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Abstract 

 

To mitigate the effects of climate change, low-carbon developments, such as zero-carbon building 

systems, are unavoidable in both existing and future structures. In this regard, a comprehensive 

analysis of four off-grid systems (Grey water system, Green curtain, Off-grid toilet, and Double roof 

house) was done in the off-grid tech lab at The University of Sydney. The mentioned systems were 

designed, constructed, and operated for a certain period (3 - 15 months), proving their credibility and 

effectiveness. Out of the four systems, only Double roof house was a scaled-down model (3:1). The 

work summary of each system is described as: 

In the Grey water system project, the performance of a potential off-grid system for greywater 

purification was examined. The results showed a high removal rate (between 90% and 99%) of total 

suspended solids, total coliforms, fecal coliforms, and other contaminants. The research also examined 

the impact of greywater on soil microbes and soil biomass. It was found that the filtered greywater, 

when absorbed by soil, accelerated soil decomposition, and improved soil stability compared to tap-

water-absorbed soil or unfiltered greywater. 

The Off-grid toilet research work investigated the environmental solutions for toilet systems that are 

user-friendly and sustainable based on vermifilters systems to filter the nutrients by worm composting. 

The methodology was based on online surveys to select the most appropriate interface of targeted 

societies, and the investigation of the microbial dynamics of a vermifilter. The microbial activity was 

compared to aerobic composting systems by measuring soil temperature, soil composition, Tea Bag 

Index, and DNA analysis. The results concluded that the vermifilter was found to be the superior 

mechanism for composting, outperforming aerobic composting in terms of pathogen inactivation, time 

to-waste maturation, microbial biodiversity, ease of operation, energy, and material use. 

The Double roof house project studied the performance of a double roof house, featuring a combination 

of photovoltaic panel roof (PV) and green roof (GR), with a solar roof house. Numerical simulations 

and physical modeling were utilized across different seasons to analyze the synergy between PV and 

GR systems. The assessment focused on indoor thermal comfort, photovoltaic temperature, and energy 

yield. Results showed the synergy of PV-GR caused 2-3 °C less indoor air temperature in summer 

compared to solar roofs. Additionally, the synergy significantly reduced the photovoltaic temperature 

by up to 8°C, prolonging the PV lifespan and boosting energy yield by 18%. 

The Green curtain project investigated the performance of indoor vertical greenery, in buildings to 

enhance indoor environments. A prototype of an indoor living green curtain was assessed against no 

curtains and external blind modules. The analysis measured temperature, relative humidity, air quality, 

and solar radiation. Results showed that the green curtain module regulated the indoor environment, 

with a temperature difference of up to 4°C during peak solar radiation hours and up to 8°C during 

peak summer days. The relative humidity inside the green curtain was maximum (67%). Overall, the 

study highlighted the potential of green curtains to enhance indoor environments. 

All prototypes collectively aimed to determine if off-grid systems can be operated in a way that does 

not compromise the quality of life. The research project embraced a biophilic approach, viewing each 

prototype as part of a larger system interacting with nature. Waste generation was minimized, and 

valuable performances were achieved with the least resource usage and minimal human interventions. 

The prototypes endorsed and demonstrated that sustainability and modernity can coexist without 

compromising on lifestyle. For instance, the Grey water system provided water to plants without any 

waste going out of the project boundaries, the Off-grid toilet functioned as a contemporary toilet while 

producing compost, the Double roof house roofing system powered appliances and ensured indoor 

comfort, and the Green curtain offered indoor comfort with indoor living greenery. These findings 

highlighted the feasibility of off-grid technologies without sacrificing modern-day conveniences.
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1. Introduction  
 

Climate change is identified as the main global issue based on clear scientific evidence [1]. To tackle 

this issue, a key strategy in the form of low-carbon development was raised in Paris Agreement [2] 

signed by 194 countries. Low-carbon developments in the form of low-carbon buildings are essential 

because over one-third of the total global carbon emissions [3] come from the building sector. Therefore, 

it is now high time to minimize the negative environmental effects of buildings and safeguard the 

quality of life for mankind. In this fight against climate change, developing low-carbon or zero-carbon 

buildings is a progressive trend in the main-stream building industry [4] of the developed world. At 

the same time Zero carbon building strategies has vast potential to address the core issues of;  

Providing an opportunity for accessing electricity to 789 million people (in 2019) worldwide, who had 

no electricity in their homes[5]. Though this number largely improved from 2010, when it stood at 1.3 

billion [5], and this was primarily achieved through grid extensions and off-grid solar home systems 

installations. However, according to the updated policy scenario of the International Energy Agency 

(IEA), an estimated 674 million people will still be without electricity in 2030 [1].  

Providing water to 40% of the world's population that is affected by a lack of water [6]. Also, the 

growing population trend can significantly increase the clean water deficiency issues in the future. 

 Safe sanitation and toilet usage to approximately 4.5 billion people (60% of the world population). 

According to UNICEF, 673 million people still practice open defecation and an estimated 367 million 

children attend a school with no sanitation facility at all [7].   

Successful progression towards zero-carbon buildings and safeguarding vulnerable communities by 

facilitating them with proper residential usage systems can both be achieved by implementing 

sustainable building practices. Different strategies or practices to reduce carbon emissions can be used 

in a building e.g., using renewable energy technologies or reducing energy use [8]. One such practice 

is off-grid living or off-grid building system usage. Everyone will have a different opinion about off-

grid. Some people may consider themselves living off-grid having a few solar panels on the rooftop 

and are not connected to government electricity while others may not consider anyone “off grid” unless 

they provide 100% of their own needs (electricity, gas, and water supply). The term off-the-grid is 

referred to a system that is independent of the grid infrastructure such as electricity, water, etc. [9]. The 

concept is becoming popular mainly for two reasons: sustainability and independent energy 

generation. The living off-grid systems trend or the zero carbon building (ZCB) approach is on the rise 

as the number of people gaining energy access through off-grid systems has steadily grown to 133 

million in 2018 [10]. The off-grid houses also address the problem of water scarcity, related to the 

sustainable development goal (SDG) 6 of the United Nations which seeks to ensure that people have 

access to clean water and adequate sanitation services worldwide [11]. This movement is also an 

advanced model for green buildings [12] and the transition that is taking place in the global energy 

systems [13]. The changing trends of the smart world and the global outbreak of coronavirus disease 

2019 (COVID-19) caused an increase in the consumption of energy resources in residential buildings. 

Also, urban places especially developed cities have less ground-level space for parks and gardens, 

therefore it is important to combine engineered forms of green infrastructure (green roofs and green 

windows) with grey infrastructure (grey water recycling) [14]. Changing climate and technological 

developments in buildings is one of the dynamic challenges for maintaining and sustaining existing 

buildings [15]. Therefore, developing and updating the off-grid sustainable living approach is now 

inevitable, as in many cities and regions this approach has been adopted [16-18].  

A good combination is to integrate off-grid strategies with the existing modern-day luxuries–like a 

micro-flush toilet but using its filtered recycled water to irrigate the backyard lawn. Similarly, using an 

automatic hand-sensitive vanity but making sure the used water going out of the vanity is re-used as a 
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nonportable water source.  This way hybrid grid-off-grid strategies can achieve synergies of electrical, 

water, or wastewater network. In this regard, an experimental project is developed in the Off-Grid 

technology lab at The University of Sydney. The mission of this lab is the development and long-term 

monitoring of systems for off-grid energy production, passive thermal comfort, and small-scale waste 

management for off-grid dwellings.  The lab operates in the Agricultural Glasshouse (shown in Figure 

1.1) which is exclusively dedicated to off-grid technology research. The lab provides natural daily and 

annual temperature variations that can reach up to 50 °C, which ideally mimics the extreme climatic 

conditions of the Australian outback region where off-grid housing is relevant. Different projects and 

developments took place in this lab since 2016, resulting in published work [19-24]. Developments 

included the construction of an off-grid house and off-grid systems shown in Figure 1.1 However, a 

comprehensive study of the off-grid prototypes in the lab which can stretch out to different seasons 

and provide more flexibility with modern building strategies was still to be explored. Therefore, the 

preliminary off-grid technology research in the existing lab was taken to the next level by the beginning 

of 2020 in the form of designing, testing, operating, and maintaining prototypes.  

The project is based on three basic principles. 

(i) The biophilic principle consists in achieving a healthy and synergetic connection with 

nature. 

(ii) Minimization of environmental impact based on optimization of local resources (power 

and water) and reduction of waste through end-use of technology. 

(iii) Maximization of performance by developing highly autonomous systems that require low 

power and minimal human intervention for the systems to operate. 

 

 

 

Based on these principles, four prototype systems (Figure 1.2) were designed, modeled (in Autodesk 

Revit[25]),  built, operated, and studied in the form of;   

1) Greywater system – GWS 

2) Off-grid toilet- OT 

3) Double roof house- DR 

4) Green curtain – GC 

Figure 1.1: Ariel view (left) of the off-grid tech lab and the glass house showing the location of the house. This 
picture was taken in 2016 when the lab was in early developing stage.  Development projects’ images (right) 
of system; (a) off-grid house (b) green curtain (c) off-grid roofs and (d) off-grid urine-diverted toilet, in the off-

grid tech lab at The University of Sydney since 2016. 
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All four prototype systems are part of an off-grid house (model) shown in Figures 1.3,1.4,1.5,1.6 and 

1.7. The house represents a new design unlike a typical Australian house with a cost-effective roof. The 

design shows an innovative approach in the form of four off-grid prototype systems is shown. The 

house was designed for two people, having spaces for living, dining, kitchen, and bed on the ground 

floor. The first floor has a green roof under the solar roof for interaction with nature (shown in Figure 

1.3 and Figure 1.5). The house plan is shown in Figure 1.7.   

1.1 Greywater system – GWS 

Greywater is the effluent obtained from kitchen sinks, bathroom sinks, bathtubs, showers, and laundry 

[26]. The GWS prototype is required to enhance the recycling and reusing of wastewater to fulfill the 

requirements at least for non-potable purposes. The focus was on the treatment of GW coming out from 

the vanity through the implementation of constructed wetlands as a filtering medium. For this purpose, 

in this study GWS was constructed in the form of a staircase wetland, cleaning and storing the GW 

coming from a washroom vanity, shown in a modeled image (Figure 1.4) 

1.2 Off-grid toilet- OT 

OT is more sustainable than traditional toilet systems and more user-friendly than composting toilets. 

By integrating a micro-flush user interface, OT system requires little water (less than three liters per 

flush) [27].OT does not require a complete system of plumbing and it can run by application of a simple 

system. Composting in off-grid toilets has been seen as a quite successful strategy [28]. The composting 

chamber in this OT provides a balance of Carbon/Nitrogen ratio, facilitates aeration by using a double 

breathable wall, and incorporates earthworms to increase the temperature of the compost and speed 

up the composting process. The OT system in a house is shown in Figure 1.4. 

The discharged purified grey and blackwater from GWS and OT respectively goes into the soil and is 

used for plant growth. It is important to check the impact of this discharged water on soil health. For 

this purpose, tea bag index testing (TBI) and DNA sequencing analysis of the soil is done. The TBI 

method is a standardized and economical method to quantify microbial-driven decomposition by 

measuring the tea mass after being buried in soil over a certain period [29]. DNA sequencing is a 

method used to gather information about organisms and their environment [30]. Through TBI and 

DNA analysis, the identification of those soil microbes is done which are suitable for fertile soil.  

Figure 1.2. Modelled images of the four off-grid systems studied in this project. (1) Green curtain 
(2) Greywater system (3) Off-grid toilet mechanism-based system (4) Double roof house. These 
design models were built in Autodesk Revit.  
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1.3 Double roof house- DR 

The combination of a photovoltaic panel with vegetation on a rooftop below the panel makes a 

photovoltaic-green roof. It is a symbiosis between a green roof and renewable energy, also called a bio-

solar roof [31]. The combination of PV panels with plants provides a cooling effect for the PV panels, 

which improves the energy performance of the panels [32]. This type of roof has many advantages in 

the form of serving as an alternative source of energy production [33], reducing roof temperature [34-

37], mitigating the urban heat island effect [33], stormwater capture [35, 38] and improving urban 

ecology [35, 39-41]. To comprehensively test this synergy of a solar roof with a green roof in different 

seasons, the performance of two roofs was studied. One house was a single-roof house (SRH) in the 

form of a solar panel roof, and the other green roof had living plants as the second roof layer with a 

solar panel as the first layer known as the double roof house (DRH). The structural analysis of the 

houses had been previously conducted in 2016 [42] and was, therefore, not within the scope of this 

study. The generated electricity from the solar panels was used to run the sensors or other small 

equipment used in this project. A modeled presentation of the DR house is shown in Figure 1.3 and 

Figure 1.5. 

The off-grid energy from the DR requires different types of energy storage; 

(a) Gravitational potential energy: by pumping rainwater and purified greywater to the roof 

(shown in Figure 1.4) and storing it in a tank and the green roof. This energy is used to move 

water to the toilet tank and greeneries in the lower levels. 

(b) Electrochemical energy: by charging the batteries of the electric car (shown in Figure 1.3) and 

other battery panels. This energy can be withdrawn during the night when there is no solar 

energy.  

(c) Heat energy:  by using electricity to heat water. This energy can be used as heat capacity storage 

during the night and in all appliances needing hot water (shown in Figure 1.9). 

1.4 Green curtain – GC 

Using indoor green plants and vegetation systems, such as bio walls [43-45], has shown possibilities for 

absorbing pollutants and improving overall comfort. Also, indoor greenery offers several benefits in 

the form of producing oxygen through photosynthesis, generating humidity, and providing an 

aesthetically pleasing environment to work and live in as well as visual performance to the indoor 

environment [46-50]. Planting in an indoor environment requires effective planning and management. 

For this purpose, in this study, an indoor GC in the form of a furniture piece was built to grow plants 

and placed in front of a window, as shown in the modeled image (Figure 1.6). It served the purpose of 

a curtain as well as providing aesthetics and breathing clean air for the building occupants. GC is a 

passive thermal system for the indoor environment.  
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Figure 1.3: Front view of the modelled off-grid house highlighting the GC system and the solar car getting 

the charge from the car charging station powered by the solar roof.  

 

Figure 1.4: Back view of the modelled off-grid house highlighting the GWS and OT systems  
  and their connection with the nature. 

 



6 

 

 

Figure 1.5: Roof top view of the DR house (Green roof and Solar roof). The cross section of the roof layers is also 
highlighted The different roof layers shown are; plywood, pondliner, corrugated material, round gravel, geotextile, 
soil and plants. The green roof is providing interaction with the nature. 

 

 

Figure 1.6: Internal view of the GC prototype from the living area. The GC prototype is placed as a furniture piece 
in the windows controlling the solar radiation intake into the indoor space.  
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Figure 1.7:  Ground floor plan of the off-grid house showing kitchen, living, bedroom, and garage areas of the 
house The GWS and the OT prototypes are connected to the toilet and washroom. The GC prototype is placed in 
the living area. The DR system is providing electricity to the garage area for charging the car and other electrical 
appliances of the house.  

1.5 Links between prototypes 

The proposed off-grid building systems are connected in one or more ways as shown in Figure 1.8. The 

systems can be effective and efficient in the manner of sustainability and are capable enough to serve 

the requirements on their own without relying on external water and electricity resources. 

The purified greywater obtained from the GWS can be used for three different purposes: (i) providing 

reuse water for flushing the toilet in the OT system (ii) providing water for irrigating the plants in GC 

(iii) irrigating the green roof soil on the DR. As the DR has two components, a solar roof, and a green 

roof. The solar roof-generated electrical energy can be used for pumping the purified grey water to the 

rooftop. The excessively generated electricity from the solar roof can be stored in batteries for nighttime 

heating of water (when the electric tariffs are low) [51]. The solar roof temperature is regulated by the 

green roof, as the plant's evapotranspiration effect cools down the photovoltaic panels surface from 

beneath. In return, the solar roof gives shade to the plants and a safe environment for natural habitat. 

This synergy between two roof structures increases the efficiency of the DR system. The health of the 

green roof soil can be maintained by using the compost obtained from the OT. Also, the after-use 

blackwater generated by the OT prototype will be cleaned by the filtering layers of the compost system. 

This treated blackwater can be used for grass or plant irrigation on the green roof. Therefore, proposed 

off-grid building systems can be split into two groups. The GWS and OT are recycling building systems 

for saving water and maintaining soil health. Whereas the GC and DRH are building systems for 

improving biophilia. 

 



8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8:  Interaction between the off-grid systems. The black arrows show the synergies between the systems. 
The colored arrows show the similarity or the purpose of the systems.  

 

Figure 1.9: The modeled 3D view section of the plumbing and electrical connections between the prototypes. The 
filtered (1) greywater through a check value (2) is pumped (3) to the rooftop and getting stored in the water tank 
(4). Under the action of gravity, the water is used for irrigation (5), toilet flushing and supplied to green curtain (6). 
The electricity from solar panels (11) goes into the charge controller and stored in the batteries (12). The battery 
supply electricity to different outlets and appliances including water heater (placed in a protected space safe from 
external environment) (14) at the top, water fixtures, and car washing. From the water heater (14), the hot water is 
flowing to all the required hot water outlets of the house. The water tank (04) and water heater (14) are enclosed 
in a protected space of the first floor. 

Greywater 
system 
(GWS) 

Green 
Curtain  

(GC) 

Off-grid 
toilet  

(OT) 

Treated grey water to be 
used for green curtain plant 
irrigation. 

Treated grey water to be used for roof top irrigation 
of Double roof house. 

Electric energy provided by solar panels to pump the 
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1.6 Aim and outline 

This study aims to research, design, build, operate, and maintain off-grid prototype systems for an off-

grid house unit. The thesis comprises four data chapters. Chapter 2 investigates the filtering quality of 

a staircase wetland and the effects of GW on the soil and biomass quality. Chapter 3 investigated the 

earthworm effect in a composting chamber connected to a micro-flush toilet-like set-up, alongside 

observing the microbial activity due to the blackwater of toilets. Chapter 4 quantifies the synergy 

between a green and solar roof and its impact on the indoor house environment, and finally Chapter 5 

investigated the indoor thermal performance of GC. 

Chapter 2: Staircase wetlands for the treatment of greywater and the effect of greywater on soil 

biodiversity. 

The experiment assessed the quality of the Synthetic Grey Water (SGW) once it passed through a 

staircase wetland construction. Secondly, it studied the effect of GW on plants' soil by studying the 

soil's physicochemical properties and the DNA of soil biomass. The tea bag tests gave information about 

microbial activity and the DNA test provided specific information on organisms on the diversity of the 

microorganisms living in the soil. The alpha and beta diversities were analyzed to find out how the soil 

health was impacted after absorbing the GW.  

Chapter 3: Micro-flush off-grid toilet doing biophilic waste management  

This experiment investigated an optimized design for the vermicomposting toilet by building upon a 

previous prototype, expected to produce better sanitation, faster composting, and more reliable 

operation than previous designs. To mimic human feces, animal manure was added to the composting 

chamber from the top and the blackwater entered the filtering medium of the composting chamber. 

The blackwater got purified and was used for the irrigation of the plants grown around the bin in the 

plant's tray. The soil compost was analyzed on physiochemical properties and DNA. The DNA of the 

soil compost gave insight into the diversity of the microbes.  

 

Chapter 4: Finding synergy between a solar photovoltaic roof and a green roof for off-grid houses in 

a laboratory experiment. 

