportion of the stored carbon [402]. Additionally, some 

carbon is sequestered by the plant roots into the substrate, and made available to rhizospheric 

microbes [401], and thus transferred to the substrate’s labile carbon pool. From the labile carbon pool, 

there is the potential for microbial biomass to consume this carbon and respire or emit volatile organic 

compounds back into the atmosphere [401,403]. It is therefore essential that further research be 

conducted on how green and bio-solar roof biomass management will affect the carbon sequestration 

potential of this promising technology. 
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Lastly, a factor unexplored here that would serve to increase the e-CO2 emission performance of bio-

solar roofs is the inherent ability of green and bio-solar roofs to insulate buildings [305,391,403]. The 

thermal insulation effect of green and bio-solar roofs has been shown in experimental studies to have 

the potential to reduce annual building energy consumption by 15.1% in warm Mediterranean 

climates [404]. To date, few studies have successfully determined the energy saving potential of green 

and bio-solar roofs from experimental studies on commercial systems, and it is therefore 

recommended that further research be conducted on medium-large scale commercial projects to 

determine this effect across a range of climates.  

 

4. Conclusions 

Here we present the largest known commercial BSGR solar energy study to date. BSGR average energy 

output was 4.5% greater than the CSR, and the total energy output was 23.83% higher. The BSGR 

served to reduce the greenhouse gas emissions of the building through off-setting fossil fuel powered 

energy consumption by an additional 11.55 t e-CO2, with the potential for up to 1.55 t of additional 

CO2 being mitigated by the plants on the roof. This increase in energy output equates to $4,526.22 

AUD and an equivalent of 192.49 “trees planted” and grown over 10 years in an urban setting. The 

inclusion of a green roof over a conventional solar array served to increase the energy output of the 

system by 23.88 kWh, reduce the GHG emissions by 0.019 t e-CO2 and produced an additional $7.62 

AUD per m2 of solar panels deployed for the duration of the study. The effect of the BSGR during the 

winter months, however, is unknown, and it is therefore recommended that future studies along the 

Eastern Australian coastline, or similar climates, conduct long term monitoring studies on in-situ 

commercial scale BSGRs and CSRs.  
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Chapter 7: Summary and Conclusion 

Green walls and green roofs are promising technologies that could make considerable contributions to 

the development of sustainable urban centres by providing functional benefits to building occupants, 

owners, and residents. Here I have demonstrated a range of variables and considerations for the 

sustained health and performance of indoor green walls for increased occupant comfort and safety, as 

well as the multifaceted benefits of green roofs in urban Sydney.  

7.1 Green walls 

The benefits of green walls have been well documented, with extensive laboratory testing 

demonstrating quantitative air quality benefits backed by survey data to quantify the psychological 

benefits provided to building occupants, however the exploration of the operational requirements of 

green walls, such as light exposure, are often overlooked. While there is substantial laboratory testing 

on phytoremediation performance, there is comparatively little of direct relevance to in-situ green 

walls. The work presented here on light optimisations, while conducted under laboratory conditions, 

has significant impacts for the future design and implementation of in-situ walls by identifying optimal, 

technically achievable conditions for growth and sustained photosynthesis. This would be expected to 

lead to reduced maintenance costs, as well as a healthier, more functional systems overall. 

Additionally, the work described in this thesis addressed the importance of appropriate plantscape 

design, where in-situ walls were observed to be poorly optimised with respect to plant species 

placement in relationship to their associated morphological conditions, and how this affects light 

availability. As this study focussed on the effects of lighting on phototropism and CO2 removal, the 

findings may be of significant value to future research where phytosystems are to be incorporated into 

HVAC for indoor CO2 maintenance and energy savings. It is also plausible that optimised lighting could 

provide beneficial circumstances for the plant rhizosphere due to a reduction in stress hormone 

production from the plants, which could potentially have effects in regulating the microbial 

community for sustained VOC remediation. This hypothesis would be worthy of future study. Long-

term testing under varied lighting conditions with different plant species should thus be conducted to 

isolate the effect of lighting for long-term plant health and performance, both for CO2 removal as well 

as VOC remediation.   

An additional aspect of indoor green walls behaviour that is often overlooked in both the research and 

commercial spheres are biosafety aspects. As described previously, the addition of active airflow 

through a biological medium, especially one with moisture and nutrients, has the hypothetical 

potential to lead to the proliferation and dispersal of harmful bioaerosols. This thesis provides 

preliminary data to verify the biosafety of green walls in respect to both the aerosolisation of fungal 
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and bacterial particles. It is unlikely that indoor green walls will significantly contribute to the 

proliferation of pathogenic fungal species that carry significant impacts on human health, although 

this circumstance is not entirely impossible, given the variety of green wall designs and maintenance 

practices used worldwide. Future studies should thus be conducted globally to assess the 

aerosolisation of fungal and bacterial species of concern commonly associated with plants and 

moist/substrate environments such as Aspergillus spp. and Legionella spp. under a broad range of 

design and maintenance conditions. From the work conducted here however, the large, commercial 

indoor green wall tested produced levels of fungal propagules that were well below the World Health 

Organisation guidelines and posed no threat in respect to the production of pathogenic fungal species. 