The experiment investigated the passive thermal performance of the off-grid house with a double roof 

(a combination between a photovoltaic system and a green roof) and compared it to the thermal 

performance of a house with a conventional solar roof. The assessment relied on a performance 

comparison of air temperature, PV temperature, and) and solar energy budget.  

Chapter 5: Improving the indoor environment through an indoor green curtain.  

This study designed, built, and monitored a prototype for an indoor green curtain, as a medium for an 

indoor plant to grow, in the form of an indoor furniture piece. The assessment relied on a performance 

comparison of thermal comfort parameters (air temperature, relative humidity) and air quality as part-

per-million (PPM) between the prototype, a base case without any shading device, and a window blind 

shading system. 

The research gaps and the important research questions addressed by the chapters are mentioned in 

Table 1. A summary of the data and methods used for each chapter in this study can be found in Table 

2. 
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Table 1.1: Research gaps and research questions answered in each chapter. 

Gaps Chapter Research Questions 

The performance of a Staircase wetland as a 
filtering medium for different classes of greywater 
(dark and light) has not been studied. Also, the 
impact of this grey water on soil microbial species 
remains significantly underexplored. 

2 

(i) Staircase wetland purifies the greywater 
according to the desirable reused water quality 
standards. 
(ii) Correlating microbial communities and 
multiple physiochemical attributes of the soil 
before and after absorbing greywater. 

A micro-flush toilet compost with and without 
earthworms doing waste (manure) management 
through biophilia has not \ been practiced. 

3 

(i) Can a system of different substrate layers with 
earthworms handle the blackwater better 
compared to no earthworms? 
(ii) Correlating microbial communities and 
multiple physiochemical attributes of the soil 
before and after absorbing blackwater. 
(iii) Off-grid toilet makes the black suitable for 
ornamental plant irrigation. 

Checking the synergy between photovoltaic and 
green roofs (PV-GR) as two separate roof 
structures for all four seasons (12 months) remains 
unknown. 

4 

PV-GR perform better when they work together 
compared to putting them separately 

Indoor living vertical greenery has not been tested 
as a separate furniture piece to provide indoor 
comfort 

5 

Green curtain improves indoor comfort 
parameters (air temperature, relative humidity, 
and air quality) more efficiently than window 
blind and no-curtain window. 

 

Table 1.2: Data and methods chapter summary 

Chapter Topic Data Method 

2 Environmental tests 
(i)  Greywater tests 
(ii) Physiochemical properties of soil 
(iii)Teabag index studies inside the soil 
(iv) DNA sequencing tests of soil 

Data was collected for a period 
of 3 months, included sampling  

Quantitative and 
Qualitative 
analysis 

3 Environmental tests 
(i)  Air temperature and Relative 
humidity 
(ii) Physiochemical properties of soil 
compost 
(iii)Teabag index studies inside soil 
compost 
(iv) DNA sequencing tests of soil compost 

Data was collected for a period 
of 59 days which included 
sampling and recorded 
measurements through sensors. 

Quantitative and 
Qualitative 
analysis 

4 Environmental parameters 
(i)  Air temperature and Relative 
humidity 
(ii)  Solar radiation intensity 
(iiii) Solar energy budget 
 

Data collected for a period of 13 
months which included 
recorded measurements 
through sensors. 

Quantitative and 
Qualitative 
analysis 

5 Indoor thermal comfort parameters 
(i)  Air temperature and Relative 
humidity 
(ii)  Air Quality 
(iii)  Solar radiation intensity 
 

Data was collected over a period 
of 5 months which included 
recorded measurements 
through sensors. 

Quantitative and 
Qualitative 
analysis 

1.7 Thesis Format 

This thesis is written in a journal article format. Each chapter is written as a standalone article in 

accordance with the specific criteria of intended journal publications. Due to the connections of the 

chapters, there may be some duplication in the presentation of theory, data collection, and analysis that 
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is required to present findings in sufficient detail. Additional supporting information on the chapters 

is included in appendices at the end of every chapter. References are compiled at the end of each 

chapter. 
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2.Staircase wetlands for the treatment of greywater and 

the effect of greywater on soil microbes 

 

Published in: Sustainability MDPI, Volume 15, Issue 7, 2023. 

Citation link: https://www.mdpi.com/2071-1050/15/7/6102 

Abstract: Fresh water is an increasingly scarce resource in both urban and rural development, including 

regions characterized by high salinity. As a response to this challenge, non-potable water reuse is on 

the rise. This research explored a potential off-grid system for water purification, consisting of a 

staircase wetland with terracotta pot plants working as a filter for greywater. This study further 

investigated the physicochemical properties of greywater and the soil before and after wetland 

purification. The removal of total suspended solids, total coliforms, fecal coliforms, etc., was always 

between 90 and 99%. Results show that the filtered water satisfied all requirements for water reuse, 

e.g., a pH of 7–7.5 and a turbidity <5 NTU. This research then uniquely investigated the effect of 

greywater on soil microbes and soil biomass using soil DNA extraction and the tea bag index testing 

method. The filtered greywater absorbed by soil decomposed the soil faster (66% for green tea) and 

stabilized it better compared to tap-water-absorbed soil or unfiltered greywater. DNA generation 

sequencing revealed no significant differences in alpha diversity between the control and treatment 

samples. The beta diversity differences were significant. This nature-based solution can lead to reduced 

loads on the sewage system, resulting in less wastewater generation. 

Keywords: climate change; water reuse; soil biodiversity; water recycling; water scarcity 

2.1 Introduction 

The United Nations Sustainable Development Goal (SDG) Target 6.3 [52] states: “By 2030, improve 

water quality by reducing pollution, eliminating dumping and minimizing release of hazardous 

chemicals and materials, halving the proportion of untreated wastewater and substantially increasing 

recycling and safe reuse globally”. One action to achieve this goal can be in the form of nature-based 

solutions which are “actions to protect, sustainably manage, and restore natural or modified 

ecosystems, that address societal challenges effectively and adaptively, simultaneously providing 

human well-being and biodiversity benefits” [53]. Nature-based solutions promote nature as a medium 

for climate mitigation and adaptation, such as the use of untreated wastewater for sustainable practices. 

The untreated wastewater includes the so-called greywater (GW), which is defined as all household 

wastewater except for toilet flushes (e.g., wastewater produced in bathtubs, sinks, showers, and 

laundry machines) [26]. With over two billion people living in high water stress globally [54], the reuse 

of the generated GW from buildings is now imperative. A sustainable water usage technique will also 

reduce pressure on the sewerage systems of the buildings. To use the water sustainably, a nature-based 

solution in the form of a constructed wetland is a very eco-friendly strategy on smaller scale because 

the system offers a practical and cost-effective solution, requiring minimal retrofitting [55]. 

Constructed wetlands were the first nature-based solutions applied to GW treatment [56]. To improve 

the water quality, constructed wetlands are a comprehensive approach to unifying plants and 

microorganism's security [57]. Constructed wetlands are man-made wetlands, designed and 

constructed like a natural wetland system for the treatment of wastewater [58]. They also include a 

sand filter, usually as the last filtration layer of the GW treatment process. The sand filter is filled with 

sand, in which bacteria grow over time, helping the continuous water filtration process. A biological 

layer develops on the sand surface with time and is known as the schmutzdecke [59]. The biological 

activity is stimulated by the accumulation of organic and inorganic debris and particulate matter on 

this layer [60]. The schmutzdecke plays a major role in the removal of particulate matter [59]. 

https://www.mdpi.com/2071-1050/15/7/6102


13 

 

 Constructed wetlands were the first nature-based solutions applied to GW treatment [56]. To improve 

water quality, constructed wetlands are a comprehensive approach to unifying plant and 

microorganism security [57]. Constructed wetlands are man-made wetlands, designed and constructed 

like a natural wetland system for the treatment of wastewater [58]. They also include a sand filter, 

usually as the last filtration layer of the GW treatment process. Compared to centralized systems, they 

have proved to be financially more advantageous in construction, operation, and maintenance [61]. 

This ascendency of the constructed wetland over conventional systems is due to its process stability 

under changing environmental conditions [62, 63]. Currently, different types of wetlands are usually 

employed: surface flow wetlands, subsurface flow wetlands, and hybrid systems [62]. Their differences 

lie in the flow of water. In surface flow wetlands, water flows above the ground, generally having a soil 

bottom, emergent vegetation, and a water surface above the substrate, whereas subsurface flow 

wetlands are designed to keep the water level below the top of the rock or gravel media, thus 

minimizing human and ecological exposure [64].  Sub-surface flow wetlands can be classified into two 

basic flow systems: horizontal flow (HF) and vertical flow (VF). Horizontal and vertical flow systems 

have similar contaminant removal mechanisms, but different hydraulics [65]. In horizontal subsurface 

flow wetlands, the wastewater flows only through the substrate and flows horizontally [66]. Vertical 

systems are constructed so that water moves uniformly down or up through the substrate [67]. 

Different types of constructed wetlands may be combined to utilize the advantages of the different 

systems [83, 84]. The VF-HF and HF-VF constructed wetlands are the most common hybrid systems 

[85].  

In the last two decades, environmental, economic, and energy benefits arising from the reuse of GW 

treated by nature-based solutions have been recognized: 

• Environmental benefits include recovering water resources and minimizing sewage 

production [56].  

• Economic benefits are the reduction of water supply costs (through water recycling), which 

results in reduced household water bills [68].  

• Energy benefits in the form of limited energy generation per family per year by reusing the 

greywater with the installed turbines, pipe systems, storage, and disinfection in high-rise 

buildings [69]. 

The use of domestic GW for irrigation is becoming increasingly common in both developed and 

developing countries to cope with water scarcity. In the domestic household, GW is generated in high 

volume with a lower level of pollution [70]. However, its use may affect the microbial activity in the 

rhizosphere, which is the soil volume around the root that is strongly affected by root functioning [71]. 

This classical definition describes the rhizosphere as a four-dimensional (4D) object: 3D for volume and 

time for functioning [72]. The use or reuse of GW for growing plants may affect microbial activity, as 

the surfactants degrade the rhizosphere, and the use of plant transpiration and subsequent 

condensation to purify water. [73]. The effectiveness of microbial communities associated with the 

rhizosphere and the physiology and internal dynamics of plants play important roles in GW reuse. 

Also, GW has the potential to increase soil alkalinity if applied on garden beds over a long time. It was 

observed [74] that the reuse of GW with a pH above 8 can lead to increased soil pH and reduced 

availability of some micro-nutrients for plants, thus affecting their growth. Therefore it is essential to 

check the properties of soil and plants each year, at the same time of the year, to build up a track record 

[75].  

 Considering its benefits, the reuse of GW in buildings is a growing trend in the market [76, 77]. This 

study aims to reduce water consumption in more households but can be scaled up for commercial 

buildings, and industries in the future by reusing GW [78]. To investigate the effective use of GW, this 

research first reviews the literature about the available and existing nature-based solutions for GW 

treatment. Secondly, it identifies properties, guidelines, and policies on water reuse, defining an 

assessment matrix that can be employed to evaluate whether a GW treatment system is successful or 
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not. Thirdly, it undertakes an empirical investigation of a novel nature-based system, through the 

following: (a) water testing: physiochemical tests of the GW and tap water; (b) soil testing: 

physiochemical tests of soil; and (c) biomass findings: tea bag index method and soil DNA extraction. 

Lastly, it draws conclusions and future recommendations for an efficient reuse of GW. 

2.1.1 Greywater classification, parameters, and guidelines 

  GW can be classified based on the organic content, which is determined according to the source 

of the wastewater, e.g., the GW collected from a kitchen sink has more organic content than GW from 

a bathtub. The two major types are light greywater (LGW) and dark greywater (DGW). LGW sources 

are bathrooms, showers, tubs, hand basins and bathroom sinks, whereas DGW includes laundry 

facilities (washing and rinsing), dishwashers and, in some studies, also kitchen sinks [62, 79, 80]. 

Further classes of these two types are based on the composition of GW related to the products/elements 

contained in that particular source, as shown in Table 2.1. In this research, a nomenclature based on an 

alphabetical index is used to differentiate the GW origin 

Table 2.1: GW classes with ingredients, the standard classifications are Light (L) and Dark (D). Here the LGW and 
DGW are classified by A, B, and C, D. 

GW Class Origin Products  Percentage of total 
GW 

Class A (LGW) Washbasin  Hand Washing soap, toothpaste, body care products, 
shaving waste, hair 

 
 

50 – 60% [3] 
Class B (LGW) Bathroom Body wash soap, shampoos, body care products, hair, 

body fats, lint, and traces of urine 

Class C (DGW) Kitchen 
Sink 

Food residues, high amounts of oil and fat, and 
dishwashing detergents. 

10% [25-32] 

Class D (DGW) Laundry & 
all other 
washing-
required 
spaces  

Laundry soap, bleaches, oils, paints, solvents, non-
biodegradable fibers from clothing, and microplastics. 

 
 

25 – 30%[81, 82] 

Note: References are indicated by superscripts enclosed in square brackets "[ ]" 

The GW characteristics vary according to their origin [83]. The largest source of GW, with the least 

contamination, is Class A (light greywater). Class A has only 7% of total daily pollutant loads in 

domestic households [84] and originates from washbasins. Parametric studies that focused on the 

washbasin or Class A GW only have been summarized in Table 2.2 
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Table 2.2: Physical, chemical, and microbiological parameters of Class A GW (LGW) found in literature and their 
range. Square brackets “[]” in the first column represent units. The third column represents the acceptable values 
by standards 

Physical parameters [units] Values Range 

Turbidity [Nephelometric 
Turbidity unit, NTU] 

164[62], 84.3[83],35-164[85] Irrigation water quality standard < 10[86]  
Fairly turbid (15 – 25) 
Rather turbid (25 – 35) 
Turbid (35 – 50) 
Very turbid > 50  
  

Total solids (TS) 835[62], 204[87], 450.3[83] –  

Total suspended solids (TSS) 
[mg/L] 

153-259[62], 141.2[83], 25-
181[85] 

Irrigation water quality standard (≤ 33) 

Total dissolved solids (TDS) 
[ppm] 

473.3[83] Ideal drinking (0 – 40) 
Acceptable (40 – 100) 
Borderline (100 – 200) 
Average tap water (200 – 300) 
Possibly hazardous (300 – 400) 
Potentially hazardous (400 – 500+) 

Chemical parameters    

pH 7–7.3[62], 7.43[88],7.96[89], 
7.2[83],6.72–9.82[85], 6.7–
9.8[90] 

Adequate for irrigation (6 – 8) 

Biochemical oxygen demand 
(BOD) [mg/L] 

155–205[62], 109[91], 
155[79], 100[92], 568[89], 
138.5[83], 33–305[85], 35–
92[90] 

Irrigation water quality standard (≤ 50)  

Chemical oxygen demand 
(COD) [mg/L] 

386–587[62], 263[91], 
587[79], 110[92],  58[87], 
1171[89], 340.5[83], 47–
587[85], 47–350[90] 

Irrigation water quality standard (≤ 50) 

Chlorides [mg/L] 237[62] Irrigation water quality standard (≤ 70) 

Methylene blue active 
substances (MBAS) [mg/L] 

3.3[62]                    – 

Oil and grease (O&G) [mg/L] 135[62]                    – 

Total organic carbon (TOC) 
[mg/L] 

99[79], 63[92], 155.28[93], 
60.8[83] 

 

Total Nitrogen (TN) / NH3 

[mg/L] 
10.4[62], 9.6[91], 10.4[79], 
10.2[92], 2.22[93], 0.21[87], 
14.3[89], 0.6[83], 2.5–
10.4[85] 

Irrigation water quality standard (≤ 5) 

Total Phosphorous (TP) [mg/L] 2.58[91], 0.13[79], 0.15[93], 
2.25[89], 1.1[83], 0.3–2.6[85] 

Irrigation water quality standard (≤ 0.8) 

N/TOC [mg/mg] 0.11[79], 0.16[92]                   – 

P/NOC [mg/mg] 0.001[79],                    – 

Microbiological parameters    

Total coliform (TC) (Most 
Probable Number, [MPN] 

9.42E4[62], 0.0–1.7 x 
106[90] 

                  – 

Fecal coliform (FC) [MPN] 3.50E4[62]                   – 

Escherichia coli (E.coli) [MPN] 10[62] <1000 per 100 mL 

Ground elements & heavy 
metals 

  

Boron (B) [mg/L] 0.44[62] Irrigation water quality standard (≤ 0.75) 

Calcium (Ca) [mg/L] 51.19[93], 0[87], 5.1[83] Irrigation water quality standard (≤ 120) 

Magnesium (Mg) [mg/L]  7.25[93], 0[87], 1.8[83] Irrigation water quality standard (≤ 24) 
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Sodium (Na) [mg/L] 131[62], 17.11[87], 19.2[83] Irrigation water quality standard (≤ 30) 

Sulfur  (S) [mg/L] 27.70[93], 2.12[83]  

Copper (Cu) [mg/L]  0.005[93] Irrigation water quality standard (≤ 0.02) 

Zinc (Zn) [mg/L] 0.020[93], 2.03[83] Irrigation water quality standard (≤ 2) 

Potassium (K) [mg/L] 1.55[93], 1.98[87], 3.6[83] Irrigation water quality standard (≤ 20) 

Iron (Fe) [mg/L] 2[93], 0.17[83] Irrigation water quality standard (≤ 5) 

Note: References are indicated by superscripts enclosed in square brackets "[ ]" 

The guidelines for GW reuse vary at national, provincial, and organizational levels worldwide as 

shown in Table 2.3. For example, the total concentration of coliforms is limited to 2.2 cfu/100 mL in the 

United States [94] but is reduced to 10 cfu/ 100 mL for the Australian state of New South Wales [95].  

Table 2.3: Guidelines on the parameters required for GW reuse according to different organizations/institutes.  

Required parameters for 
reuse of GW 

USEPA  
Standards [96] 

UK/EU water 
standards  [97, 98] 

NSW 
government 
[95] 

USEPA 
reclaimed water 
standard for water 
closet flushing [99] 
 

Water quality     

pH 6 – 9 6 – 9 5.5 – 7.5 6 – 9 (monitor 
1/month) 

TSS < 30 mg/L < 30 mg/L 30 mg/L  

BOD < 30 mg/L < 30 mg/L 20 mg/L  < 10 Monitor 
1/week 
 

Turbidity         
         

0.1 NTU 
 

 < 2 NTU 
continuous monitor 

Pathogen criteria     

Total coliform 2.2 cfu/100 mL 2 cfu/100 mL  10 cfu/ 100 mL  

Fecal coliform ≤ 200 cfu/100 mL ≤ 200 cfu/100 mL  No fecal coliforms 
/100mL 

Note: References are indicated in square brackets "[ ]" 

2.1.2 Soil properties and biodiversity 

Understanding the GW reuse guidelines alone is not enough to ensure a safe and healthy ecosystem 

for plants to grow. It is also important to investigate the plant’s soil behavior due to GW. Water is a 

fundamental factor in determining the health of an ecosystem where plants can grow, especially 

regarding soil properties. By absorbing GW, the soil may be damaged by harmful microorganisms, 

impeding plants’ growth. In this context, soil microbial biomass (bacteria, fungi, and protozoa), which 

is the mass of the soil organic matter’s living components, can be employed as a proxy for the overall 

health of an ecosystem. Microbial biomass decomposes plant and animal waste, as well as organic 

matter in the soil, releasing carbon dioxide. This process of putting organic matter back into the soil 

stabilizes the soil with time. 

Changes in microbial productivity can also be used to predict changes in overall soil organic matter 

[100]. The most common methods used to quantify the used soil microbial biomass are chloroform 

fumigation–incubation (CFI) and chloroform fumigation–extraction (CFE) [101], spectrophotometric 

methods [102-104], phospholipid fatty acids (PLFAs) from soil [105], the tea bag index (TBI) method, 

and the DNA sequencing method. In the mentioned methods, the TBI is the most economical method, 

and DNA sequencing provides the maximum information about microbes. 

• The chloroform fumigation-incubation (CFI) and chloroform fumigation-extraction (CFE) 

methods are biochemical techniques used to determine the distribution and diversity of soil 

microorganisms [101]. Fumigation methods give an estimate of microbial biomass as a whole 
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and are related to microbial abundance rather than microbial biodiversity [106], as they 

measure the CO2 emissions of the microbial population alive and link it to the metabolism of 

that population. These methods are not accurate but are broadly used as they are very 

economical.  

• Spectrophotometric methods are easy and rapid methods employed to find soil properties 

[102]. Based on near-infrared spectral absorption various elements of the soil can be 

simultaneously detected [103]. When these methods are used, it is possible to infer information 

about the mineral and organic composition of the soil, as well as microbial soil life [107], as the 

method can identify bacteria as gram-positive or gram-negative [58] through reflectance of a 

certain type of light [108]. However, these methods lack a clear perception of biodiversity due 

to low sensitivity and selectivity [104]. 

• Phospholipid fatty acids (PLFAs) are key components of microbial cell membranes. The 

analysis of PLFAs extracted from soils can provide information about the overall structure of 

terrestrial (microorganisms from soil and freshwater) microbial communities [105]. 

• The tea bag plantation method is used to find the decomposition rate of the soil that had 

absorbed the GW. The Tea Bag Index (TBI) method is a standardized and economical method 

to quantify microbial-driven decomposition by measuring the tea mass after being buried in 

soil over a certain period [29]. This decomposition rate (k) results from increased microbial 

biomass (cell formations) and higher metabolic activity. Two different tea types are widely 

accepted for this test: rooibos and green. Each data point corresponds to a replica, i. e. a pair of 

tea bags includes one rooibos and one green tea bag. Rooibos tea is easy to decompose, while 

green tea is characterized by a slower rate of decomposition. The fraction of green tea that 

remains after the rooibos tea is fully decomposed is used to estimate the amount of biomass 

that is fixed in the soil, which is called stabilization (S). The TBI is calculated from both types 

of tea and is based on these two factors (S and k). Hence, the 'S' indicates the amount of material 

that remains in the soil, and ‘k’ is the amount lost as a byproduct of the decomposition. Both 

‘S’ and ‘k’ are functions of the initial and final weights of their respective tea bags [29].  

• DNA sequencing is a method used to gather information about organisms and their 

environment [30]. The sequencing is done through a two-stage process. Firstly, with 

commercial DNA kits, the cells are broken down, involving mechanical and chemical processes 

[109]. Secondly, short single-stranded DNA fragments, known as primers, are amplified by 

artificial replication   [110]. The amplified DNA fragments are then sequenced, and a taxonomy 

of all the different kinds of bacteria is generated. Based on that taxonomy,  diversity indexes 

are calculated, namely the alpha () and beta () [111]. -diversity is local diversity, which 

counts the types of microbes in a sample [112]. The higher the species richness the greater the 

-diversity of a particular sample. -diversity occurs within a given area within a region that 

is smaller than the entire distribution of the species [113]. -diversity compares all the different 

kinds of microbes between two or more samples [114]. It gives an estimation of how similar or 

dissimilar the microbes of different communities are in different samples. -diversity is the rate 

of change in species richness that occurs with a change in spatial scale [113].  Both  and  

diversities are determined from the Phylogenetic tree, which is a representation of the 

evolutionary relationships among various taxa [115]. A simple calculation of the diversities is 

shown in Figure 2.1. 



18 

 

 

Figure 2.1: Illustration of the concept of  and  diversity. Colored symbols represent species and circles represent 
habitat patches [116]  

In Figure 2.1, the -diversity refers to the diversity within a particular habitat patch or ecosystem. It 

corresponds to the number of species within a patch. Among patch diversity is the -diversity, referring 

to the diversity between habitat patches or ecosystems. It corresponds to the total number of species 

that are unique to each of the ecosystems being compared. 

The choice of diversity index and parameters depends on the sensitivity of the index to sample size, 

emphasis on rare or abundant taxa, and emphasis on species richness or species evenness [117]. DNA 

tests give a higher resolution of bacterial and fungal diversification, quantification of functional groups, 

and identification of microbes (up to species and genes level) [118].  

The reuse of GW is an emerging field of research. However, despite the known effects of GW on soil 

physicochemical properties [119-121], the impact of GW on soil microbial species remains significantly 

underexplored. In this paper, for the first time, the impact of GW on the soil microbial species is studied. 

This research not only studies the quality of purified GW through a specific constructed wetland 

working as a filtering medium but also the effects of GW on the soil species using the tea bag index and 

DNA tests. This allows the microbial communities and multiple physicochemical attributes of the soil 

before and after absorbing GW to be correlated. 

The first objective of the methodology is to filter GW coming out from the vanity (washbasin) of a 

washroom by passing it through a constructed staircase wetland, and second, to assess the impact of 

GW on the soil and protect the environment. Based on state-of-the-art review studies of GW treatments 

and reuse [122-126]  or the impact of GW on the environment [56, 127-130], the focus has been on 

treating or considering GW having same characteristics, e.g., the GW of washroom fixtures or kitchen 

fixtures are considered unit entities. Even if the characteristics of GW from a washbasin fixture (vanity) 

have been studied separately, as shown in Table 2.2, it has only been a brief overview of the mentioned 

parameters. As those parameters have only been compared with other fixture parameters but explicitly, 

its impact on the environment has not been studied. Moreover, in some studies [131-133], GW from 

laundry has been the focus because it has high level of surfactants, builders, bleaching agents and 

auxiliary agents or additives [131], which are difficult to filter compared to the GW of a washroom 

vanity. 

Moreover, the exploitation of treated GW includes indoor reuse, such as flushing toilets, and outdoor 

reuse, such as irrigation and vehicle washing without considering the detailed in-depth impact of this 

water on environmental elements, e.g., the soil where it finally gets absorbed. This study not only 

streamlines GW reuse by focusing only on a single fixture (vanity) but also assess its impact on soil 

microbes. Studying the impact of a single fixture GW on soil up to the microflora level (bacteria, fungi, 

etc.) [134] is the knowledge gap that this study addresses. 
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2.2  Materials and methods 

This study employs the following testing protocol. First, GW soap was made that was similar in 

properties to Class A GW. Second, a novel prototype of staircase wetlands (vertical constructed 

wetlands) was designed and fabricated, and the capacity of the plants in the staircase wetland to filter 

and purify GW was tested for eight weeks. Third, a soil biomass study using the tea bag index and soil 

DNA sequencing tests was carried out (after GW treatment was stopped) to determine the effects of 

irrigating plants with GW. The sequence of the events and tests is shown in the methodology flow chart 

(Figure 2.2). 

Physicochemical tests on the soil were performed after taking soil samples around the plant before and 

after the treatment of GW. Tea bag index testing was conducted after the GW supply was stopped. 

Similarly, the soil samples were also collected for a soil DNA study before and after passing through 

the wetlands. 

The soil and water physicochemical properties before and after absorbing GW were evaluated 

according to the methods shown in Table 2.4. Except for pH and EC, all other tests were performed by 

Envirolab services in Sydney, NSW. 

Table 2.4. Measuring methods/standards used for water and soil tests. Testing parameters 1.1, 1.2 and 2.2 were 
performed at The University of Sydney’s off-grid tech lab. Parameters 1.3, 1.4, 1.5, 1.6, 1.7 and 2.1 were performed 

by Enviro tech lab services in Chatswood. Parameter 2.3 was performed at The Metagen lab services in Queensland. 

Testing parameters Measuring method / Standards 

1. Water tests  

1.1 pH   Measured by Gro Line Waterproof Portable pH/EC 

1.2 Electrical conductivity Measured by Gro Line Waterproof Portable pH/EC 

1.3 Turbidity Measured nephelometrically using Inorg-022 a turbidimeter, in accordance with 
APHA latest edition, 2130-B. 

1.4 Total suspended solids Determined gravimetrically by filtration of the sample. The samples are dried at 
104+/-5 °C. 

1.5 BOD Analyzed in accordance with Inorg-091 APHA latest edition 5210 D. 

1.6 Total coliform Australian standard 4276.5-2007 

1.7 Fecal coliform Australian standard 4276.5-2007 

2. Soil tests  

2.1 Physiochemical tests  

2.1.1 pH Measured using pH meter and electrode in accordance with APHA latest edition, 4500-
H+. 

2.1.2 Electrical 
conductivity (EC) 

Measured using a conductivity cell at 25 °C in accordance with APHA latest edition 
2510 and Rayment & Lyons. 

2.1.3 Moisture content Determined by heating at 105°C (±5) for a minimum of 12 hours 

2.1.4 Total organic carbon 
(TOC) 

A titrimetric method that measures the oxidizable organic content of soils. 

2.1.5 Total Nitrogen (TN) Calculated as the sum of TKN (Total Kjeldahl Nitrogen) and oxidized nitrogen. 
Alternatively analyzed by combustion and chemiluminescence.  

2.1.6 Cation Exchange 
Capacity (CEC) - NH4Cl 

Using 1M ammonium chloride exchange and ICP-AES (inductively coupled plasma 
atomic emission spectroscopy) analytical finish. 

2.2 Biomass tests Tea bag index (TBI) tests 

2.3 DNA Extraction  Soil DNA sequencing  
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Figure 2.2:      Flowchart of the GW methodology of the experiment. The black circles show the number of weeks 
from the start of the experiment. The events are shown on a horizontal line and all the tests are shown through a 

vertical line with a colored dot head (legends).  

 

2.2.1 GW soap recipe  

To produce Class A GW, water from the tap was mixed with a special GW soap, specifically designed 

for this experiment. First, products commonly found in washroom sinks were tested to assess their pH 

by mixing 10 g of each product with 50 g of water, as shown in Table 2.5. The ingredients were tested 

with water to know their pH spectrum (acidic or alkaline). Products that could not blend well with the 

soap recipe, such as mouthwash, were not included. 

Table 2.5: pH and Electrical conductivity (EC) of different products combined with water. 

Products pH EC 

Water + Shampoo 5.78 5.02 

Water + Mouthwash 5.12 0.09 

Water + Toothpaste 9.54 1.38 

Water + Body wash 4.36 > 6 

Water + Laundry soap 10.72 > 6 

The preparation of the GW soap followed a variation in the traditional soap recipe. First, 50 g of caustic 

soda was gently dissolved in 90 mL of distilled water to produce a lye solution. The solution was set to 

cool for 20 min. In the meantime, 200 g of coconut oil was melted in a microwave, mixed with 100 g of 

olive oil, and, subsequently, mixed with the lye solution. The mixture was stirred in a stainless steel 

immersion blender for 10 min until the solution was emulsified. The solution was then heated slowly 

for 50 min and allowed to cool until it dropped below 80 °C. At this point, 40 g of toothpaste and 20 g 

of shaving cream were added to the solution. The mix was then added to a 650 mL plastic container 

and covered with a towel for a slow cooldown. After two weeks, soap-like synthetic GW was obtained, 

as shown in Figure 2.3 (a). Every week, a slice of the soap was placed in the wash basin sink, as shown 

in Figure 2.3 (b). The GW was supplied for 8 weeks. In some weeks, to increase the effect of GW, the 

solution was made more concentrated. 
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     Figure 2.3: (a) Greywater soap slices (b) Soap slice placed in sink to generate GW for irrigation    

To increase the number of coliform bacteria in the influent GW, a small quantity of sheep manure (15–

20 g) was also added from the sink in specific weeks, as mentioned in the results and analysis section. 

This addition affected testing parameters 1.6 and 1.7, shown in Table 2.5. 

2.2.2 Construction and arrangement of staircase wetland 

A vertical wetland in the form of a staircase was constructed. The staircase provided a base for 

terracotta plant pots that contained the wetlands while allowing the GW to flow under the action of 

gravity through the wetlands. Weekly testing of the GW samples before and after passing through the 

staircase wetland was performed. 

Five terracotta pots (70 cm × 30 cm × 30 cm) were placed on five steps of a staircase, giving the look of 

a staircase garden. The five plant pots contained five strata (S1, C, S2, S2, and S4), with each stratum at 

a different height from the ground. The second stratum was the control stratum (C), which was 

irrigated with tap water and did not receive any GW. To optimize the filtration process, the principle 

of 'more is better was applied. In this context, the initial step involved selecting plants with a higher 

tolerance for greywater, followed by those with lower tolerance. Therefore, considering space 

limitations and expecting optimal filtration results four stratum (S1, S2, S3, and S4) were 

interconnected. The Terracotta pots were used because they are made of durable natural material, with 

a traditional aesthetic sense. The heavy pots provided firmness when placed on the staircase. Moreover, 

the thick clay walls of the pots helped to buffer temperature changes, which can stress and damage the 

roots of plants [63]. A Silasec—a waterproofing cement additive [135]—was used on the inside of the 

plant pots, providing a protective barrier; the cement additive coating dried in 24 h, as shown in Figure 

2.4 (a). Prior to placing substrate material layers within the system, holes were drilled on either side of 

the terracotta pots to allow for the flow of water from one pot to another under the action of gravity. 

Hydroponic clay pebbles were used as the first layer from the bottom. A sheet of geo fabric, shown in 

Figure 4 (b), was used to separate the soil from substrate media. The soil then slowly dispersed over 

each terracotta pot until it was a few centimeters from the top. Wetland plants were planted in each pot 

at a depth of 5 to 10 cm. Four of the strata (S1, S2, S2 and S4) were then connected utilizing a plastic 

pipe to allow for the flow of GW between each pot. The effluent flowed from one unit to the other under 

the action of gravity. Three plants were used in the constructed wetlands strata (S): Phalaris 

Arundinacea (S1 and C), Rhynchospora colorata H. Pfeiff (S2 and S2) and Zantedeschia aethiopica 

Spreng (S4), as shown in Figure 2.4c. These plants are commonly known as Gardener’s-Garters, 

Starrush Whitetop and Calla Lily, respectively. All three were selected based on previous reports 

showing their efficiency in converting GW to potentially reusable non-potable water in the literature 

review and existing examples [136, 137]. 
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The soil in conjunction with the plant absorbs the nutrient-rich GW as it filters it into reusable GW. The 

different substrate media in the terracotta plant pots ensure that the contaminants from the GW are 

removed. Different small-diameter media (sand, clay pebbles and gravel) below the soil layer have 

shown effectiveness [138] in treating GW. These layers in the pots cause slow water filtration, giving 

enough time for microorganisms and plants to remove nutrients from GW and ensuring that no soil 

passes through from one pot plant to the next [139]. 

The sink at the top of the staircase was cylindrical, having a diameter of 36 cm and a height of 16 cm. 

The sink was programmed automatically to flow out 10 L of water a day (in equal intervals) to the GW 

tank placed below the sink, as shown in Figure 2.4 (b). The overflow of the GW from the tank was 

discharged into the terracotta plant pots. After filtering from the pots under the action of gravity, the 

GW progressed into the sand filter, and finally, the purified GW collected in a water tank, as shown in 

Figure 2.4 (b). 

The system had a multi-layered sand filter, coated with silicon Silasec cement additive before arranging 

the substrate layers. Except for the washed sand as the topmost layer in the filter, there were layers of 

hydroponic clay pebbles (like the terracotta plant pots) and gravel at the bottom. The gravel layer was 

at the bottom to ensure adequate drainage The layers were separated by geo fabric. Plastic pipes from 

the fourth terracotta pot ran straight into the sand filter. Overflowed GW was collected in the water 

tank, and the retained GW in the sand filter created a biofilm layer, known as the Schmutzdecke. 

Water samples were collected every week from the sink and the water tank. A cross-section of the pots 

and sand filter is shown in Figure 2.5 (b), (c). 
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(i) Hydroponic layer as 
base layer of all the stratum 

 

 

(ii) Geofabric sheet is used 
to separate the gravel from 
sand in sand filter. Also 
used to separate the 
hydroponic rocks from the 
soil in other stratums 

 

 

(iii) Sand filling in the sand 
filter as the last layer 

 

 

(iv) Terracotta pot plants 
after the use of Silasec 
cement additive. 

 

 

 

 

 

 

 

 

(b) 

Figure 2.4: (a) Preparing the terracotta 
pot plants by arranging the substrate 
layers. 

(b) 3D model of the experiment, showing 
all the strata and their respective plant 
species (Phalaris Arundinacea in S1 and 
C, Rhynchospora colorata H. Pfeiff in S2 
and S4, Zantedeschia aethiopica Spreng 
in S4).  

(c) The experimental set-up in the Off-

grid tech lab at The University of Sydney.  

(d) Developed biofilm layer 
(Schmutzdecke) in the sand filter.  

(c) 

(a) 
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Figure 2.5: (a) Terracotta pot plant dimensions (b) Section view of the terracotta pot used as stratum for plants (c) 
Section view of the terracotta pot used as a sand filter.  

Physicochemical tests on the soil were performed after taking soil samples from the plant pots before 

and after the treatment of GW. Tea bag index testing was conducted after the GW supply was stopped. 

Similarly, the soil samples were also collected for a soil DNA study before and after passing through 

the wetlands. 

The soil and water physicochemical properties before and after absorbing the GW were evaluated 

according to the methods shown in Table 2.5. Except for pH and EC, all other tests were performed by 

Envirolab services in Sydney, NSW. 

2.3 Tea bag plantation in staircase wetland 

The tea bag index (TBI) method uses code-specific Lipton™ brand, i.e., Pyramid bags – EAN 

8,714,100,770,542 and EAN 8,722,700,188,438, shown in Figure 2.6(a). They are distributed by specific 

European grocery shops, e.g., Dutch supermarkets and Dutch Expat Shop. These particular Lipton tea 

bags from The Netherlands were used because they are standardized and tested tea bags used in the 

literature [140]. The tea bags were planted inside the soil in the form of replicates. Each replicate 

consisted of one green and one rooibos tea bag, making a pair. The primary reason for using two 

different types of tea bags in a single replicate was to assess the dynamics of two different types of 

material under the same environment and conditions [29]. Coding was done for the tea bag replicates 

based on their location, incubation time, and replicate number, e.g., the S1t4R2 code given to a replicate 

meant Stratum 1, time 4 days, and replicate 2. The stratum (S) refers to the terracotta pot plant, the time 

frame (t) is the number of days (incubation time) a replicate remained planted, and R2 means the 

replicate number (pair number) dig out at that particular t. The teabags were taken at incubation times 

(t) equal to 4, 7, 25, 35 and 246 days. The number of replicates varied for t=4, 7, and 25 days=had only 

one replicate, while t= 35 and 246 days had three replicates each (mean value was taken with error bars). 

The tea bags for t = 4 days were not considered because of getting damaged while digging them out. 