In addition, no aerosolised Legionella spp. were detected. This work furthered the understanding of 

the green wall microbiome with the addition of 16S sequencing of an in-situ green wall. This work was 

the 3rd study of its type to be conducted worldwide, and the results obtained differed significantly 

both between plant species currently tested and the findings of previous work, with the previously 

hypothesised [45,46] “globally distributed green wall bacterial species” not present in the systems 

tested (Devosia, Hyphomicrobium and Prosthecomicrobium). This indicates that the rhizospheric 

bacterial community is significantly more diverse than previously hypothesised. The current 

experiment should thus be replicated both domestically on various green walls and green 

infrastructure, as well as globally, especially in functional systems with active airflow that are deployed 

for their air quality benefits.  

7.2 Green roofs 

In this thesis I present the most comprehensive body of work published to date on Australian green 

roof ecosystem services. The analysis conducted covered the thermal, hydrological, and renewable 

energy benefits of an extensive green roof in urban Sydney, however the research project also 

covered biodiversity and air quality benefits, the findings of which have been published separately. In 

the current study I monitored and took field measurements on an extensive green roof for up to 237 

days, spanning three distinct seasons and capturing continuous data for the period. The significance of 

this project may not be limited to the Australian east coast but may also have applicability to climatic 

regions that share the Cfa Köppen climate type. In addition, this project is one of very few that have 

utilised an independent control roof of nearly identical dimensions, age, and construction materials, 

thus providing robust control over spatial or temporal confounding factors. This aspect of this study 

provides novelty, as it allows for a direct comparison with conventional infrastructure and serves to 

isolate the effect of the green roof more effectively than previous studies that have employed 

internalised controls.  
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The thermal performance of green roofs is well documented; however, performance estimates vary 

worldwide depending on climate type, LAI and other factors. Green roofs appear to be well-suited for 

Cfa climate types, such as the Eastern Australian Coast, provided they have suitable irrigation. The 

thermal properties presented in this thesis are indicative of high performance for the Australian 

climate, however hardier, drought resistant plants may be better suited for the long-term survival of 

the green roof due to the severe drought seasons frequently experienced outside of the (current) La 

Niña climate cycle. Conversely, the adoption of a predominantly Australian native (plant species) 

green roof could reduce the LAI, and therefore alter the thermal properties t from those reported here. 

It is nonetheless recommended that any future Australian studies should focus on assessing the 

thermal properties of a predominantly Australian native plant species roof, and globally, studies 

should focus on the assessment of extensive green roofs with different LAIs to provide a better 

understanding of the impact of LAI on thermal performance at the commercial scale. Additionally, if 

given the opportunity, future studies should be established prior to the construction of commercial 

systems so as to facilitate the full range of sensors required to calculate the true thermal penetration 

potential and assess the potential energy savings achieved through the regulation of the indoor 

environment (which could not be achieved here due to building design). Further, thermal assessments 

should be conducted on both extensive and intensive green roofs to determine if the additional 

substrate depth contributes to performance linearly, or if substrate depth yields diminishing results 

for the indoor environment. It would also be worthy of research to assess how the plant species 

associated with different substrate depths affect thermal performance, along with providing a cost-

benefit analysis for thermal performance and roof type. These studies should preferably be carried out 

on a multi-year scale to accurately reflect the temporal variation in weather and climate conditions to 

further explore the thermal buffer potential of green infrastructure in the urban environment.  

Here I have contributed to our understanding of the trace metal and stormwater retention potential 

of green roofs. In this study I demonstrated the ability of a green roof to mitigate anthropogenic 

vehicle emissions transported locally throughout the city via dry deposition. I observed a significant 

reduction in both soluble copper and insoluble (particle bound) copper, zinc and chromium. These 

metals were likely transported onto the roofs from the Sydney Harbour Bridge overpass, which carries 

80,000+ cars daily, and is a significant contributor to ambient air pollution levels in the Barangaroo 

area. It was theorised that the dry deposited trace metals were trapped in the substrate of the green 

roof and thus potentially remediated through phyto-or-microbial remediation, opposed to being re-

aerosolised or washed into stormwater drainage systems as would invariably occur on conventional 

roofing. Reductions in dry-deposited trace metals leads to a reduction in trace metal contamination 

entering marine systems, which has significant impacts on bioaccumulation through the natural food 
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webs found there. In addition to these findings, stormwater modelling was conducted, indicating that 

the green roof could reduce the severity of stormwater flows for rain events as infrequent as 1 in 10 

years, and possibly up to 1 in 20 years. A significant reduction in stormwater flow is a substantial 

finding for a city like Sydney which experiences short-frequency intense flash flooding in the CBD. As 

roof spaces occupy up to 40% of available city space, the mass adoption of green roofs could reduce 

the burden on the stormwater management network in cities and reduce the intensity and frequency 

of these short-frequency flash floods, leading to reduced traffic congestion and less flood damage in 

the CBD during rain events. Through this work it is evident that green roofs have tangible benefits for 

both pollution mitigation and stormwater management in the Sydney CBD, however future studies 

should be conducted on longer time scales and should also incorporate post-rain events to determine 

the trace metal background prior to dry deposition. Additionally, stormwater flow rate modelling 

should be conducted again after the current La Niña cycle in Australia to include the additional 

environmental data (current historical data is heavily skewed by long drought seasons) and to assess 

how green roofs might manage less frequent stormwater volumes and flows.  

Lastly, in this thesis I present the largest scale, comparative in-situ commercial Bio-solar green roofs. 

The results presented here represent amongst the highest performance demonstrated in  any study 

worldwide, with the Bio-solar roof (a green roof with integrated solar arrays) producing an average of 

4.5% more electricity at any given light level. The observed performance difference between the Bio-

solar and conventional roofs ranged from 20–107% increase in energy output, depending on the 

season. The results presented here are significant both for the generation of sustainable energy, but 

also as a demonstration that building owners/stakeholders should not have to choose between either 

a green roof or a solar roof, rather that there and many benefits for Bio-solar green roofs. The 

increase in energy generation can also be considered from other perspectives, with the Bio-solar roof 

energy saving equivalent to the planting of an additional 200 urban trees (grown over 10 years) when 

compared to the conventional roof based on CO2 mitigation, generating over $4,500 AUD more 

electricity (in the given 9-month study period), and contributing to the mitigation of CO2 emissions by 

an additional 13.11 t e-CO2 mitigation, however, requires the responsible disposal of plant biomass 

during maintenance, as burning biomass will re-release some of the CO2 captured during 

photosynthesis. The sustainable use of plant-cuttings from urban forestry is an aspect not addressed 

in the current work, but one which clearly has a strong bearing on the sustainability performance of 

any green initiative. Future studies that utilise modelling should ensure that the input data comes 

from a seasonally robust dataset, preferably collected over several years. In addition, future studies 

should aim to manipulate, or monitor roofs with varied LAIs to assess the effect of LAI on 

evapotranspiration and how it impacts Bio-solar energy output on a commercial scale.  
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In Chapters 2 and 3 of this thesis, I have determined and tested best practise lighting conditions for 

sustained plant performance within the indoor environment, as well as demonstrating the potential 

for different biosafety risks associated with indoor green infrastructure. The thesis further contributes 

to indoor green infrastructure research with the 3rd ever global study (and 1st study in the Southern 

hemisphere) describing the microbial community of a commercial active green wall, with results that 

contrast with previous studies. Further, Chapters 4, 5 and 6 demonstrate the wide array of services 

that can be provided by extensive green roofs in the Sydney context. The potential reduction in energy 

consumption through heat regulation by green roofs could be substantial, as well as the reduced 

reliance on the conventional energy grid through increase power output from Bio-solar systems, which 

could in turn significantly increase the sustainability of built urban spaces. My work also demonstrates 

the significance of green infrastructure through contributions to the regulation of the stormwater 

network, which could serve to decrease damage and inconvenience to urban dwellers during the 

regular short frequency, semi-intensive flash flooding commonly experienced in the Sydney CBD. 

These studies indicate the potential benefits of the mass implementation of green infrastructure 

throughout Sydney, and similar Australian cities, which are essential if Australians are to meet their 

local and global sustainability targets, like the United Nations Sustainable Development Goals, 

specifically SDG 11 (“Sustainable cities and communities”). The critical component of my research 

presented in this thesis is the study of commercial systems in-situ to represent the quantification of 

real-world benefits that green infrastructure currently provide. If future developments in the Sydney 

region can be designed with the sustainability aspects described here, a large contribution to future 

sustainability would be possible, potentially making Sydney the driving force for sustainable cities in 

Australia.  
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SUPPLEMENTARY MATERIAL 

Chapter 2 

 

Supplementary Figure 1. Range of luminary angles as observed for the 50 units isolated from on-site 
image assessment of LW 1 and LW2. 