The tea bags were planted the day the testing of the GW was completed. Before planting, the initial 

weight of the bags was noted, and a yellow tag was placed on the top of each replica’s plantation place 

to record the location as shown in Figure 2.6(b) below.  
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Figure 2.6: (a) Tetrahedron-shaped synthetic tea bags used for Tea Bag Index (TBI) experiments, Rooibos tea (left) and 

Green tea (right) (b) Yellow stacks placed on the top of tea bag replicates of the planted areas.  

The main events of the TBI experimental process are described below: 

Day 1- All replicates were weighed and planted in Stratum 1, 2, and 5. 

Day 4 - The t4 replicates were taken out and stored in the refrigerator at 4 °C. 

Day 7 - The t7 replicates were taken out. To remove the wet soil and the moisture, the replicates were put 

in the oven for a week at 50 °C.  

Day 14 - The replicates were taken out of the oven. The dry soil around the replicates was removed 

through desiccation, and their final weights were noted.  

Day 25 - The t25 replicates were taken out of the soil and stored in the refrigerator. 

Day 35 - The t35 replicates were taken out of the soil and placed in the oven alongside the t25 replicates 

for one week at 50 °C.  

Day 42 - The t25 and t35 replicates were taken out of the oven. 

Day 246 - The t246 replicates were taken out of the soil and then stored in the oven for seven days before 

weighing their final weights. After desiccation, their final weights were noted.  

The TBI method assumes that any litter incorporated into the soil consists of a labile (decomposable) 

and a recalcitrant (stable) fraction. Let M0 be the initial mass of the litter and Mt be its mass at time t, to 

define the mass fraction as m(t) = M0/Mt. The decomposition is assumed to obey an exponential law 

with two reaction rates [141]: 

𝑚 = 𝑎𝑒−𝑘𝑡 + (1 − 𝑎)𝑒−𝑘
′𝑡          (2.1)  

where a is the labile fraction, k is the decomposition rate of the labile fraction, (1-a) is the recalcitrant 

fraction, and k’ is the decomposition rate of the recalcitrant fraction. The reaction rate of the recalcitrant 

fraction k’ is considered to be small in comparison to the labile fraction k, so that, for small times (k’t<<1) 

, Equation (2.1) can be reduced to 

𝑚(𝑡) = 𝑎𝑒−𝑘𝑡 + (1 − 𝑎)                  (2.2)        

The TBI method uses two different litters: green tea, a labile litter, and rooibos, a more recalcitrant litter. 

They show contrasting decomposition rates. We use subindexes “g” and “r” to encode the parameters 

of the green tea and the rooibos tea. 

The parameter of the exponential model of Equation (2.2) was obtained via non-linear regression. The 

range of values for variables ‘a’ and ‘k’ of Equation (2.2) was generated. Based on that range, the best 

(a)                                                                              (b) 
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possible fit was plotted. The generated curve touched most of the experimentally plotted points and 

the inferred values of a function where no experimental data were available. 

If k is assumed constant, it can be obtained by isolating it from Equation (2.2): 

𝑘 =
1

𝑡
𝑙𝑛 [

𝑎

𝑚(𝑡)−(1−𝑎)
]      (2.3)           

In some cases, the reaction rate may change with time. This is the case of the fractal kinetics, which is 

characterized by a power-law dependency of the reaction rate with time [141]). In this case, the reaction 

rate can be calculated by considering two time points: t1 and t2 in Equation (2.1). 

𝑚(𝑡1) = 𝑎𝑒
−𝑘𝑡1 + (1 − 𝑎)   (2.4)       

𝑚(𝑡2) = 𝑎𝑒
−𝑘𝑡2 + (1 − 𝑎)     (2.5)  

where  and  are the fractions ( > ) of the rooibos biomass that remains after incubation times 

 and  (  > ). The reaction rate ‘k’ can be computed by isolating k and a from Equations (2.6) and 

(2.7). The resulting equations are: 

𝑘 =  
1

𝑡2−𝑡1
ln [

𝑚1−(1−𝑎)

𝑚2−(1−𝑎)
]    (2.6)          

𝑎 =
𝑚1 −𝑚2
𝑒𝑘𝑡1 − 𝑒𝑘𝑡2

                  (2.7)  

These equations can be solved iteratively by using an initial guess for ‘a’ chosen from the range given 

by the curve fit in Equation (2.2); then, k is computed from Equation (2.6). Next, a is corrected using 

Equation (2.7). The parameters k and a are iteratively calculated using Equations (2.6) and (2.7). By 

using an appropriate initial guess value of ‘a’, this procedure is applied until k converges to a given 

value. 

During this decomposition, some parts of the labile compounds stabilize and become recalcitrant tea 

[142]. Environmental factors play an important role in this stabilisation [143], resulting in a deviation 

in the actual decomposed fraction (i.e., limit value) ‘a’ from the hydrolyzable (i.e., chemically labile) 

fraction H. This aberration can be interpreted as the suppressing effect of the environmental conditions 

on the decomposition of the labile fraction and is referred to as the stabilisation factor S. 

The stabilization factor (S) is calculated as follows [29] 

𝑆 = 1 −
𝑎𝑔

𝐻𝑔
             (2.8)   

where  is the hydrolyzable fraction of the green tea equal to 0.842. This constant value of  for 

green tea is quantified via the method proposed by Van Soest [144], in which the use of two detergents 

divides the plants cells into less digestible cell walls and mostly digestible cell contents (contains starch 

and sugars). 

The decomposable fraction of rooibos tea  is predicted as follows: 

𝑎𝑟 = 𝐻𝑟(1 − 𝑆)     (2.9)  

where  is the hydrolyzable fraction constant of rooibos tea. 

2.4 Soil DNA tests 

Before the treatment of GW, the soil samples (300 g) from each stratum were taken and stored at a 

temperature of −18°C. After the treatment of GW was completed, another 300 g sample from each 

rH
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stratum was taken. All the soil samples were sent to the Metagen lab in Queensland [145] for DNA 

sequencing. The detailed methodology of the DNA sequencing technique used is shown in Appendix 

A1. 

 

2.5 Statistical Analysis 

Statistical analyses were performed in the Microbiome Analyst [146] and R environment  [147]. The 

high dimensional -diversity data generated in the Microbiome analyst tool was further studied in the 

R environment using the UMAP and t-SNE analysis data techniques.  

UMAP (Uniform Manifold Approximation and Projection) [148] and t-SNE(t-distributed stochastic 

neighbor embedding ) [149] are novel manifold learning techniques for dimension reductions. Both 

take high-dimensional data and output a low-dimensional graph, meaning a graph that can easily be 

looked at by showing the same relationship seen in high-dimensional data. In this study, 

dimensionality reduction is performed on pairwise -diversity dissimilarities between samples. This 

quantifies differences in the overall taxonomic composition between two sample species. t-SNE moves 

the high dimensional -diversity graph to lower dimensional space points by points (-diversity 

points), and UMAP compresses that graph. UMAP is more time-saving due to the clever solution in 

creating a rough estimation of the high-dimensional graph instead of measuring every point. Clustered 

-diversity points are identified using Similarity scores. Similarity scores are calculated by taking the 

distances between each pair of high-dimensional points. Therefore, the nearest neighbor parameter of 

a reference point is the most important parameter in calculating the Similarity scores[148]. The higher 

Similarity scores (or a high -diversity index) indicate a low level of similarity between soil species and 

vice versa [150].  The study looks into the Similarity scores of the soil samples before and after the use 

of GW treatment. 

 In this study, the first distinction ( and  diversity) has been the focus. The Chao 1 technique for 

qualitative -diversity and the Bray-Curtis dissimilarity index for qualitative -diversity is used. Also, 

the taxonomic phylum classification has been studied. 

2.6 Results and analysis 

The experimental results were organized in three sections: Water tests, soil tests, and soil biomass (tea 

bag index and DNA sequencing) 

2.6.1 Water tests 

First, the tap water parameters were tested. The tap water only irrigated the control sample (C). The 

properties of tap water were found to be a pH of 6.8, an EC of 0.23 mS/cm, a turbidity <5 NTU, a TSS 

<5 mg/L, an FC <10 cfu/100 mL, a TC of 92 cfu/100 mL and a BOD <5 cfu/100 mL. These properties were 

in the range of the local required water quality standards [151, 152]. 

The GW results contain ‘Before (influent)’ and ‘After (effluent)’ samples of water, shown in Figure 2.7 

respectively. The Before samples were the samples of water that were collected before the treatment of 

GW, and the After samples were collected after the soil was treated with GW 
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Figure 2.7: The Before ‘B’ (influent) and After ‘A’ (effluent) samples of GW   examined for water testing parameters 

 

 

(a) Turbidity 

 

(b) Total suspended solids (TSS) 

 
Figure 2.8: The physical parameters (Turbidity and TSS) from weeks 4 to 8. The GW was not concentrated in the 
initial weeks, therefore physical parameters were not found in those weeks. 

The turbidity levels were very high in the Before samples, shown in Figure 2.8a, but the After samples 

always fell in the range of acceptable standards for irrigation water, as <5 NTU for turbidity was noted 

in all the After samples. The sand filter was the primary factor in this decrease in turbidity [153], because 

a treatment technology using constructed wetland in a VF reduced effluent levels of GW to 8.1 and 16.9 

NTU only [154], whereas in another HSSF study [155], in a temperate climate, the acceptable level of 

turbidity according to the US EPA was not met even once for a year-round analysis. The filtration 

system of the staircase wetland always kept the TSS value of the After samples shown in Figure 2.8 (b) 

within the acceptable range of water quality standards. This filtration system performed better 

compared to another VF and HF wetland plant filtering medium study [154], in which the TSS was 

reduced to 10 and 34, respectively, for treating GW. This is also an indication that VF set-up in a 

constructed wetland performs efficiently compared to an HF set-up, whereas in a temperate climate 

study [155], the TSS was reduced below 5 mg/L only in the winter season. 
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Figure 2.9: The chemical parameters (pH, Electrical conductivity, and BOD). BODs were only measured from 
weeks 4-8. 

In Figure  2.9 (a), for the first three weeks (Week 1–3), there was no significant change noted in the pH 

of the Before and After samples because the GW entering and leaving the system had an approximately 

equal pH range of >7 or <7.5. To check the credibility of the system, it was important to make the GW 

solution more concentrated while entering the wetlands. Therefore, the pH of the water entering the 

system (Before samples) was made more alkaline and was >8 from weeks 4 to 8, but the water leaving 

the system (After samples) ranged again from >7 to <7.5. The purified GW remained at the acceptable 

standards shown in Table 2.3. The EC value for the Before samples kept increasing over time, as shown 

in Figure  2.9 (b). The After samples started at 0.34 mS in the first week and increased to 0.48 mS by 

week 8. An increase of 0.1–0.15 mS per week was noticed from week 3 onward because the 

concentration of GW increased during that week. This meant that increased concentrations of GW 

resulted in an increase in EC, also shown in [156]. The purified GW EC value always remained at the 

acceptable level for irrigation water (<1.5 mS/cm) [157]. 

The BOD value for the water entering the system (Before samples) increased with time at an average 

rate of 7.22 mg/L per week, as shown in Figure 2.9 (c). This rate of increase was related to the 

accumulation of GW in the GW tank over a period of time [158]. The BODs of the After samples were 

always found below 5 mg/l, satisfying the water reuse guidelines mentioned in Table 2.3. A similar 

significant reduction was noticed in BOD removal when a reedbed plant (wetland plant) was used for 

GW treatment for the purpose of a low-cost solution [159]. The maximum retention time used in the 

low-cost media study was also 7 days (similar to this study). A BOD range from 1 to 10 mg/L in the 

After samples (effluents) is commonly reported [160]. 

 

 

(c) Biochemical oxygen demand 
(BOD) 

(a) pH                                                     (b)Electrical conductivity (EC)               (c) Biochemical oxygen demand  
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(a) Fecal coliforms  
 

                     (b) Total coliforms 

Figure 2.10: Microbiological parameters (Faecal and Total coliforms). The coliforms level was increased in the 
Before samples from week 5 by adding sheep manure. 

Despite increasing the fecal and TC values by ten times (from <10 to <100) for the Before samples 

starting from week 5, shown in Figure 2.10 (a),(b), the filtration system of the staircase wetland still 

produced acceptable water quality values for the After samples. This meant that the system was capable 

of cleaning even higher volumes of fecal matter and TC. The fecal and TC values were always reduced 

by 90% and 99%. This system performed better compared to another 10 L/day water consumption study 

[159] in dry and wet seasons, in which fecal coliform levels were not brought to the required reuse 

standards, using crushed rocks as a filtering medium with plants. 

The GW sampling results proved the credibility of staircase wetland filtering because all parameters 

after GW treatment were in the range of local and international standards (mentioned in Table 2.3) or 

in the same range as that of tap water. The water retention time of the purified GW in the water pot 

was 7 days. From weeks 6 to 8, the retention time increased to 14 days, but the results were still the 

same for all parameters. The only visible difference with the After samples was a light brownish color, 

which was because of the soil type used in the terracotta pot plants. The used soil was highly organic, 

causing increased dissolved organic carbon, making the After samples light brown [161]. 

2.6.2 Soil tests 

Physiochemical tests of soil were performed to measure different soil parameters, i.e., pH, electrical 

conductivity, total organic carbon, total nitrogen, and cation exchange capacity. 
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(a) pH 

 

 
 

(b) Electrical conductivity 

 
Figure 2.11: Comparing the Physiochemical properties of soil (pH and Electrical conductivity) between “Before 
treatment soil (BTS)”, Control soil sample, Stratum 1 (S1) and Stratum (4). 

The soil pH values in Figure 2.11 (a) for all the strata showed no significant change compared to the 

Before treatment; a normal soil pH varies between 6.5 and 7.2 [162]. Acidic soils have a pH of <7, and 

basic soils have a pH of >7 [163]. The soil became neutral, shown by Stratum 5 having a pH value of 6.9 

at the end of the experiment, due to the action of hydroponic rocks as the base layer in all the strata, 

but overall, the GW was not found to disturb the soil pH. Electrical conductivity is a soil property that 

is associated with the nature of the soil’s composition (particle size distribution, mineralogy), structure 

(porosity, pore size distribution, connectivity), water content, and temperature [164]. It measures the 

amount of salt in the soil (salinity of soil). The EC before testing the soil sample (1856 µS/cm) shown in 

Figure 2.11 (b) was in the range of fair to poor, according to the EC suitability irrigation chart [165]. 

With the GW treatment, it became 773 µS/cm in Stratum 4, which falls in the range of good to fair, also 

making it non-saline [166]. The EC in Stratum 1 was 263 µS/cm because of the high quantity of GW. 

The use of GW treatment left a positive impact on the EC of the soil. 

 
                  (a) Total organic carbon  

                    (b)Total nitrogen 

 
      (c)  Cation exchange capacity 

Figure 2.12: Comparing the Physiochemical properties of soil (Total organic carbon, Total nitrogen, and Cation 
exchange capacity) between “Before treatment soil (BTS)”, Control soil sample, Stratum 1 (S1) and Stratum 4 (S4). 

 

Soils that have a total organic carbon (TOC) percentage >18% are considered highly organic. As shown 

in Figure 2.12 (a), the control and Stratum 1 soil samples had approximately the same TOC percentage 

of 25% and 26%, respectively (1 mg/kg = 0.0001%). The GW treatment and filtering across all the strata 

resulted in an increase of approximately 7% in S4. There was a decrease of 5% in the control soil sample, 
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which means that the TOC was directly proportional to the use of GW treatment. TOC transcends all 

chemical, physical and biological soil property categories, thus being recognized as the most significant 

single soil health indicator [167, 168], and it is tied to several soil functions [169]. The percentage of total 

nitrogen (TN) was found to be low in the used soil, as shown in Figure 2.12 (b). The Before testing soil 

sample only had 7100 mg/kg (0.71%) of TN. Soil TN plays a key role in pedogenic processes, in addition 

to contributing to soil fertility [170]. The maximum TN that was found was in Stratum 1, which was 

only 1% more than the Before testing soil. The GW treatment did not increase the TN levels in the soil. 

Cation exchange capacity (CEC) is the total capacity of soil to hold exchangeable cations. Soil with a 

CEC >20 meq/100 g is considered to have characteristics of heavy clay soils and organic peats [171]. 

Moreover, such soil has a high nutrient status and a high water-holding capacity. In this study, all the 

strata had values >20 meq/100 g, as shown in Figure 2.12 (c). Due to filtration in the staircase wetlands, 

the CEC value kept decreasing from Stratum 1 to Stratum 4 and decreased by approximately 34% in 

eight weeks. 

 

2.7. Soil biomass  

2.7.1 Tea bag results 

This project enabled 30 tea bag index in-field incubations (replicates included). However, not all the tea 

bag incubations ended in completed or meaningful measurements. The reasons for this incompletion 

include tea bags getting damaged during the withdrawal process from the soil or remaining inside the 

soil for too long (296 days), resulting in complete decomposition. The ratio of the final weight to the 

initial weight of green and rooibos tea bags (in the control and Strata 1 and 4) is shown in Figure 2.13. 

 

 

 

Figure 2.13: The relative mass of tea bags as measured in laboratory incubations for rooibos tea (RT) and green tea 
(GT) bags in Control (C), Stratum 1 (S1), and Stratum 4 (S4). The shapes with error bars are experimental data and 
the curve is extrapolated up to 250 days, using cftool command of MATLAB, the equation m(t) = ae-kt +(a-1) was 
generated. The equation is shown for all the curves, where ‘e’ stands for Euler's number constant equal to 2.71, ‘t’ 
is the decomposition time coefficient, ‘a’ being the labile fraction, and ‘k’ is the decomposition fraction (with 95% 
confidence bounds). Coefficients a and k are different for every stratum and tea type, shown in Appendix A tables.  

The green tea mass loss averaged 62 % in C, 66 %, and 63 % in S1 and S4 respectively. The rooibos tea 

mass loss average 39 %, 39 %, and 43 % in C, S1, and S4 respectively shown in Figure 2.13. 

The decomposition rate patterns for all the strata are shown in Figure 2.14 and Figure 2.15. The mean 

decomposition rates for incubation time (t) 0 to 35 were 0.05 ± 0.0015 in C, 0.08 ± 0.0033 in S1, and 0.08 

± 0.0030 in S4, as shown in Figure 2.14. The decomposition rate decreased non-linearly in C and S4 but 

increased in S1. A gradual increase of approximately 3% was noted in the S1 decomposition rate, from 
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25 to 35 days of incubation, indicating the gradual opening of the tissue’s internal structure by the 

microflora [81]. The main reason for this increased decomposition with time in S1 was the decrease in 

the concentration of the GW because the irrigation was stopped. The carbon: nitrogen (C: N) ratio 

increased in S1 from 33:1 to 42:1 in S4. The soil samples were taken before the TBI experiment started; 

therefore, through the filtration of the wetlands, the carbon accumulated in S4. If more soil tests had 

been conducted later (during the TBI experimentation phase), the C: N ratio would have decreased 

 

 

Figure 2.14: (a) Comparing the constant decomposition rate (k) values for Control, Stratum 1 and Stratum 4, using 

Eq.(5). 

 

 

Figure 2.15: Comparing the reaction rates or variable decomposition rate (k) between time frames 7, 25, 35 and 246 
using Eq. (2.8). 

 A high decomposition rate (k) was found in S4 initially, and the main reason is the high TOC and pH 

values in S4 (shown in Figure 2.14) compared to those of S1 and C. The degradation processes increased 

the pH to between 6.5 and 8 [106]. The k value decreased by day 35 in S4 because it was not receiving 

any GW (the irrigation was stopped). The decomposition was always low in C compared to those in S1 

and S4, showing a clear effect of the GW on the decomposition rates. 