 

 

 

Supplementary Figure 2. Design layout of Chlorophytum comosum and Spathiphyllum wallisii modules 
used during Experiment 2.2 (Plant response to light angle/intensity) and 2.3 (Phototropism and plant 
response). 
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Supplementary Figure 3. Mean CO2 removal efficiency (%) from input concentration (~1000 ppm) over 
40-minute period for C. comosum and S. wallisii species under various intensities and angles of light (n 
= 3). 

 

Supplementary Table 1. Average light availability at the proportion of the total plant foliage area at 

the four in situ living walls. 

Light intensity 

(μmol∙m−2∙s−1) 

 LW 1 LW 2 LW 3 LW 4 Average 

≤ 10  6.7 % 62.5 % 26 % 44.6 % 35 % 

11–49  65 % 32.5 % 66.6 % 43.1 % 51.8 % 

50–74  11.6 % 2.5 % 7.4 % 1.5 % 5.8 % 

75–99  6.7 % 0 % 0 % 4.6 % 2.8 % 

100–149  8.3 % 2.5 % 0 % 3.1 % 3.4 % 

150–199  1.7 % 0 % 0 % 3.1 % 1.2 % 
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Supplementary Table 2. Statistical output of multiple linear regression models for net non-
photoadapted CO2 removal over 40-minutes across levels of light intensity and light angle, for both 
Chlorophytum comosum (“C.com”) and Spathiphyllum wallisii (“S.wal”) models. Variable levels listed 
are in reference to 50 µmol∙m-2∙s-1 for light intensity effects, and 0° for light angle effects.  

 

Variable 
 

Coefficient SE t-value p-value 

C.com:                                  F(7,52) = 46.390, p < 0.001, R2 = 0.86, Adj R2 = 0.84 

Intercept 
Intensity 

75 µmol∙m-2∙s-1 

100 µmol∙m-2∙s-1  
150 µmol∙m-2∙s-1  
200 µmol∙m-2∙s-1  

Angle 
15° 
30° 
45° 

7.189 
 

6.816 
11.228 
17.702 
19.375 

 
1.836 
-4.115 
-6.755 

1.237 
 

1.383 
1.383 
1.383 
1.383 

 
1.237 
1.237 
1.237 

5.812 
 

4.929 
8.119 

12.801 
14.010 

 
1.484 
-3.327 
-5.461 

< 0.001 
 

< 0.001 
< 0.001 
< 0.001 
< 0.001 

 
0.144 
0.002 

< 0.001 

S.wal:                                  F(7,52) = 37.420, p < 0.001, R2 = 0.83, Adj R2 = 0.81 

Intercept 
Intensity 

75 µmol∙m-2∙s-1 

100 µmol∙m-2∙s-1  
150 µmol∙m-2∙s-1  
200 µmol∙m-2∙s-1  

Angle 
15° 
30° 
45° 

1.993 
 

4.137 
8.153 

13.119 
16.712 

 
6.068 
4.013 
5.408 

1.127 
 

1.260 
1.260 
1.260 
1.260 

 
1.127 
1.127 
1.127 

1.769 
 

3.284 
6.472 

10.413 
13.265 

 
5.385 
3.561 
4.799 

0.083 
 

0.002 
< 0.001 
< 0.001 
< 0.001 

 
< 0.001 
0.001 

< 0.001 
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Supplementary Table 3. Statistical output of linear regression models for photoadapted CO2 removal 
efficiency time series in Chlorophytum comosum (“C.com”) and Spathiphyllum wallisii (“S.wal”). 

 

Variable 
 

Coefficient SE t-value p-value 

C.com: 100 µmol∙m-2∙s-1 at 15°             F(1,31) = 0.779, p = 0.384, R2 = 0.03, Adj R2 = 0.01 

Intercept 
Days 

19.455 
-0.082 

0.549 
0.093 

35.468 
-0.882 

< 0.001 
0.384 

C.com: 200 µmol∙m-2∙s-1 at 15°             F(1,31) = 15.890, p < 0.001, R2 = 0.34, Adj R2 = 0.32 

Intercept 
Days 

35.980 
-0.922 

1.368 
0.231 

26.303 
-3.987 

< 0.001 
< 0.001 

C.com: 200 µmol∙m-2∙s-1 at 45°             F(1,31) = 1.143, p = 0.293, R2 = 0.04, Adj R2 ~ 0.00                         

Intercept 
Days 

13.699 
0.114 

0.632 
0.107 

21.680 
1.069 

< 0.001 
0.293 

S.wal: 100 µmol∙m-2∙s-1 at 15°              F(1,31) = 0.195, p = 0.662, R2 = 0.01, Adj R2 = 0.03 

Intercept 
Days 

15.173 
0.053 

0.704 
0.119 

21.547 
0.442 

< 0.001 
0.662 

S.wal: 200 µmol∙m-2∙s-1 at 15°              F(1,31) = 13.500, p = 0.001, R2 = 0.30, Adj R2 = 0.28 

Intercept 
Days 

16.967 
0.333 

0.537 
0.091 

31.622 
3.674 

< 0.001 
0.001 

S.wal: 200 µmol∙m-2∙s-1 at 45°              F(1,31) = 0.264, p = 0.611, R2 = 0.01, Adj R2 = 0.02                         

Intercept 
Days 

18.739 
0.085 

0.979 
0.166 

19.133 
0.514 

0.024 
0.611 
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Supplementary Table 4. Statistical output of linear regression models for photoadapted leaf and stem 

position time series in Chlorophytum comosum (“C.com”) and Spathiphyllum wallisii (“S.wal”). 

 

Variable 
 

Coefficient SE t-value p-value 

Leaf angle in C.com: 100 µmol∙m-2∙s-1 at 15° 
F(1,130) = 8.083, p = 0.005, R2 = 0.06, Adj R2 = 0.05 

Intercept 
Days 

-20.682 
-0.909 

1.892 
0.320 

-10.933 
-2.842 

< 0.001 
0.005 

Leaf angle in C.com: 200 µmol∙m-2∙s-1 at 15° 
F(1,130) = 21.200, p < 0.001, R2 = 0.14, Adj R2 = 0.13 

Intercept 
Days 

-6.068 
-1.123 

1.443 
0.244 

-4.207 
-4.604 

< 0.001 
< 0.001 

Leaf angle in C.com: 200 µmol∙m-2∙s-1 at 45° 
F(1,130) = 4.623, p = 0.033, R2 = 0.03, Adj R2 = 0.03 

Intercept 
Days 

-12.080 
-0.875 

2.408 
0.407 

-5.018 
-2.150 

< 0.001 
0.033 

Leaf angle in S.wal: 100 µmol∙m-2∙s-1 at 15° 
F(1,130) = 36.770, p < 0.001, R2 = 0.22, Adj R2 = 0.22 

Intercept 
Days 

-6.136 
4.227 

4.125 
0.697 

-1.488 
6.064 

0.139 
< 0.001 

Leaf angle in S.wal: 200 µmol∙m-2∙s-1 at 15° 
F(1,130) = 42.860, p < 0.001, R2 = 0.25, Adj R2 = 0.24 

Intercept 
Days 

25.239 
5.152 

4.656 
0.787 

5.421 
6.547 

< 0.001 
< 0.001 

Leaf angle in S.wal: 200 µmol∙m-2∙s-1 at 45° 
F(1,130) = 24.420, p < 0.001, R2 = 0.16, Adj R2 = 0.15 

Intercept 
Days 

-6.034 
5.057 

6.054 
1.023 

-0.997 
4.942 

0.321 
< 0.001 

Stem angle in S.wal: 100 µmol∙m-2∙s-1 at 15° 
F(1,130) = 56.770, p < 0.001, R2 = 0.30, Adj R2 = 0.30 

Intercept 
Days 

-2.023 
1.936 

1.520 
0.257 

-1.330 
7.534 

0.186 
< 0.001 

Stem angle in S.wal: 200 µmol∙m-2∙s-1 at 15° 
F(1,130) = 144.900, p < 0.001, R2 = 0.53, Adj R2 = 0.52 

Intercept 
Days 

-5.455 
1.496 

0.735 
0.124 

-7.421 
12.036 

< 0.001 
< 0.001 

Stem angle in S.wal: 200 µmol∙m-2∙s-1 at 45° 
F(1,130) = 124.000, p < 0.001, R2 = 0.49, Adj R2 = 0.48 

Intercept 
Days 

1.841 
2.391 

1.271 
0.215 

1.449 
11.133 

0.150 
< 0.001 
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Chapter 3 

 

Supplementary Figure 4. nMDS plot showing dissimilarities in bacterial community structure amongst 

active green wall plant species, with significant differences detected between species (PERMANOVA; p 

= 0.005; R = 0.977; stress = < 0.01). 
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Supplementary Table 5. Average abundance (concentration/100 mL) ± SEM of individual Legionella ASVs for each plant species. Three ASVs (52, 108, 116) 1 

exceed the grouped mean relative abundance (gmRA) cut-off and were included in Figure 3. Percentage population abundance (PPA) is listed as function of 2 

its contribution to the total bacterial community composition (Legionella <1 % of total bacterial community).  3 