Time-dependent reaction rates have been observed in experimental studies of reaction kinetics 

(reaction rate) [107]. The reaction rate ranged from 0.05 to 0.01 in C (0–246 days), 0.07 to 0.03 in S1 (0–

35 days) and 0.15 to 0.01 in S4 (0–35 days), as shown in Fig2.15. This decrease in the reaction rate with 

time across all strata was also shown in the works of Keuskamp et al. [62] [108]. The faster reaction rate 

in S4 can be related to the high pH value because S4 reached 0.01 in only 35 days compared to C (246 

days). This also means that the gravity-actioned filtering of the staircase wetland not only increased the 

TOC levels in S4 but also increased the reaction rate. The GW continued getting purified from S1 to S4, 

increasing the decomposition rate but also increasing the stabilization, as shown in Figure 2.16. The 

stabilization factor of S4 (0.17) was greater than C (0.14) and S1 (0.09). These results indicate that the 
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filtered GW absorbed in the soil stabilized the soil better compared to tap-water-absorbed soil or GW-

absorbed soil. 

 Figure. 2.16:  The experimental data of the stratums are compared with different case studies 

from the literature. The incubation time (t) was extrapolated to 66 days for all the stratums (C, S1 and 

S4). Blue asterisks (*) are references of tea bag index (TBI) parameters from different environments as 

shown by Keuskamp et al. [140], where numbers of labels indicate country and ecosystem (United 

States–Florida=US-FL; China=CN; Panama =PA, the Netherlands =NL; Austria=AU; Ireland=IE; and 

Iceland =IS). The t value for all the other environments varied between 66 and 90 days.  

2.7.2 Soil DNA results  

                     

 

                                   

(a)                                                                                          (b) 
Figure 2.17: (a) Comparing the -diversity of the control (C) and treatment soil samples (S1,S2, S3,S4). (b) Principal 
Coordinate Analysis (PCA) showing the variance axis of treatment stratums and control.  
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Figure 2.17 (a) shows a comparison of the -diversity index between the control (C) soil samples and 

all other treatment soil samples taken from all the remaining strata (S1, S2, S3, and S4). One soil sample 

was taken from each stratum, and its diversity was examined. A t-test/ANOVA statistical method was 

used, and the taxonomic level was feature-level. Chao 1 is an estimator based on abundance because it 

requires referring to the abundance of individuals belonging to a certain class in a sample [172]. An 

increase in the number of species was noticed for all the samples, including the control (C). The highest 

increase was noticed for C at 38%, followed by S1 (32%), S2 (23%), S4 (19%), and S3 (12%). This showed 

that tap water caused the maximum increase in species compared to GW. Moreover, the species 

numbers decreased as the GW filtered from S1 to S2 and onward, which means that concentrated levels 

of GW increased species richness in the soil. The difference between S1 and C was only 6%. If there 

were more filtering media of C soil, then a decreasing trend in the soil species of tap-water-absorbed 

soil would have been noticed in a sample such as the S strata. 

 A null hypothesis test was used to show that there was no significant difference in the -diversity of 

the control and treatment soil samples. The ANOVA test result showed that the p-value (0.66) was 

greater than the level of significance (0.05) [173]. Therefore, the null hypothesis was accepted (p-value 

> 0.05: the null hypothesis is accepted; p-value ≤ 0.05: the null hypothesis is rejected). The statistical test 

of the -diversity index (measured with Chao1 index) determined that the GW treatment did not 

change the -diversity. 

The results for -diversity, Figure 2.17(b) were analyzed using the index of Bray - Curtis coupled with 

Principal Coordinate Analysis (PCA) [174]. The two main components are the ordination axes 

represented in the 2D PCoA graph as Axis 1 and Axis 2, representing the most representative 

proportion of the total variance of the data (41.3% in total). Two cluster formations were noted. S1, S4, 

and S2 were in the Before treatment samples (Orange, Green, and Pink). In the After-treatment samples, 

S2, S3, and S4 (Green, Yellow, and Pink) were closely spaced. The ‘S1′ After samples were not part of 

any cluster because of high concentrations of GW. The -diversity data generated by the PCA method 

was further studied using UMAP and t-SNE methods as shown in Figure 2.18.   

 

 
Figure 2.18: Comparing t-SNE and UMAP analysis for Control and treatment samples from week 1 (before 
treatment) to week 8 (after treatment).  
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Low similarity scores were noted in samples S1, S2, and S4 (before the use of GW or week 1) in the form 

of a cluster, as shown in Figure 2.18. This means that the similarity was high between the species of 

these samples. However, after the treatment of GW, they formed another cluster with a high similarity 

score, indicating dissimilarities between the species. This means that GW increased the -diversity 

index or the dissimilarities of the species in the soil samples. The C sample had low scores even after 

GW treatment, showing the clear effect of tap water use. S1 and C had similar plant species, but the 

GW effect was still significant. S3 results were hard to interpret because it was the only sample whose 

index became low after GW use in t-SNE and that went up in UMAP. 

The ANOSIM test was then used to statistically test the visual graphical results by confirming the effect 

of GW treatment. In the ANOISM test, the null hypothesis of the -diversity was studied, which 

compared the variation in the abundance and composition of species (or any other taxon) between 

sampling units [110] in terms of the experimental treatment (S1, S2, S3, and S4) and control group (C), 

as shown in Table 2.6. The null hypothesis statement here was, “There are no differences between the 

members of the treatment and control groups”. The comparison revealed a significant -diversity 

between the groups (ANOSIM R: 0.35776; p < 0.039), which suggests a related effect of the treatment 

with the composition of the soil microbiome. The p-value was < 0.05, and a positive R-value means that 

the intergroup variation between groups (treatment and control) was significant [173]. Therefore, the 

null hypothesis was rejected. 

Table 2.6: R-value in the ANOISM test, comparing all the treatment samples (S1, S2, S3, S4) with the 

control (C) and within the group. If R is positive: The variation between the groups is significant. If R = 0: The 

dissimilarities between and within the groups are the same on average. If R is negative: The variation within the 

group is greater than the variation between the groups). 
 

C S1 S2 S3 S4 

C - 1 0.25 1 1 

S1 1 - 0 1 0 

S2 0.25 0 - 0 -0.25 

S3 1 1 0 - 0.5 

S4 1 0 -0.25 0.5 - 

 

It is important to note that, for the control group, there were only two samples, unlike the treatment 

group with eight samples, which could have caused bias in the analysis. For future research, it is 

recommended to take a similar number of samples for analysis. The highest number of sequencings 

was performed for S4. The most richness was found in the S3 sample. 
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Figure 2.19: Phylum taxonomy of the stratums. S refers to the treatment stratum number (S1, S2, S3, S4) and C is 
the Control soil. S1.1, C.1, S2.1, S3.1and S4.1 are soil samples before the start of the experiment. S1.2, S2.2, S3.2, and 
S4.2 are soil samples that absorbed the GW for a period of 8 weeks, and C.2 absorbed the tap water for a period of 
8 weeks.  

 

Figure 2.19 shows the actual abundance of different types of phyla in each soil sample (Before and 

After) from every stratum. An average of about 150,000 OTUs (operational taxonomic units) was 

retrieved per sample. At a phylum level, the total number of identified phyla was 24. 

The phylum taxonomy was mostly dominated by Proteobacteria, followed by Bacteroidetes, which was 

also the case in a GW study of small-diameter gravity sewers carrying GW [175]. Proteobacteria and 

Bacteroidetes were also found to be dominant in tap water studies [176], which was seen in C soil 

samples that received tap water for eight weeks. Proteobacteria were typically observed in soil libraries 

[177]. Proteobacteria are a phylum of Gram-negative bacteria, which are very common in soil 

environments and are related to a wide range of functions involved in carbon, nitrogen, and sulfur 

cycling [178]. Their relative richness, which increases with high organic carbon availability in soils, is 

in line with findings from previous studies [179, 180]. The highest percentage of Proteobacteria in the 

After samples was found in S2.2, up to 61%. It is interesting to note the percentage increase in 

Proteobacteria in all the strata except for S4, as it increased by 4% from S1.1 to S1.2, 3% in C, 1% in S2 

and 6% in S4, but in S4, it dipped by approximately 9%. The number of Bacteroidetes was high (30%). 

The observation of Bacteroidetes being the second most abundant phylum in this study is compatible 

with a wetland study conducted in [181]. S4 showed a surprising increase of 1% in Bacteroidetes from 

S4.1 to S4.2 compared to an approximate 8% decrease in S1, a 13% decrease in S2, and a 10% decrease 

in S4. Bacteroidetes are ecologically important for proper soil functioning [181]. This change in the 

behavior of S4 soil compared to the rest can be related to the plant ecotype rather than the use of GW 

because S1, S2, and S4 had long-leaved plants. 

0

10000

20000

30000

40000

50000

60000

70000

80000

S1.1 S1.2 C.1 C.2 S2.1 S2.2 S3.1 S3.2 S4.1 S4.2

Acidobacteria Actinobacteria Armatimonadetes

Bacteroidetes Chloroflexi Firmicutes

Gemmatimonadetes Hydrogenedentes Proteobacteria

Verrucomicrobia



38 

 

Firmicutes experienced the greatest increase in a specific phylum when comparing Before and After 

samples, as they jumped from 0.5% to 7.7% in S2.2. As S2 received the GW from S1 and had a different 

plant community from S1, the S2 readings were mostly changed compared to those of S1. However, S1 

and C, having the same plant community, had a mostly matched phylum abundance distribution. The 

Actinobacteria abundance did not fluctuate overall and remained steady at ±1% in all the strata. 

2.8 Conclusions 

This research presents a nature-based solution for GW treatment by multi-attributing GW and soil 

heterogeneity as regulators of soil microbes. The findings reveal that a staircase wetland can work as a 

reliable filtering medium to purify GW coming from a washbasin, making it reusable for domestic 

usage. The collected purified water from the constructed wetland was found to be compliant with the 

most relevant local and international codes and guidelines. The pH range of the filtered water was 

always between 7 and 7.5, and the removal rates of turbidity, BOD, TSS, TC, and FC were between 90 

and 99%. 

Unique insight in this study came from the investigation of the effects of GW on soil biomass, which 

concluded that the GW that was filtered through wetlands experienced faster decomposition and was 

more stable compared to tap-water-absorbed soil or highly concentrated GW. This decomposition 

difference was noticed to be greater in rooibos tea compared to green tea. The tap-water-absorbed soil 

was only 6% richer in soil species compared to that of GW. A significant difference was noted upon 

comparing the -diversity between GW and control strata (ANOISM R = Positive value). The -diversity 

difference was not significant (p-value > 0.05). 

Based on the results of the findings, the staircase wetland system performed better compared to the 

peer-reviewed literature studies shown in Table 2.7, which compares this study with peer-reviewed 

literature (research articles) pilot scale studies in which constructed wetlands were used for GW 

treatment and their reuse. The source of the GW, filtering medium, constructed wetland technology, 

plants, the flow of water, the hydraulic retention time (HRT), and the parameters studied in those 

articles are shown in Table 2.7 

Although comparable studies have shown great potential for purifying GW, the reuse GW standards 

were still not met sometimes because of different reasons, such as using GW from more than one fixture, 

seasonal shifts in temperature, changes in filtering media, using different HRT, etc. Moreover, this 

study took the extra step of finding the impact of the GW on the soil microbes and compared it with a 

tap-water-absorbed soil study. However, the results of this study should be interpreted cautiously, as 

further work is required to improve the efficiency parameters, e.g., using only one plant species for the 

future so that the soil properties in every stratum has uniformity. Similarly, the purified GW coming 

out from each stratum should be studied at regular intervals to find the percentage of purification at 

every step. Moreover, for better absorption of GW, alternative technologies can be tested, e.g., cellulose 

nanocrystals [182]. 

This GW purification system and its impact on soil microbes add novelty and practical applicability to 

several industries in different ways. First, it minimizes the load on contemporary sewer systems 

because it eliminates the load of the washroom vanity GW, which is 50–60% of the daily GW produced 

in a household [26]. Second, the reuse of purified GW reduces conventional non-potable water usage, 

which has implications for water bills and provides financial advantages. Third, the design of the 

experiment can easily fit into any building typology, either urban or rural. In an apartment building, 

staircase wetlands can be placed on a balcony, creating urban gardens, and a controlled supply from 

vanity discharge can be provided through plumbing design retrofit. In a rural house, through 

uncontrolled water discharge, the system can be used on a bigger scale to irrigate the whole backyard 

garden. Fourth, this water-saving or reusing technique for biophilic growth can also be a design 

element for a building to claim green building certification points in different credits in building rating 
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systems, e.g., in a green star, for building with the research establishment environmental assessment 

method (BREEAM) or for leadership in energy and environmental design (LEED) [183]. 

The GW-absorbed soil was only 6% less diverse in microbes compared to the tap-water-absorbed soil, 

i.e., the phylum taxonomy was not disturbed to a great magnitude, thus keeping the soil healthy by 

adding nutrients and performing decomposition. This healthy soil in the long run can sustain itself, 

requiring fewer or no fertilizers [184] and adding to a healthier and sustainable ecology. 

To improve the efficiency of this study, in the future, one type of plant and large soil volumes should 

be used to better discern the effects of GW on soil microbes. The soil used in this research was found to 

have high organic content and contributed to the high decomposition rate. This research also 

recommends using garden soil for future studies. Moreover, cost analysis or a life cycle assessment 

(LCA) model should be developed to study the environmental impact on a larger scale. This study 

opens new frontiers by suggesting that different classes of GW can be used for ornamental plant 

irrigation in expanding metagenomics studies, contributing to the identification of soil bacteria that are 

useful to humans and ecosystem functions. 
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Table 2.7. Pilot scale constructed wetland for GW treatment and reuse from peer-reviewed literature (FWS = free water surface; VF = vertical flow; HSSF = horizontal subsurface 
flow; SF = sand filter). The GW source shows that the water of two or more fixtures are combined. HRT = hydraulic retention time 

Reference GW Source Filtering Media CW Technology Plants 
Flow 

(m3/day) 

HRT 

(days) 

Parameters Studied Soil 

BIOMAS

S Study 

Physic

al 
Chemical 

Microbiologic

al 

[154] 
Bathroom 

sink, shower 
Sand/soil/compost VF, HSSF Phragmites australis 0.48 2.1 ✓ ✓ ✓ - 

[155] 
Bathroom 

sink, shower 
Gravel (HSSF) FWS, HSSF 

Typha latifolia (FWS) 

Scirpus acutus (HSSF) 
0.29 9.3–12 ✓ ✓ ✓ - 

 [185] 

Secondary 

GW from 

aerobic 

biofilter 

Light-weight 

aggregates 
HSSF Phragmites australis - 6–7 ✓ ✓ ✓ - 

 [186] 

Washing 

machine, 

clean half of 

kitchen sink, 

bathroom 

sink, tub, 

shower 

Sand (SF) FWS + SF 
Water hyacinth (FWS), 

tomatoes, peppers (SF) 
0.41 6 ✓ ✓ ✓ - 

 [159] 
GW, 

nonspecific 

Plastic bottles 

or crushed rock 
HSSF Coix lacryma-jobi 0.005–0.01 2.5–7.2 - ✓ ✓ - 

 [187] 

Secondary 

treated GW 

(UASB) 

Sand HSSF Phragmites australis - 5 ✓ ✓ ✓ - 

 This 

study 

Bathroom 

sink 

Soil 

Washed sand 

Gravel 

Hydroponic clay 

pebbles 

VF 

Phalaris Arundinacea 

Rhynchospora colorata H. 

Pfeiff 

Zantedeschia aethiopica 

Spreng 

0.01 7 ✓ ✓ ✓ ✓ 
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3. A user-friendly and sustainable toilet based on 

vermifiltration. 
 

Published in: Sustainability MDPI, Volume 15, Issue 16, 2023. 

Citation link: https://doi.org/10.3390/su151612593 

Abstract: Environmental awareness has sparked increasing interest in changing the way humans 

interact with their environment. This awareness includes the change in paradigm of considering human 

manure (humanure) not as a waste but as a valuable bioproduct instead. In this regard, composting is 

an age-old technique for nutrient recovery that has gained renewed interest, as it may be a sanitary and 

financially viable solution to closing the loop of human–nature interactions. This work investigates 

environmental solutions for toilet systems that are user-friendly and sustainable based on systems that 

filter nutrients via vermicomposting. The methodology is based on (1) reviewing several surveys across 

different continents to select the most appropriate interface of a targeted society, and (2) investigating 

the microbial dynamics of vermicomposting. The microbial activity was compared with the activity of 

the aerobic composting systems by measuring soil temperature, soil composition, decomposition rate, 

stabilization factor, and biological diversity. The microbial decomposition process in vermicomposting 

was faster due to the presence of earthworms, but the increase in temperature and volatile ammonia 

led to the earthworms burrowing into the soil. Overall, the flush toilet is still the most socially accepted 

toilet interface, and the connection of vermicomposting to this toilet interface poses challenges in 

managing high ammonia content and maintaining healthy conditions for the earthworm population. 

Keywords: waste management; biophilia; vermicomposting; UN goals; climate change 

3.1 Introduction 

Human waste management systems have made substantial advancements over time. These 

advancements have come in the form of  environmental management [188], improving community 

health [189] or waste-to-energy strategies [190]. Still, globally 3.6 billion people lack access to safely 

managed sanitation services [191]. But in terms of percentage, 90-100% of the population in developed 

countries have access to safe sanitation compared to 50-70% in under-developed countries [192]. Also, 

the unhygienic practice of open defecation is very rare (1%) in developed countries [193] but due to 

lack of toilet facilities, this percentage is around 15-20% in under-developed countries. As the use of 

unimproved pit latrines and open shared latrines is quite common contributing to this high 

percentage [194]. Many countries have well-established systems to control sewerage that have played 

a vital role in the minimization of contamination and disease spreading. Nonetheless, in cases where 

sewerage systems are accessible, the presence of such infrastructure still encompasses serious 

environmental and socio-economic implications. For example, the accumulation of nutrients in water 

resources (eutrophication) [195], the destruction of coral reefs [196], and greenhouse gas emissions by 

sewerage systems and treatment plants [197] provoke substantial costs and environmental threats. 

The composting of waste into nutrient-rich fertilizer represents a biophilic approach that may support 

the reduction of such risks. This process can be classified into two prevalent categories: aerobic 

composting (AC), which utilizes bacteria for decomposition, and vermicomposting (VC), which 

engages the use of both bacteria and earthworms for decomposition.  Another method is anaerobic 

composting, which occurs in an airtight closed container and makes use of microorganisms that do 

not require oxygen to break down waste, generating methane (CH4). This methane is a useful source 

of energy, however, it is powerful greenhouse gas when released into the atmosphere [198]. 

AC has gained a significant level of development and establishment, as distinct by the presence of 

commercial aerobic composting toilets and the regulations governing their usage. On the contrary, VC 

https://doi.org/10.3390/su151612593
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toilets represent a novel technology that has been garnering significant attention in the scientific 

community in the last three decades [28]. But overall, there are no specific regulations on composting 

toilets (AC or VC), even in developing countries, e.g., in the US there is a general lack of detailed 

guidelines [199]. As per regulations, composting toilets are permitted on site where soil conditions are 

unsuitable for onsite sewage treatment or water under pressure is not available from the municipality 

and in flood-prone areas [28]. 