ID Genus C.comosum E. aureum S. wallisii gmR
A  

PPA 
(%) 

 ID Genus C.comosum E. aureum S. wallisii gmR
A  

PPA (%) 

ASV52 Legionell
a 

22.9 ± 1.6 90.9 ± 32.5 4.2 ± 1.1 250.0 0.378  
ASV1321 

Legionella 
  

0.9 ± 0.9 1.11 0.002 

ASV108 Legionell
a 

10 ± 0.9 42 ± 14.8 1.5 ± 1.5 112.2 0.17  
ASV1348 

Legionella 0.8 ± 0.8 
  

1.00 0.002 

ASV116 Legionell
a 

45.1 ± 3.8 11.3 ± 4.4 17.7 ± 4.4 101.9 0.154  
ASV1412 

Legionella 
 

0.1 ± 0.1 
 

0.89 0.001 

ASV224 Legionell
a 

17.2 ± 2.8 4.4 ± 2 10.3 ± 2.8 43.4 0.066  
ASV1554 

Legionella 
 

0.1 ± 0.1 
 

0.67 0.001 

ASV317 Legionell
a 

9.1 ± 1 3.3 ± 1.2 7.1 ± 1.1 28.3 0.043  
ASV1594 

Legionella 
  

0.7 ± 0.7 0.67 0.001 

ASV439 Legionell
a 

 
7.4 ± 2.6 

 
16.6 0.025  

ASV1616 
Legionella 0.5 ± 0.5 

  
0.56 0.001 

ASV511 Legionell
a 

5.9 ± 0.7 2.4 ± 0.9 
 

12.1 0.018  
ASV1619 

Legionella 0.5 ± 0.5 
  

0.56 0.001 

ASV553 Legionell
a 

2.5 ± 1.4 
 

5.6 ± 1.9 10.1 0.015  
ASV1638 

Legionella 
 

0.3 ± 0.3 
 

0.56 0.001 

ASV664 Legionell
a 

0.9 ± 0.5 0.2 ± 0.2 4.2 ± 1.1 6.9 0.01  
ASV1652 

Legionella 
 

0.1 ± 0.1 
 

0.56 0.001 

ASV802 Legionell
a 

2.3 ± 0.5 0.6 ± 0.4 
 

4.3 0.007  
ASV1695 

Legionella 
  

0.6 ± 0.6 0.56 0.001 

ASV844 Legionell
a 

  
2.9 ± 0.6 4.0 0.006  

ASV2447 
Legionella 

 
0.1 ± 0.1 

 
0.22 0.00 

ASV863 Legionell
a 

  
2.9 ± 1 3.8 0.006  

ASV2538 
Legionella 

   
0.22 0.00 

ASV940 Legionell
a 

  
2.4 ± 0.7 3.1 0.005  

ASV2580 
Legionella 

 
0.1 ± 0.1 

 
0.22 0.00 

ASV1259 Legionell
a 

1.1 ± 0.6 
  

1.2 0.002  
ASV2669 

Legionella 
  

0.2 ± 0.2 0.22 0.00 

ASV1279 Legionell
a 

  
0.8 ± 0.6 1.2 0.002  ASV303  NA 1 ± 0.5 11.6 ± 3.2 

 
29.89 0.045 

ASV1281 Legionell
a 

  
0.5 ± 0.5 1.2 0.002  

ASV1316  
NA 

 
0.7 ± 0.4 

 
1.11 0.002 

ASV1317 Legionell
a 

 
0.2 ± 0.2 

 
1.1 0.002 Total Legionellaceae  119.8 ± 55.56 175.8 ± 

122.15 62.5 ± 35.32 – 0.969% 
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Supplementary Table 6. Additional bacterial genera (identities/100 mL ± SD) containing opportunistic 

human pathogens described by Baron et al [219]. Relative abundances presented here are insufficient 

to warrant concern or sterilisation. [219]. 

ID Class Genus C. comosum E. aureum S. wallisii gmRA 

ASV75 Actinobacteria Mycobacterium  12.7 ± 2.4 1.3 ± 1.1 122.6 ± 27.9 181.4 
ASV134 Actinobacteria Mycobacterium  5.2 ± 1 1.1 ± 0.9 54.1 ± 13.5 81.2 
ASV268 Actinobacteria Mycobacterium  5.5 ± 1.3 7.2 ± 2.9 9.9 ± 2.1 35.4 
ASV355 Actinobacteria Mycobacterium  12.7 ± 0.8 0.7 ± 0.5 5.9 ± 2.7 23.9 
ASV495 Actinobacteria Mycobacterium  3.6 ± 2.1 3.0 ± 3.0 3.2 ± 3.2 12.6 
ASV656 Actinobacteria Mycobacterium   3.7 ± 1.7  7.1 
ASV728 Actinobacteria Mycobacterium    3.4 ± 2.0 5.7 
ASV759 Actinobacteria Mycobacterium    3.7 ± 0.6 5.1 
ASC880 Actinobacteria Mycobacterium  2.9 ± 1.5   5.1 
ASC954 Actinobacteria Mycobacterium  2.5 ± 1.3   2.9 
ASC981 Actinobacteria Mycobacterium  2.2 ± 1.1   2.7 
ASC1079 Actinobacteria Mycobacterium    1.6 ± 1.1 2.1 
ASC1220 Actinobacteria Mycobacterium    0.8 ± 0.5 1.4 
ASC1318 Actinobacteria Mycobacterium   0.2 ± 0.2  1.1 
ASC1697 Actinobacteria Mycobacterium    0.6 ± 0.6 0.6 
ASV385 Alphaproteobacteria Sphingomonas 14.2 ± 0.4  3.4 ± 1.1 21.0 
ASV782 Alphaproteobacteria Sphingomonas 2.1 ± 2.1 1.2 ± 1.2  4.7 
ASV987 Alphaproteobacteria Sphingomonas 2.1 ± 2.1   2.7 
ASV1084 Alphaproteobacteria Sphingomonas 1.9 ± 1.9   2.0 
ASV1299 Alphaproteobacteria Sphingomonas 1.0 ± 1.0   1.1 
ASV1674 Alphaproteobacteria Sphingomonas   0.4 ± 0.4 0.6 
ASV561 Bacteroidetes Chryseobacterium 8.7 ± 2.5   9.9 
ASV644 Bacteroidetes Chryseobacterium   5.6 ± 1.4 7.4 
ASV742 Bacteroidetes Chryseobacterium 4.6 ± 0.6   5.3 
ASV890 Bacteroidetes Chryseobacterium  0.2 ± 0.2 2.5 ± 1.0 3.6 
ASV1350 Bacteroidetes Chryseobacterium 0.8 ± 0.8   1.0 
ASV2237 Bacteroidetes Chryseobacterium 0.2 ± 0.2   0.2 
ASV470 Gammaproteobacteria Pseudomonas  4.4 ± 1.3 2.8 ± 1.1 14.2 
ASV623 Gammaproteobacteria Pseudomonas  3.9 ± 1.6  8.1 
ASV1135 Gammaproteobacteria Pseudomonas  0.6 ± 0.4  1.8 
ASV1257 Gammaproteobacteria Pseudomonas 1.1 ± 1.1   1.2 
ASV959 Gammaproteobacteria Acinetobacter  1.2 ± 0.3  2.9 
ASV2045 Gammaproteobacteria Acinetobacter    0.3 
ASV529 Gammaproteobacteria Stenotrophomonas 9.4 ± 0.1   10.9 
ASV2587 Gammaproteobacteria Stenotrophomonas  0.1 ± 0.1  0.2 
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Supplementary Figure 5. Aerial view (Google Earth) of the site and the surrounding geography. 
Satellite images pre-date the construction of the green roof, however the conventional roof is on 
display. Substantial development has occurred to the north and west of the site since the images were 
taken, however the southern and eastern urban geometries remain largely unchanged. 
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Supplementary Figure 6. Daily thermal sensor profile comparison between fitted generalised additive 
model (GAM) curves with cubic splines, and mean ± SD. Green lines = green roof; grey lines = 
conventional roof. 

 

Supplementary Table 7. Summary of seasonal thermography surface temperatures (°C) for each roof 

type by season and location. Comparisons are drawn between PV panel and roof surface temperatures 

(plant foliage or concrete).  

 
 Panel Roof Surface 

 Green  Conventional Green Conventional 

Spring 

Mean  30.77 29.11 23.47 23.19 

SD  5.8 4.04 4.24 4.44 

Max.  40.9 37.2 40.3 36.3 

Min.  21 21.9 18.7 18.6 

Summer 

Mean  27.07 36.7 22.47 29.4 

SD  4.71 6.45 2.44 6.35 

Max.  39.9 56.3 29 46 

Min.  15.9 29.9 17.1 18.7 

Autumn 

Mean  24.05 31.45 18.62 23.21 

SD  6.52 4.7 2.5 4.39 

Max.  36.6 38.8 25 32.6 

Min.  13.8 14.2 14 13.6 
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Supplementary Table 8. Summary of seasonal rooftop temperatures (°C) as recorded by thermal 

sensors for each roof type by sensor location. Values are daily averages across each season.   