Different research studies [200, 201] have highlighted the advantages of VC over AC in various aspects 

such as sanitation, compost quality, and operational results. VC surfaced as a highly esteemed fertilizer 

in agriculture, asserting a premium price compared to conventional compost [202]. Contemporary 

research in the field of VC toilets has primarily focused on process optimization. For instance, a 

comparative study [203]  was conducted in Uttarakhand, India to gauge the effectiveness of various 

filter media used in vermifilter toilets, ultimately concluding that river bed material yielded the most 

favorable results. Another study in India [204],  focused on comparing different worm bedding 

materials, finally identifying coir and woodchips as the top-performing options. In 2014, a research 

study [205] in London, UK conducted a comparison of various VC hydraulic loading rates and filter 

media compositions, intending to determine the most affirmative loading rates and layouts.  

Although extensive research has been devoted to optimizing specific aspects of the vermicompost 

toilet, a comprehensive design that adopt these recommendations into a user-friendly and sustainable 

solution is yet to be established. There is also limited information available regarding the social 

acceptability and financial viability of such a toilet, as both are crucial factors in achieving the broader 

objective of utilizing composting designs to direct waste management challenges. Enhancing the 

understanding of VC toilets and promoting their large-scale adoption requires conducting an extensive 

analysis of vermicomposting's effectiveness in contrast to aerobic composting. Furthermore, improving 

the VC design and gaining insights into the solution's social acceptability and financial viability are 

crucial steps to advance the VC toilets' potential. 

In this regard, this research proposes an innovative and optimized composting, micro-flush toilet 

design. This paper first discusses the composting reactor mechanism and the use of toilet user 

interfaces. This is followed by a review of the social perception of eco toilets across different continents 

by analyzing survey results. Based on that, a design for a vermicompost chamber is proposed, and a 

composting experiment is set-up. An eco-friendly aspect is added to the design by connecting the 

composting systems to native plants that re-absorb the nutrients and close the cycle of nutrient recovery 

with minimal human intervention. The experiment has three composting systems, which include soil 

compost, compost with manure, and earthworms with manure compost. Comparison between the 

systems is then drawn based on the analysis of compost temperature, physicochemical properties, and 

micro fauna analysis (tea bag index tests and DNA sequencing). This gave a blueprint of the composting 

effect on the soil. In the end, suggestions are given for the best toilet user interface. 

3.2 Composting Reactor Systems 

Aerobic composting (AC) takes place in adequately ventilated environments, where oxygen-utilizing 

microorganisms disintegrate and decay organic matter. In this composting process, aerobic 

microorganisms such as bacteria, actinomycetes, and fungi facilitate the oxidation of organic materials, 

resulting in the production of carbon dioxide (CO2), ammonia (NH3), water (H2O), and volatile 

compounds [198].  AC has different stages: mesophilic, thermophilic, and curing stages. Mesophilic 

composting takes place within a temperature range of 20-40 °C and generally lasts for a few days. In 

this stage, the mesophilic bacteria commence the decomposition of organic matter and generate 

substantial heat, which triggers the successive phase of thermophilic composting. Thermophilic 

composting takes place over several months. This stage is characterized by the dominance of 

thermophilic bacteria that thrive in higher temperatures, ranging between 45 and 65 °C. The bacteria in 

this stage metabolize proteins, fats, and carbohydrates, while the heat generated during this stage helps 

eliminate pathogens. Eventually, as the depletion of energy sources occurs, the temperature steadily 
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decreases, and this leads to the final curing phase where mesophilic organisms once again become 

dominant and decompose any remaining organic material. Efficient aerobic composting requires 

specific conditions to be met, e.g., oxygen concentration of 15-20%, moisture content between 50-65%, 

temperature ranging from 50-65 °C, a carbon-to-nitrogen ratio of 25-30, pH levels between 6.7-9, and a 

porosity of 35-50% [198]. For optimal composting, it is essential to control these factors through 

measures such as employing ventilation fans, regular mixing, water sprinklers and drainage systems, 

heaters, insulation, as well as an assortment of high-carbon materials in the form of sawdust, shredded 

paper, coffee grounds, straw, etc.  

Vermicomposting (VC) employs earthworms and microorganisms to break down organic matter and 

generate nutrient-rich vermicompost, or worm compost. This process consists of two primary stages: 

the active stage, facilitated by earthworm digestion, and the maturation stage, driven by mesophilic 

bacteria and fungi. In the former, the earthworm's digestive system utilizes enzymes, intestinal mucus, 

and natural antibiotics to eliminate pathogens and foster a diverse and beneficial microbial community 

that enhances plant growth [206]. After traversing the earthworm's digestive tract, the organic matter 

is excreted as "casts" surrounded by microorganisms, enzymes, and fermenting substances. During the 

successive maturation phase, bacteria and fungi promptly act upon the partially digested casts, 

transforming them into mature vermicompost. Unlike AC, this entire process takes place within the 

mesophilic temperature range (15-28 °C) for optimal performance. Within 4-8 weeks, this process yields 

valuable vermicompost that enriches soil fertility, promotes plant growth, eliminates harmful 

pathogens, and aids in disease management [206]. For developing an environment for 

vermicomposting to grow and to create an optimal ecosystem, specific conditions distinct from aerobic 

composting are compulsory. These conditions include maintaining a higher moisture content of 60-

75%, lower temperatures (preferably around 25°C, but with survival possible within 0-35°C), a reduced 

Carbon to Nitrogen ratio of 25:1, lower pH levels of 6.5-8, and moderate porosity to facilitate worm 

burrowing (35-50%) [207]. Through various means these conditions can be achieved, e.g., incorporating 

high-carbon materials, utilizing ventilation fans, providing insulation, implementing water sprinklers, 

and establishing effective drainage systems. 

The construction of a vermicomposting reactor requires the implementation of a worm filter, also 

known as a VC filter. This biological filtration system engages earthworms to break down organic 

matter and filter the resulting liquid as a by-product known as vermicast [208]. Within the VC, the 

vermicast passes through layers of organic materials, such as peat moss, coconut coir, or compost, 

serving as a substrate for the earthworm bed.  The earthworms maintain the aeration of the compost 

through the tunneling system they create, and they increase the compost temperature through their 

metabolism. The worms consume the organic matter and convert it into worm cast (solid phase) and 

worm tea (liquid phase). Driven by gravity, the worm tea along with the diluted cast undergoes 

filtration through a series of granular layers with varying grading. The final liquid holds considerable 

value as a nutrient-rich soil amendment, suitable for gardening or agriculture usage [209]. 

3.3 User interfaces 

The "Toilet interface" envelopes different interactive elements that ease individuals to engage with a 

toilet, notably in accommodating diverse genders, ages, and abilities. An optimal interface encompasses 

a range of components and features that ensure maximum levels of hygiene, comfort, and satisfaction 

during toilet use. Therefore, it is important to understand how each toilet interface adapts to the 

idiosyncrasies and customs of a particular social group.  

In ancient civilizations, the toilet systems consisted of holes or pits in the ground. A remarkable 

example is the communal spaces of ancient Rome [210], reflecting a collective acceptance of bodily 

functions as natural and integral parts of life. However, as societies evolved and notions of privacy and 

modesty emerged, toilets became enclosed and private spaces, often associated with shame or 

embarrassment. The flush toilet which we know today has roots back in the 16th century as Sir John 

Harington invented the first flush toilet [211]. This was followed by the tank-based flush toilets in the 
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mid-19th century presented as patent first by Alexander Cummings, having an idea of using a separate 

water tank for flushing [212]. By mid-1980s the dual-flush toilets were in use [213]. In the late 20th 

century sensor activated toilet technology was introduced and it gained progressive popularity [214]. 

In recent years, bidet toilets and smart toilets are mostly driven by Japanese innovations but they are 

still not widely used [215]. 

There are several types of toilets. Therefore, a characterization was proposed based on (1) the position 

adopted by the user (standing [216], squatting [217], sitting [218], etc.). and (2) the evacuation method 

of humanure from the user interface was also taken into consideration, including options like dry/flush 

urine-diverting toilets, dry toilets, and flush toilets.  

The three most common toilet positions are standing, squatting, and sitting. Standing is commonly 

used for male urination [216]. Squatting is an organic posture that helps to build the pressure required 

for easy evacuation [217]. Sitting is a comfortable position that requires physical contact with the toilet, 

which is widely adopted in Western societies [218]. In the classification of toilets by the method of 

evacuation of the humanure, there are three general methods, dry toilets, urine-diverted toilets, and 

flush toilets. The “dry toilet” also called the latrine shown in Figure 3.1(a) operates without flush water, 

and it is placed over pits. The humanure and the cleansing material are evacuated by gravity. Latrines 

do not have a water seal to stop odors. These toilets are designed usually for sitting rather than 

squatting. They allow the waste to decompose through natural processes. Typically, the waste is 

deposited into a chamber or container where it undergoes composting. 

  The urine-diverter toilet is shown in Figure 3.1(b). the interface collects urine in the front of the toilet, 

and solids are collected in the back, using separate compartments. By separating humanure at the 

source, urine diverters enable greater nutrient recycling, offering the possibility to convert urine into a 

valuable fertilizer. This type of toilet can accommodate both sitting and squatting positions and also 

both dry and flush models. There is flexibility for catering to user preferences in the design. But due to 

social acceptance and high labor costs, there are certain limitations in the use of urine diverters.  

Urine contains a relatively high concentration of nutrients, including 80% nitrogen, 50% potassium, 

and 50% phosphorus  [219]. The urine-based fertilization can be done through two low-cost methods. 

The first method for nutrient recovery is to dry the urine and keep the urea (NH₂)₂CO as a solid material 

to be used as fertilizer [220]. In the second method, urine is collected and mixed with water creating a 

diluted solution that is directly applied to the soil [221]. The natural bacteria present in the soil convert 

the urea into ammonia (NH3) and then into nitrates (NO3-) that are assimilated by plants to build amino 

acids. These are essential nutrients in the food chain. Potassium and phosphorous are essential elements 

in the food chain that, unlike nitrogen, are not present in the atmosphere. Although urine-diverting 

toilets are available for use, societal acceptance may not be immediate. It is prone to misuse and 

clogging. The capital and operating costs are high. A survey study of 17,499 households in South Africa 

revealed low satisfaction with such facilities and a perceived odor in the toilets, leading users to prefer 

flush toilets [222]. 

The centerpiece of today's modern user interface is the flush toilet. The first patent was granted by 

Alexander Cumming in 1977 and included the s-shaped pipe below the bowl that seals odor from 

entering the bathroom. The main drawback of the flush toilet is that they use large amounts of water, 

very often drinkable water, for the flush operation. However, modern toilets have created new 

technologies to reduce the water used during the flush, such as double flush buttons, and micro-flush 

systems that combine non-stick technologies with tornado-like flush modes for efficient evacuation. 

Thanks to these technologies, the amount of water required to flush has been progressively reduced 

from 20 littles to 3.5 littles.  Many companies in Japan e.g. Toto have established a reputation for 

producing high-quality toilets that prioritize performance, comfort, and sustainability [223]. Toto 

electronic toilet operates as a Smart Toilet, working with an integrated water-cleansing system for 

superior and comfortable personal hygiene [224]. The Toto-toilet is shown in Figure 3.1(c). 
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(a)                                    (b)                                             (c) 

Figure 3.1. Top and cross-section view of typical toilet user interfaces, showing the place of urine and stool through 
arrows pointing downward: (a) Dry toilet latrine. The fly screen shown is used to keep insects, dirt, leaves, and 
debris away from the composting chamber. (b) waterless urine-diverter toilet with a separate chamber for urine 
collection, (c) flush toilet-bidet with a combination of micro flush technologies, and a water jet cleansing system. 

3.4 Social Perception of Toilets 

Toilets are fundamental facilities for every human being, yet the acceptance of society towards the new 

toilet system is influenced by cultural attitudes and social perceptions towards hygiene, privacy, and 

social norms. The choice of a suitable combination of user interface and the composting method for a 

sustainable toilet should consider different factors of the targeted community, such as hygiene 

practices, economic priorities, connectivity with the environment, and gender-related preferences. This 

paper focus on determining the acceptable levels of people regarding composting systems, or no-mix 

(urine-diverting) technologies across various locations worldwide: the United States [225, 226], Europe 

[227], Philippines [228], and Australia [229]. To achieve this, survey reports from the literature were 

analyzed. 

Positive acceptance and willingness to adopt sustainable technologies e.g., eco-toilet (ET) and urine-

diverting toilets (UDT) has been reported in four different continents.  In these surveys, the ET was 

presented as a system that uses a small amount of water or no water and recovers nutrients from human 

waste, and UDT as a system that separates urine and solid waste during the toilet use process. Two 

locations in the US have been surveyed: Cape Cod Island [226] and Hawaii [225]. In Cape Cod Island 

[226], only 42% of the participants has positive attitudes about septic systems and many were willing 

to adopt eco-toilets. Most respondents would be completely willing to use an ET in a friend’s home 

(63%), and many would be completely willing to stay at a hotel or other short-term lodging with ET 

installed (46%).  The percentage of respondents who agree that the risks of using ET are acceptable to 

obtain the benefits was much larger than the percentage who reported complete willingness to install 

eco-toilets in their own homes. This difference  suggests that more participants would accept the risk-

versus-benefit tradeoffs than the group that may be eco-toilet advocates. In Hawaii,  84% would allow 

to have a UD toilet installed in their home and 65% would pay about 50 USD to have a UDT in their 

home [225]. A comprehensive survey in Europe across seven different countries revealed that 

participants considered UD toilets are the same or better than conventional toilets in terms of hygiene 

(85%), smell (77%), comfort (86%) flushing (56%) and cleaning (52%) [227].  In the Philippines, the main 

factors to be considered by all respondents for installing an ET at their home/community are (1) 

opportunities for saving water (47%), a shouldered cost of installation of an ET, and the reuse of the 

nutrients from humanure (22%) [228]. In Australia,  30% of the respondents were positive towards the 

UDT but only 15% had a positive attitude on dry ET [229].  Overall, the survey reports across the 

mentioned locations reveal that most of the users have positive acceptance and willingness to adopt 



46 

 

eco-toilets and urine-diverting toilets. But still, there is a need for further developments and public 

education to address the risk and benefits related to these types of toilets.  

The surveys also reported on the attitude of the community towards the recovery of nutrients from 

humanure. In Hawaii, 82% of the respondents conveyed that human waste can be safely recycled 

instead of being disposed of and 92% agreed that it can be safely treated to be converted into fertilizer 

[225]. In Europe, the survey on UDT showed that 85% of participants consider using urine as fertilizer 

as a good or very good idea [227]. A different perception was shown in the survey in the Philippines, 

where 56% and 76% of the participants thought that urine and stools can be used as fertilizer [228]. On 

the other hand, moderate enthusiasm of the Australian community for manual handling of the compost 

was surveyed; a fraction of the respondents would volunteer to mix to compost (67%), add carbon-rich 

material to it (97%), and harvest it (39%). Interestingly, 37% of the Australian respondent approved of 

using earthworms as an alternative for manual compost mixing, while 36% disapproved of using them, 

and 37% were neutral to this idea.  Overall, these worldwide surveys show a positive attitude toward 

composting humanure, especially if it does not compromise the users’ time on handling compost.  

These survey results bring up the opportunity to capitalize on this attitude in the development of novel, 

user-friendly, and sustainable toilets that involve minimal interaction of the users with the composting 

process.  

3.5 Methodology 

According to the surveys, the possibility to use the aerobic composting (AC) system that requires 

continuous handling of the compost heat to achieve optimal moisture, aeration, and carbon-nitrogen 

ratio was less attractive than vermicomposting (VC). For this reason, To minimize human intervention 

in the composting process, a composting chamber was devised in this paper. The chamber controls 

temperature, oxygen content, and humidity in a way that mimics the natural processes involving 

composting with no human intervention. The bioproduct of the worms (worm cast and worm tea) was 

applied directly to native vegetation adjacent to the composting chamber. This strategy reduced the 

manual handling of the compost to zero. The details of the design and setup of composting chambers 

are presented in this section. 

3.5.1 Vermicomposting Design 

Based on survey results, critical design principles, and best practices for composting, different 

composting chambers were designed, built, and tested to find the best choice of the composting 

chamber for a micro-flush toilet interface. The focus was placed on systems with an optimal composting 

rate and minimal human intervention in the composting process. 

Due to safety regulations, humanure was not used in the experiment, instead, a recipe for Synthetic 

Humanure (SMN) was created by mixing 4 parts of sheep manure, 4 parts of liquid pig manure, and 3 

parts of chicken manure. This selection was intended to mimic the variable diet of an average human. 

Chicken, pig, and sheep manure surogated for human waste, as chicken and pig manure represented 

omnivorous diets, while sheep feces represented herbivorous diets. Thereby encompassing both 

vegetarian and non-vegetarian human dietary patterns. While the chicken manure provides a high 

content of urine capturing the contribution of both urine and stool in the humanure. Toilet paper was 

considered an important contribution to the composting chambers. Paper is carbon-rich material, so it 

provides a balance between the carbon and nitrogen content in the compost chamber [230]. To add 

carbon to the SHM, cardboard samples were cut into 100 mm squared-shaped pieces, and compost 

where sandwiched between the cardboard layers. 

Based on the design, the three composting systems labeled as Control (C), Vermicompost (VC), and 

Aerobic compost (AC) were placed parallel to each other as shown in Figure 3.2 (plan view). Final 

design drawings were drafted using Autodesk Revit, shown in Figure 3.3 Three identical plywood 

timber frames, for three composting systems with dimensions of 1100×1200×660 mm were constructed. 

The frames were placed on a concrete slab having a 200μm thick plastic sheet at the base, shown in 
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Figure 3.3(a). Plant trays were placed inside the frames and garden mix soil was poured into the trays 

to fill them up. The plant trays were not only providing built-in pots for the plants to grow in it, but 

also transferred the load of the compost to the concrete floor. Four different plants in four corners of 

every tray were planted, as shown in Figure 3.2 The planted plants were Arum lily (Zantedeschia 

Aethiopica), Carex Evergold (Carex oshimensis), Carex Feather falls (Carex oshimensis), and Greater Brown 

Sedge (Carex Brunnea).  The plants were in the initial stages of their growth.  

3.5.2 Experimental set-up 

Three compost systems (C, VC, and AC) were set up, one each in every tray. To protect the chambers 

from the external environment, they were surrounded by a black plastic bin [231]. The chamber in 

Figure 3.3 (a) is a cylindrical steel frame with a steel mesh creating an air layer between the compost 

and the plastic bin. The air gap created by this three-millimeter wire mesh reduces heat exchange with 

the environment and improves aeration in the compost. This improved chamber results in more oxygen 

flowing into the composting chamber and higher temperatures. Inside the steel mesh cylinder, 

substrate layers were arranged. The layer from bottom to top were hydro corn clay pebbles (50 mm), 

black silica stone pebbles (50 mm), sand (700 mm), and soil (800 mm). A Geo-fabric sheet was used to 

avoid mixing the substrate layers. The only difference between VC and AC chambers was the 

incorporation of earthworms in the former. The VC chamber had 1000 earthworms poured into the soil 

layer. The Control compost chamber had only garden mix soil and no substrate layers. A wooden lid 

top with a fitting of a washbasin sink (mimicking a micro-flush cistern water supply) was installed for 

both VC and AC up to the manure addition period (up to Day 24). An automated water supply was 

discharging two liters of water (one-minute duration) to the chambers every day in three intervals (11 

am, 2 pm, and 5 pm). The manure was added three times a week (600 mL of chicken,600 mL of sheep, 

and 1800 mL of pig) for the first three weeks. Then 2400 mL each of chicken and sheep were added all 

together. The composting and vermicomposting took place in AC and VC systems respectively. The 

synthetic humanure (SHM) entered the chamber and was processed by earthworms in the topmost 

bedding layer while the excess liquid was filtered through the chamber geo-filter containing various 

sands and gravels before being drained out as a more pathogen-free effluent. The same process 

happened in the AC system but without earthworms. 