 
Sensor Location Green Roof Conventional Roof 

 Ambient 

unshaded 

Ambient 

shaded 

Roof 

surface 

Ambient 

unshaded 

Ambient 

shaded 

Roof 

surface 

Spring 

Mean 22.15 20.82 19.61 23.53 23.92 21.93 

SD 7.78 5.12 2.79 8.69 8.98 5.48 

Max. 56.00 43.50 31.50 61.00 63.00 43.50 

Min. 12.00 12.00 14.00 11.50 12.00 12.00 

Summer 

Mean 23.31 22.32 20.89 23.63 23.92 22.75 

SD 6.76 4.03 1.89 6.31 6.27 4.45 

Max. 58.00 44.00 32.50 56.00 53.50 52.50 

Min. 14.00 14.50 16.00 14.50 14.50 16.00 

Autumn 

Mean 19.70 19.45 17.78 19.75 19.87 19.54 

SD 5.56 3.95 2.55 4.70 4.26 3.85 

Max. 53.00 40.00 24.50 51.00 38.00 37.00 

Min. 8.50 10.00 11.00 9.50 10.00 10.00 
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Supplementary Table 9. Monthly heat flow (q; W m-2) values calculated using thermal resistance data 
from previous literature and in-situ temperatures recorded on each roof over the 8-month monitoring 
period.  

 
 October November December January February March April May 

Green roof 

Max 46.93 73.10 59.59 78.36 51.36 57.13 48.97 35.56 

Min -27.59 -7.22 -8.92 -10.70 -7.22 -6.97 -7.55 -7.39 

Average 3.43 5.26 4 4.39 3.02 1.88 1.48 18.18 

Avg Day 7.59 10.77 8.64 9.81 7.12 5.67 6.12 2.25 

Avg Night -1.47 -2.15 -2.29 -3.01 -2.3 -1.89 -3.03 -3.59 

Conventional roof 

Max 133.43 174 202.07 110.79 79.29 53.07 32.93 43.36 

Min -10.93 -32.43 -14.29 -25.36 -94.07 -20.00 -28.07 -9.07 

Average 4.30 12.47 10.89 5.82 5.14 3.22 0.27 2.69 

Avg Day 11.92 26.06 20.86 12.93 10.26 7.57 2.89 7.01 

Avg Night -4.66 -5.8 -2.64 -3.90 -1.51 -1.13 -2.28 -0.76 
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Supplementary Figure 7. Image of both green and conventional roofs (A and B, respectively), including 

indicators for trace metal sampling locations. Sampling was conducted on the North and South ends of 

each building, with substrate and surface dust samples being collected for the green and conventional 

roofs, respectively. 

Supplementary Table 10. Examined literature relating to the bioretention of trace metals from 

stormwater and impervious surfaces. 

Study Investigation Location

Davis et al. [405] Laboratory experiment USA
Davis et al. [406] Laboratory experiment USA
Hsieh & Davis [407] Laboratory experiment USA
Glass & Bissouma [408] Field observations Washington DC, USA
Sun & Davis [409] Laboratory experiment USA
Hunt et al. [317] Field observations North Carolina, USA
Roseen et al. [410] Field observations New Hampshire, USA
Davis [411] Field observations Maryland, USA
Hunt et al. [412] Field observations North Carolina, USA
Chapman & Horner [318] Field observations Washing, USA



167 
 

Chapter 6 

Supplementary Table 11. Specifications of the photovoltaic panels used on the BSGR and CSR. 

Roof type Bio-solar Conventional 

Panel model SPR-MAX3-395 LG320N1K-V5 
Manufacturer Maxeon LG 
Solar Cells 104 Monocrystalline Gen 3 60 Monocrystalline / N-type 
Dimensions (mm) 1046 x 1690 x 40 mm 1016 x 1686 x 40 mm 
Nominal Power (pNom in W) 395  320  
Power Tolerance (%) +5/0 +3/0 
Panel Efficiency (%) 22.3 19.2 
Rated Voltage (V) 65.4  33.3  
Rated Current (A) 6.04  9.62  
Open-Circuit Voltage (V) 75.6  40.8  
Short-Circuit Current (A) 6.57  10.19  
Power Temp Coefficient (%) −0.29 /°C -0.38 /°C 
Voltage Temp Coefficient (%) −0.236 /°C -0.28 /°C 
Current Temp Coefficient (%) 0.058 /°C 0.03 /°C 
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Supplementary Figure 8. Methodological infographic depicting the sequence of corrections applied to 

the BSGR to reduce the raw energy output to a state in which it is representative of the CSR energy 

output based on various factors and differences in system design. 