 

Figure 3.2 Arrangement of the plants in the corners around the composting systems (left to right): C, AC, and VC. 
The location points of the plants in each tray were the same, e.g., Carex Feather falls was in the bottom right of each 
plant tray, and Arum Lilly was in the top left. The composting chamber was placed only in AC and VC. The location 
of the sensors for compost temperature, air temperature, and relative humidity is also shown. 
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The arrangement of all the components of the compost bin system is shown in Figure 3.3 The compost 

bins were checked from the inside from time to time. The purpose of checking was to make sure the 

dip in the height of the compost is noted e.g., on Day 43, the compost height reduced inside the 

chambers by 8 and 12 cm in VC and the AC respectively. Cross sections of different filtering layers 

inside the composting bin with manure addition at the top are shown in Figure 3.3(c). 

 

 
Figure 3.3 (a) Exploded 3D view of all the pieces involved in the construction of the composting system. (B) 
Plywood side walls - lengthwise (C) Plywood side walls - Breadth wise (D) Plastic sheet (E) Plants base for 
plantation (F) Steel mesh (G) Compost bin (H) Compost lid (I) Vanity (J) Cylindrical mesh chamber. (b) 3D view 
of the complete experimental set-up of a chamber (c) Cross section of the composting system showing all the 
filtering layers (from hydro corn pebbles to soil) in the AC and VC systems. The manure is shown being added on 
top of the soil layer which merges with the soil. In VC, the earthworms were poured to mix with the soil. The 
thickness of manure changes with time depending on the addition and filtration. The top surface is covered with 
a coco-coir fiber layer to avoid excessive oxidation. All the thicknesses are in millimeters (mm). 
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It is important to understand the reasons behind what type of different tests were done for comparison 

of the composting samples, during, before, and after the experiment shown in Figure 3.4. Also, the 

methods used to perform these tests, e.g., compost pile temperature, physiochemical tests, tea bag 

index, and soil DNA sequencing. The compost pile temperature range indicates different stages of 

composting [232] e.g., the mesophilic stage between 20-40 °C, thermophilic from 45-65 °C, and so on. 

Based on that biological activity inside a compost can be determined. 

 
Figure 3.4. Methodology flowchart of the experimentation. The procedure to obtain the optimal composting 
chamber is shown in the flowchart and consists of the preparation of the recipe for Synthetic Humanure SHM. 
Design and building of three composting chambers: control (C), aerobic composting (AC), and vermicomposting 
(VC), and (3) Testing of the composting process in the chamber based on compost temperature, Tea Bag Index, 
physicochemical soil properties, and DNA analysis. The total manure quantity that was added during the 
experiment is shown in AC and VC composting systems. The layers of materials and their thicknesses are shown 
for each compost system. The compost temperature was measured inside each system. The sampling phase started 
on June 27 and ended on August 26, 2022 (59 days). The sampling phase corresponds to the days on which the 
composting soil samples were taken. The analysis phase included the type of tests done on the composting samples 

collected on specific days from the three composting systems (C, AC, and VC) shown.  

Temperature monitoring helps the identification of the stage of the composting process [233] as it 

ensures that composting process is reaching a stable product. The compost pile temperature was 

monitored through HOBO MX2303 data logger sensors [234]. The Physiochemical tests of soil compost 

included pH, electrical conductivity (EC), total organic carbon (TOC), total nitrogen (TN), ammonia 

(NH3), and moisture content (MC). Monitoring the pH of a soil compost is important because it ensures 

nutrient balance inside the soil for optimal plant growth leading to improved agricultural and 

gardening outcomes [199]. EC measurements of the compost provide valuable information about the 

nutrient status and assess the salinity level of the compost [235]. Finding TOC and TN results in 

understanding the Carbon, Nitrogen ratio (C:N) of the compost [199]. As C:N ratio is essential for 

finding compost quality, decomposition progress, and nutrient availability which helps manage the 

compost in a better way. Finally, finding the ammonia (NH3) content is significant because it provides 

insight into the maturity and stability of the compost [236]. Ammonia production is typically high in 

the early stages of the compost but with time it decreases because the decomposition process slows 
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down. Also, high levels of ammonia emissions can contribute to air pollution and unpleasant smells. 

The metabolism of earthworms also produces ammonia [237].  The tea bag index (TBI) testing provides 

a standardized, economical, and practical approach to assess the decomposition and evaluate the 

stabilization rates inside a compost pile. Lastly, DNA sequencing technique used was important 

because it gives taxonomic classification of phylum. It provides valuable insights into the microbial 

community composition and diversity within the compost. The Physiochemical tests, TBI, and DNA 

sequencing results were obtained through the same techniques mentioned in the greywater system 

filtering system [238]. The description of the Physiochemical test methods used is shown in Table 2.4. 

The detailed method of the tea bag index studies is shown in Chapter 2 (Section 2.3).  

In the DNA analysis of the soil, universal primers were used in DNA sequencing for diversity studies. 

This is because they target conserved regions of the genetic material [239]. Universal primers offer a 

standardized approach to DNA sequencing, which enables to compare diversity across different 

studies and environments. One commonly used universal primer targeted the 16S rRNA gene in 

bacteria. This approach is widely used in microbial ecology and environmental studies to assess 

microbial biodiversity and help in identifying specific bacterial taxonomy [240]. The technique used for 

DNA sequencing results is shown in Appendix A1.   

3.6 Results 

Results are organized into four sections. The first section analyses the compost pile temperature inside 

each chamber. The second section provides a review of the physiochemical properties of the 

composting soil samples. The third section investigates the TBI results which is followed by the last 

section of soil DNA analysis. 

3.6.1. Composting temperature 

Figure 3.5 shows the temperature data inside composting piles. VC temperatures reached a maximum 

of 41.31 °C on Day 41, while AC temperatures reached a maximum of 35.65 °C on Day 42 at 1:00 hrs. 

The mean temperature during the experiment for both VC and AC was 21°C which is in the 

recommended range for VC but not for AC. In VC the continuous temperature rise was noted from Day 

24, when 4810 mL of manure was added. After this addition, the compost pile temperature in VC went 

past the ideal range for earthworms from Day 39 till Day 45. This resulted in earthworms burrowing 

because they would not survive in this high temperature. The AC temperature did not achieve the ideal 

range (45 - 65 °C) throughout the experiment [241]. As the thermophilic phase (>45°C) [199], was not 

achieved. Compost requires the cultivation of aerobic, or oxygen-loving, bacteria to ensure 

thermophilic decomposition [242]. Also, to reach thermophilic phase decomposition, it takes a 

minimum of 1 m3 (one cubic meter) of compost [243].  
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Figure 3.5. The temperature variation graph inside the composting piles of control (C) aerobic compost (AC), and 
vermicompost (VC) systems.  The data of C compost was recorded from Day 30 to Day 51 (21-day period). From 
Day 1-23, mixed manure (600 mL of chicken, 600 mL of sheep, and 1800 mL of pig) was added with a 2-day 
frequency. On Day 24, 4810 mL of manure (2400 mL of chicken, 2400 mL of sheep, and 10 mL of pig) was added 
together, increasing the temperature of the compost to the mesophilic stage. The two phases (mesophilic, and 
cooling/curing) are highlighted. The mesophilic stage temperature range (20 – 45 °C) started from Day 24 because 
35% of the manure quantity was added to the system altogether. 

3.6.2. Physiochemical properties of soil 

The before-testing soil (BTS) sample properties were compared with soil composting samples from C, 

VC, and AC after the end of the irrigation period (Day 57). 

 

 

 
Figure 3.6. Physiochemical properties of the soil samples before treatment of soil (BTS), control (C) 
vermicomposting (VC), and aerobic composting (AC) composting systems. The measured quantities are (a) pH, 
(b) Electrical conductivity, (c) Moisture, (d)Total Nitrogen (TN), (e)Total organic carbon (TOC), and (f) Total 
ammonia (NH3). The error bars encode the mean and standard deviation of three subsamples. 
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From Figure 3.6, the effect on soil physicochemical properties of adding the manure into VC and AC 

composting systems is very clear. All the properties compared have shown higher values for both VC 

and AC. The experimental period of 59 days by BTS in the control composting system, increased the 

pH by 0.4±0.08 (Figure 3.6(a)). This 5% increase in pH over 59 days has also been found in another study 

of 60 days [244]. The pH of both VC and AC was slightly alkaline (> 7.5), this pH is ideal for the 

thermophilic phase of composting [245]. If the pH is too acidic or too alkaline, bacterial activity will be 

hindered or stopped completely. The pH turning into alkaline at the curing phase (Day 59 sample) [199] 

is normal. Overall, the pH values achieved by both VC and AC were in the desired range (5-8) [199]. 

The 59 days experimental period of BTS inside the control compost bin decreased the EC by 28% (Figure 

3.6(b)). The EC values for both AC and VC were above the desired range. AC was only 12% greater 

than the ideal value (5000µS/cm) but the EC value in VC was 123% greater than the required value 

(3000 µS/cm). This high value is due to the nutrient content and other non-essential soluble salts [246] 

in VC, due to the digestion and mixing by earthworms. A difference of 1633±6.7 µS/cm was noted 

between VC and AC. In dairy manure-based vermicompost, the EC readings range from 10,000 to 

20,000 µS/cm [247]. This high EC value in VC can also be due to water occupying the larger pores and 

being connected, suggesting that the EC of soil increases when the water content and degree of 

saturation increase [248].   

The moisture content MC level in AC was suitable but below the typical range by 10% in VC, though 

earthworms can still operate and decompose organic matter within a broader moisture range [249]. 

Also, the samples were taken on Day 59, i.e., the MC had decreased by then therefore overall the MC 

level was in the acceptable range (50-60%) [250], shown in Figure 3.6 (c). This MC level is suitable for 

aerobic degradation [251, 252]. 

The high total nitrogen TN and total organic carbon TOC  (shown in Figures 3.6 (e) and (f)) can 

immobilize the soil and degrade pesticides, nitrates, phosphorous, and other chemicals that can become 

pollutants [199]. The Carbon/ Nitrogen ratio (C:N) calculated was found to be 23:1 for C and 25:1 each 

for VC and AC. The ratio is in the recommended range of the C:N ratio for a composting pile (20:1 to 

35:1.16 [253]). The manure mix (pig, sheep, and chicken) added to VC and AC systems had a mean C:N 

value of 15:1[254]. It means the mixing of the manure with soil and cardboard fencing the composting 

chamber alongside separating the composting layers increased the C:N ratio of VC and AC by 66%.  A 

similar increase in the nitrogen cycle was also observed in another incubated composting study [255].  

The recommended ammonia (NH3) levels for both AC and VC should be less than 500 mg/kg [256] but 

they were found to be 1500 and 1800 mg/kg respectively, shown in Figure 3.6 (f). The difference was 

293±2 mg/kg. The difference can be attributed to the ammonia produced by the earthworms [257]. This 

high increase in NH3 content of VC and AC is mostly related to the chicken manure because it was a 

combination of faeces and urine.  The urea present in the urine can be converted into ammonia through 

a process called urea hydrolysis. A chemical reaction occurs when urea reacts with water, resulting in 

the breakdown of urea into ammonia (NH3) and carbon dioxide (CO2). This reaction is catalyzed by the 

enzyme urease, which is produced by certain microorganisms [258]. Part of the produced ammonia is 

further transforms into nitrates (essential soil fertilizers) by nitrifying bacteria. Another part of 

ammonia became volatile and produced an unpleasant odor and air pollution. Earthworms are 

sensitive to high levels of ammonia as it is toxic for them [237] Therefore, the increase in NH3 levels 

caused the increase in the bad odor which resulted in earthworms leaving the VC chamber. 

3.6.3. Teabag Index studies 

The incubation times (t) inside the soil for the teabags were: t1 = 0 days, t2 = 4 days, t3 = 11 days, t4 = 25 

days, and t5 = 60 days. The TBI analysis enabled 48 tea bag index in-field incubations (replicates 

included) in this project. Only one replicate was neglected because of getting damaged during the 

withdrawal process from the soil. The ratio of the final weight to the initial weight of green and rooibos 

tea bags in all the composting systems (C, AC, and VC) is shown in Figure 3.7. The green tea mass loss 
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averaged 24% in C, 15%, and 20% in AC and VC respectively. The rooibos tea mass loss averaged 12% 

in C and 9% each in AC and VC respectively. This faster decomposition was expected in green tea 

because it is a leaf material and consists of a more easily degradable material compared with rooibos 

tea, which is made from wooden shrubs [29, 259]. 

At the beginning of the TBI results (t4, t11, and t32), the decomposition was faster in the C compost 

compared to VC and AC. The reason was that microbes in VC and AC had a diverse range of materials 

to decompose compared to C. But as the TBI analysis reached t60, the decomposition in VC was 

approximately the same as C, and the fitting curve indicates a further increase in it beyond t60. Thus 

earthworms in the VC chamber fastened the decomposition process, resulting in higher metabolism 

rates compared to AC [260]. This is also beneficial in decreasing the pile volume [199]. The other reason 

behind the VC decomposition curve looking similar in shape to the C, in the long run, is that when the 

earthworms left the compost pile after reaching a plateau after a certain point, means that their rate of 

activity will slow down or stabilize [261] and their impact on the composting process decreased [262]. 

The efficiency of organic residue decomposition during VC is directly affected by the biomass and 

population structure of earthworms [263]. In the course of VC, earthworms ingest organic material, 

grind it with gizzard, and pass it through the gut [264]. This results in an increase in the active sites for 

microbial activity in the substrate. As the microbial activity increases, a portion of the carbon content is 

lost in the form of CO2, and, subsequently, the mineral content in the substrate increases [265]. 

Mineralization of nitrogen occurs, resulting in increased concentrations of nitrate and ammonium. 

Also, C:N ratios between 20 and 30 are considered suitable for earthworm growth [266]. The results 

also show that rooibos tea ingredients are hard for worms to digest because the percentage loss is 

approximately the same.  The burrowing of the earthworms in VC due to high temperature and 

excessive ammonia content with time, caused similarity in the results between VC and C systems. 

Figure 3.7. The relative mass of tea bags as measured in laboratory incubations for rooibos tea (RT) and green tea 
(GT) bags C, AC, and VC systems. The green line is for GT and the red is for RT. The shapes with error bars are 
experimental data collected on those specific days and the curve is extrapolated up to 75 days. The equation 𝑚(𝑡) =

𝑎𝑒−𝑘𝑡 + (𝑎 − 1) is used for all the curves, here ‘t’ is the incubation time, ‘a’ is the labile fraction, and ‘k’ is the 
decomposition fraction (with 95% confidence bounds). Values are the mean of three replicates and the ± error bars 
indicate standard error means (SEM). 

The constant decomposition rate pattern in all the composting systems is shown in Figure 3.8. The mean 

decomposition for the measured incubation times (t) in C and VC was around 0.05±0.01 and in AC it 

was 0.07±0.01. In C and AC, 50% and 40% decreases were noted in 'k' from t4 to t11 respectively. But 

no decrease was noticed in VC from t4 to t11. This no change is related to the early settlement period 

of the vermicompost. As vermicompost takes time (up to 2 months) to attain marked transformation of 

organic matter to vermicast (work cast and worm tea) [267]. As the value of 'k' in VC then decreased 

steadily by 17% from t11 to t32 to t60. This decrease is related to high-temperature rise inside the VC 

chamber because the fatal temperature range for earthworms is between 35-48 °C [268]. As VC had 

already reached this temperature range before the tea bags were planted, i.e., the earthworm left or 

burrowed by then.  
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Figure 3.8. (a) Comparing the constant decomposition rate (k) values for C, AC, and VC composting systems. The 
k was calculated using Eq.3 shown in Appendix B. The dot points (Yellow, Blue, and Grey) are the mean of three 
replicates at t, and error bars indicate ± SEM.  

The high stabilization factor in AC indicates that the organic matter of teabags is decomposing slowly 

[140], as microbial breakdown is not easily happening compared to VC. The findings of this study were 

compared with other studies done in different locations and climates as shown in Figure 3.9.  This 

revealed how realistic these findings are. It was noticed that the C and VC stabilization was in the 

domain of mangroves and mixed forest conditions. Also, the effect of manure makes the composts more 

stable and suitable to be used as fertile soil. It was noticed that decomposition was high for the 

composting systems compared to the other studies. The rich microbial diversity increased the 

decomposition in manure composting systems were more efficient in increasing the metabolism and 

promoting soil ecosystem functioning [269]. The stabilization of the C compost and VC were 

approximately like mangrove forests and mixed forests respectively. It is because mangroves forest has 

high moisture content like the C compost and the mixed forest is rich in soil microbial diversity.  

 
Figure 3.9. The Decomposition (k) and Stabilisation factor (S) for experimental data of the compost chambers C, 
VC, and AC were compared to different case studies from different countries found in the literature. The data 
points of strata of the greywater treated system (S1-GWS, C-GWS, S4-GWS) of a wetland staircase research study 

are also shown [238]. The first step S1 had the maximum greywater concentration and the last step S4 the minimum 

compared with the control stratum C which was fed with tap water only. The incubation time (t) was extrapolated 
to 66 days for all the strata (C, AC, and VC composting systems). Blue asterisks (*) are references to tea bag index 
(TBI) parameters from different environments as shown by Keuskamp et al.[29] et al., where the numbers of labels 
indicate country and ecosystem (United States–Florida=US-FL; China=CN; Panama=PA, the Netherlands =NL; 
Austria=AU; Ireland=IE; and Iceland =IS). The t value for all the other environments varied between 66 and 90 
days. 

C 
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It was also noticed that composts are more stabilized and lower in decomposition compared to the 

wetland biofiltration systems, shown in Figure 3.9. There are different factors behind the faster 

decomposition process in wetland systems compared to compost soil; the wetland had 9-12% of 

phylum (Acidobacteria, Actinobacteria, Verrucomicrobia, Gemmatimonadetes, etc.) which were less 

than 2% present in soil manure composts of AC and VC. Therefore, the rich microbial diversity 

increased the decomposition in the wetland system and was more efficient in increasing the metabolism 

and promoting soil ecosystem functioning [269]. Also, moist environments with good aeration can have 

the fastest decomposition [270], as in wetland plants the soil was moist. Lastly, the presence of certain 

compounds in the greywater soap may have stimulated the growth of bacteria that were able to 

decompose organic matter more rapidly, leading to a higher soil decomposition rate in greywater-

absorbed soil compared to compost soil.  

3.6.4. DNA sequencing 

The DNA sequencing results were found from a single soil sample taken from BTS, C, AC, and VC, and 

its -diversity was examined. A T-test/ANOVA statistical method was used, and the taxonomic level 

was Feature-level. The Chao 1 diversity index as a measure of species diversity took into account the 

abundance of individual species in the tested samples  [271]. The main difference in specie diversities 

was the manure because the 59 days’ time by BTS in control compost did not increase the species shown 

in Figure 3.10(a), whereas the manure increased this percentage by approximately 57% in both VC and 

AC. As the estimated richness of species within the two composting systems was similar. This also 

means the diversity was not affected by earthworms or the addition of manure in VC and AC was the 

only reason for the increase of specie richness reaching up to 123 on the index. 

  
Figure 3.10. (a) Comparing the -diversity of the Before treatment soil (BTS), C, AC, and VC systems using Chao 

1 diversity index (b) Comparing the -diversity using Principal Coordinate Analysis (PCA) shows the variance 
axis of BTS and composting systems (C, AC, and VC). PC1 reveals the most variation, while PC2 reveals the second 
most variation. Differences among data points along the PC1 axis are larger than the similar-looking distances 
along the PC2 axis. Positive loadings indicate a variable and a principal component are positively correlated: an 
increase in one results in an increase in the other. Negative loadings indicate a negative correlation. In both (a) and 

(b) plots, the AC and VC showed similarities which reflects the effect of the manure. 

Beta diversity differences between all the samples were examined, measuring the diversity between the 

samples. The principal coordinates analysis (PCA) technique was used to visualize this. PCA is a simple 

way of showing complex data as it reduces the number of variables while maintaining important 

information from the data [174].  In Figure 3.10 (b), the two main components of the data are 

represented as Axis 1 (79.2%) and Axis 2 (11.3%) on a 2D graph. The graphs show that BTS and C form 

a cluster on PC1, whereas VC and AC also are in a cluster form but on PC2. This indicates a clear effect 

of the manure, while the impact of earthworms was negligible because VC and AC are very close to 

each other and far from BTS and C. 
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The actual abundance of different types of phyla in BTS, C, AC, and VC is shown in Figure 3.11. A total 

of 105,866 Operational taxonomic units [OTU] were retrieved. AC and VC had 87% (43 and 44%) of the 

total OTUs. The total number of identified phyla was 11. In the taxonomical phylum analysis of VC and 

AC, the most dominant phyla were Bacteroidetes and Proteobacteria, showing the clear effect of 

manure. The percentage of Bacteroidetes in the AC and VC was 62% each.  Proteobacteria being the 

second most abundant phylum was found to be 30% and 32% in AC and VC respectively. The presence 

of these phyla also indirectly influences the nitrogen cycle and nitrification processes in compost [272], 

as they support the growth and activity of nitrifying bacteria in the composting systems in the form of 

urease-producing bacteria. This bacteria can be found within these phyla e.g., some species of 

Proteobacteria, such as Klebsiella and Pseudomonas, are known to produce urease (the enzyme that 

converts the urea into ammonia) [273]. Similarly, certain species within the phylum Firmicutes, like 

Bacillus, are also capable of urea hydrolysis [274]. The high nitrification due to ammonia is then fixed 

back into the soil by ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) [275]. Both 

AOB and NOB, are commonly found within the classes of Beta and Gamma proteobacteria, while the 

latter is typically found within the class Nitrospira [276], which is also within the phylum 

Proteobacteria. 

Overall, the presence of Bacteroidetes, Proteobacteria, and Firmicutes found in samples is generally 

considered beneficial for plant growth in a garden mix. However,  to detect specific pathogens related 

to nitrification and denitrification of bacteria e.g. fecal coliforms, Salmonella, Campylobacter, 

Salmonella, etc., additional targeted techniques are required which can identify and quantify each 

pathogen e.g., culturing methods, immunological assays, and molecular methods [277]. These methods 

have distinct approaches with different principles and techniques. Also, to a certain degree, 

phylogenetic tree analysis can be used [177] to find the ratio between harmful and useful pathogens. 

This sequencing data can be used for the phylogenetic tree analysis.  

A simplified structure of the phylogenetic tree up to the class level is shown in Figure 3.12. The tree 

was the same in all samples and only the percentages shown in Figure 3.11 varied among them. The 

three were constructed using the national center for biotechnology information (NCBI) database [278]. 

Figure 3.12 shows the categories of different levels of classification being represented hierarchically, 

starting with the kingdom” Bacteria”. From the kingdom Bacteria, three major phyla: Bacteroidetes, 

Proteobacteria, and Firmicutes are shown. Each phylum then branches out into more specific groups in 

the form of class and order. Proteobacteria and Firmicutes have a diverse range of classes, but 

Bacteroidetes have only one order and no class. All the remaining phyla accounted for only 1-2% of the 

total taxonomical percentage. Due to their relatively minor representation, these phyla were considered 

negligible for the scope of this study and were not shown. 
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Figure 3.11. Vertical bars plot displaying Operational Taxonomic Units (OTUs) on the y-axis and the phylum-level 
taxonomy distribution of BTS, C, AC, and VC samples on the x-axis. The sampling time difference is 59 days 
between BTS and the composting systems (C, AC, and VC).  The manure addition to AC and VC resulted in high 
numbers. 

 

Figure 3.12: Phylogenetic tree showing taxonomic relationships of the major Bacterial phyla: Bacteroidetes, 
Proteobacteria, and Firmicutes. All the phyla shown belong to the Bacteria kingdom. Each phylum branches out 
into respective order and class. The combine Phyla frame accounts for 1-2% of the total taxonomical percentage 
and is not shown as it is a minor representation.  

The compost bin filtering system comprised of different layers was producing filtered liquid fertilized 

in the end. This fertilizer had a positive impact on the growth of the plants around the composting 

chambers. The effect of liquid fertilizer on the Carex Feather fall plant was more prominent compared 

to Carex Gold, as the latter showed very slow progress during the experiment. The maximum plant 

growth was seen in Arum lily as its leave numbers increased from 1 to 4.  It was evident that the liquid 

fertilizer can be safely used for ornamental plant irrigation providing a biophilic environment.  
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3.7 Discussion 

In this paper, we investigated several possibilities to design user-friendly and sustainable toilets by (1) 

reviewing several surveys on different continents to identify the perception of the societies to the 

different toilet systems, and (2) building an experimental protocol to investigate the performance of 

two different composting systems:  aerobic composting (AC), and vermicomposting (VC).  

The surveys’ research aimed to gauge the social acceptance and financial viability of composting toilets. 

The recommended design revolves around a VC toilet, capable in theory of continuously processing 

waste into valuable compost while conserving water through a micro-flush interface and operating 

without manual handling. The results of the conducted surveys across different continents regarding 

the acceptance of composting toilets or urine-diverting toilets in homes or outside their homes revealed 

that most of the users are willing to adopt these toilet technologies. Based on the targeted questions 

related to willingness, this percentage was quite high in Europe and it was relatively low in Australia. 

In the United States, the percentages were high when the users were given a choice of free installations, 

if not then the percentages dipped considerably. In the Philippines, the order of priorities was water 

saving, economic costs, and the recovery of fertilizers. 

Table 3.1. Aerobic Composting versus Vermicomposting Analysis. 

Metrics Aerobic Composting Vermi Composting 

 (Ideal) range Experimental (Ideal)range  Experimental 

Temperature 49 – 71 °C 14 - 36°C (21°C) 13 – 25 °C 14 - 41°C (21°C) 

Electrical conductivity 1000-5000 µS/cm 5600 µS/cm 1000 – 3000 µS/cm 6700 µS/cm 

Moisture content 40– 60 % 50% 60 – 80 % 52% 

Carbon-Nitrogen ratio 25:1 - 30:1 25:1 20:1 - 30:1 25:1 

pH 6 - 8 7.9 5 - 8 7.9 

NH3 < 500 mg/kg 1523 mg/kg < 500 mg/kg 1817 mg/kg 

An experimental investigation on the performance of AC and VC chambers was conducted and 

compared with the performance of a control C chamber. The results summarized in Table 3.1 revealed 

that composting significant increase the temperature of the chambers, and due to earthworms’ 

metabolism in VC during the mesophilic stage, the mean compost temperature was 2 °C high compared 

to AC compost. Also, in VC the temperature exceeded the ideal range for the worms, and it created 

unfavorable conditions for the earthworms. As shown in Table 3.1, the physicochemical properties of 

soil were approximately the same for both VC and AC. It was remarkable to large amount of ammonia 

in the compost bin due to the activity of both microbes and earthworms, creating an inhospitable 

condition for the earthworms. 

The TBI studies revealed VC compost decomposition and stabilization were closer to the C compost in 

the longer run. In the beginning, the decomposition in the control chamber was faster but with time as 

the earthworms settled and slowly burrowed in the compost bin, the decomposition became the same 

as the C. The AC achieved maximum stabilization by day 60. The microbial activity was different than 

in wetland systems: The composting chamber showed a lower decomposition rate than in wetlands.  A 

clear distinction in the stabilization index was observed from the TBI analysis, the level stabilization 

was ranked from smallest to largest as wetlands, control, vermicompost, and aerobic compost. 

The results clearly showed that the diversities of species ( and ) were influenced by the manure usage 

because the period of 59 days without manure in the compost bin did not have a significant impact on 

the diversities, as BTS and C samples had the same findings. In VC and AC, the most prevalent microbes 

were Bacteroidetes and Proteobacteria. This highlights the importance of manure in shaping up the 

microbes’ percentages in compost, which are interconnected with the potential effect of the nitrogen 

cycle. The data obtained from this current research will serve as a solid foundation for future 

investigations. 
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The use of earthworms in the vermicomposting process to reduce manual handling possess several 

challenges. This is because the composting activity produces high temperature and high level of 

ammonia content that creates an unfavorable environment for the earthworms. There are several 

alternatives to alleviate these issues. Use larger compost chambers with high levels of ventilation to 

allow sufficient temperature zones for thermophilic and mesophilic bacteria, and earthworms to thrive. 

The use of geotextiles to separate the different layers in the VC creates difficulties for the worms to 

migrate to the different levels of the compost. To overcome this issue, it is recommendable to design 

special worm elevators, which are vertical channels connecting the substrates. These elevators would 

allow the worms to surface and burrow according to the temperature and ammonia levels of the 

compost. Last but not least, it is imperative to design systems to separate urine and stool without user 

intervention. Both byproducts should be treated by two separate composting chambers: VC. Treating 

the stools, and urea-filters treating the urine.  

Two candidates for future toilet systems are shown in Figure 3.13. The urine-diverted flush toilets 

should capitalize on the recent advanced in Swedish technologies such as urine-separated flush toilet 

interface [279], aquatron separator of stool and water [280], and sealing membrane and blue traps for 

waterless urinals [281]. The blue traps have a density lower than urine so they can effectively seal its 

unpleasant odors. The urine passes through the sealing membrane, which then closes when the urine 

flow stops and effectively seals the urine outlet, preventing smell, as shown in Figure 3.13 (a). Stools 

have low levels of nutrients and high content of bacteria that may be more favorable for the earthworm 

activity in the VC. The aquatron separates stools from water using centrifugal forces.  The stools fall 

into a compost pile and the water can be directed either to the sewage or to a wetland system, see Figure 

3.13 (a).  On the other hand, the urine contains urea as a valuable fertilizer and a low level of bacteria 

making it almost sterile, so it should be treated separately by a urea-filter. When distilled by passive 

strategies such as solar radiation, urea can be stabilized and can straightforward converted into 

fertilizer. 

A second candidate for toilet systems is shown in Figure 3.13 (b). This is a design inspired by the 

Japanese systems that embrace the technology of Smart Toilet and focus on the comfort and positive 

experience of the user [224]. The advanced and commercially available TOTO micro-flush toilets can 

be connected to a VC and urea-filter by a Smart Switch shown in Figure 3.13 (b). Based on the optical 

analysis, The Smart Switch should detect whether the flushed material contains stool and consequently 

divert the flush either to the VC or the urea-filter. Different from the Swedish system, the urine in this 

system will be mixed with water so that it is more reasonable to directly apply this mixture to a bed of 

nitrogen-hungry plants for recovering nutrients in the food chain. 

This study does not provide a final answer on the suitability of a sustainable and user-friendly toilet 

system. However, it does provide future directions on the design of the sustainable toilet, aiming to 

minimize human intervention and create a biophilic environment around the urban environment. In 

this environment, valuable nutrients can be safely returned to the ecosystem through efficient biological 

filtration. These insights pave the way for potential advancements in sustainable toilet technology. 
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Figure 3.13. (a) Swedish toilet interface showing separate urine collection. The water in the urine evaporates and 
leaves the phosphorous, nitrogen, and potassium content. The aquatron operates to direct the stool to the compost 
pile and the greywater is discharged through a pipe toward the sewer or wetland filtering system.  (b)The Japanese 
toilet concept design and the future version of the vermi/urea filters. These should operate from a Smart Switch 
separating the urine from the stools and it directs the urine and stools to the ureafilter and the vermifilter. 

3.8 Conclusions 

This paper examined surveys conducted across different continents found in the literature. The surveys 

aimed to gauge the acceptance of composting toilets or urine-diverting toilets. It was found that most 

users had positive acceptance and willingness to adopt the mentioned toilets but the percentage varied, 

e.g., in the US, two locations had percentages of 63% and 46% but in Australia, it was 30%. The 

composting chamber was then designed and the experimental methodology and investigations shed 

light on the composting processes, demonstrating a difference of 6 °C between VC and AC chambers 

during the mesophilic stage. The physicochemical properties of both AC and VC samples exhibited 

similarities. However, both were noticeably distinct from the properties observed in C compost due to 

the addition of manure.  

The other noteworthy findings indicate that the VC decomposition rate closely resembled the C 

compost in the longer run. As by day 60, for both VC and C, the decomposition rate was approximately 

0.04. This underscores the potential effectiveness of vermicomposting for organic waste management. 

Also, DNA sequencing results revealed the same type of phylogenetic taxonomy for both AC and VC 

with the domination of Bacteroidetes (62%) and Proteobacteria (32%). The presence of these phyla 

influences the nitrogen cycle and nitrification processes in compost.  

Based on these valuable insights, the study suggests two promising candidates for future toilet systems. 

One approach could leverage recent Swedish technological advancements in urine-diverted flush 

toilets, while another design inspired by Japanese Smart Toilet technology holds promise. These 

innovative designs pave the way for sustainable toilets, where essential nutrients can be safely returned 

to the ecosystem through efficient biological filtration.  
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4.Synergy between photovoltaic panels and green roofs 
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Abstract: To reduce the impact of climate change in the form of low-carbon developments, innovations 

in sustainable building strategies are imperative. In this regard, the performance of a double roof house 

consisting of a photovoltaic panel roof (PV) and-green roof (GR) was compared to traditional solar roof 

buildings. The synergy between both PV and GR systems was analyzed by numerical simulations and 

physical modeling across the four seasons. The performance of the systems was assessed on three 

dimensions: indoor thermal comfort, photovoltaic temperature, and energy yield.  The synergy of 

photovoltaic roofs with green roofs kept the indoor environment 6% more comfortable than solar roofs. 

The synergy also reduced the photovoltaic temperature up to 8°C, extending the PV life span and 

increasing the energy yield by 18%. 

Keywords: sustainability; climate change buildings; zero carbon emissions; biodiversity; green 

buildings; double roof structures; biophilia; built environment; green cities 

4.1 Introduction 

The historic growth of solar energy generation through photovoltaic (PV) from the start until today is 

considerable. Solar panel research and development have achieved many milestones, including 

installing PV panels on rooftops as an environmentally friendly alternative for energy production [282]. 

A building roof with PV converting solar radiation into electricity is known as a PV roof. A PV roof has 

panels installed either stand-alone or in the form of building-integrated photovoltaic (BIPV) [283]. PV 

roof panels can not only generate electricity but also serve as an envelope layer for construction [284]. 

Other multi-functions of PV roofs include thermal insulation, noise prevention, weatherproofing, and 

offsetting the system's initial costs [285]. Along with many advantages it has issues in operation e.g., 

continuous absorption of solar radiation raises the panel temperature. For better PV efficiency it is 

important to mitigate this temperature rise. With every 1 °C rise in temperature, the conversion 

efficiency can decrease by 0.4–0.65% [286] [287]. This increase in the surface temperature of solar panels 

expands to the roof beneath the panels and it also causes an increase in the indoor temperature of the 

building [284]. There are different ways to mitigate this temperature, one way is through plantation 

beneath the panels in the form of a green roof (GR). 

GR refers to a roof covered with a waterproof membrane, soil, and plants or trees suitable for the local 

climate [288]. In the literature, generally, the GR has been categorized as either extensive or intensive 

[289]. An extensive GR is composed of a very thin layer of soil, requiring minimum maintenance, 

whereas an intensive GR usually has a 20 cm thick soil layer, supporting a variety of plants [290]. 

Generally, the three main components of a GR are the canopy/leaf cover, soil, and structural 

support/roof [291].  GR has many advantages: Urban temperature improvements in street canyons [292] 

and decreasing the urban heat island effect (UHI) [293] can be achieved through GR; GR can work as a 

passive cooler. In the case of high external temperatures, not only the entering heat flux is canceled, but 

also a slight outgoing flux is produced due to the cooling effect of evapotranspiration [294]. Extensive 

GR has shown a high potential to decrease stormwater flow rate [295]. To create high urban resilience 

a better understanding of GR retrofit is important [296]. As GR retrofit potential in commercial 

buildings needs to be studied [297]. The combination of GR with other passive or renewable 

technologies can make the buildings more energy efficient e.g. photovoltaic – green roof (PV-GR). 

This combination of a photovoltaic panel with plants on a rooftop below the panel makes a (PV-GR) 

[298].  This is a symbiosis between a green roof and renewable energy, also called a bio-solar roof [31]. 

Agrivoltaic systems on rooftops such as PV-GR are a good example to integrate crop production and 

https://www.mdpi.com/1996-1073/16/13/5184
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PV power generation, offering a potential solution to the land economy problem. The GR vegetation 

increases evapotranspiration (ET) [35, 299] and reduces the roof temperature in the surrounding area 

[34-37]. This results in the cooling of the PV surface and maximizes its power output because the 

increase in PV surface temperature adversely affects its performance efficiency [300, 301]. Due to CO2 

emission reductions, and the potential to increase energy and food production, the PV-GR is an 

encouraging alternative energy source in urban areas [33]. By reducing the impact of the direct radiative 

forcing due to the PV system on the building, the rooftop mitigates the urban heat island (UHI) effect 

in warm climate urban areas [33]. Therefore PV-GR is an efficient strategy to produce green energy in 

urban developments. Many experimental and theoretical studies on PV-GR in literature have endorsed 

these advantages. However, no comprehensive experimental research has been carried out to 

determine the synergy between PV and GR as two separate roof structures (equal in area). The synergy 

evaluation should consider three dimensions: (i) indoor comfort parameters (air temperature and 

relative humidity), (ii) the PV rear side surface temperature, and (iii) solar energy production. In this 

paper, two off-grid houses in the form of single-roof houses (SRH) and double roof house (DRH) are 

used for this performance evaluation; the SRH had a PV roof and the DRH had PV-GR. 

This research study is organized into three sections. Section 4.2 formulates the synergy between PV and 

GR based on thermal analysis. Section 4.3 discusses the design and construction of off-grid houses. 

Section 4.4 presents the collection and process of experimental data and the validation of the numerical 

model. The final section discusses the benefits of the synergy effects, highlighting the main outcomes, 

the implications, and the limitations. 

4.2 Synergy analysis 

In this section, we explain the synergetic mechanics between the Photovoltaic System (PV) and the 

Green Roof (GR) in the DRH. The mechanisms of thermal transfer in the DRH are convection (heat 

transport due to fluid motion), conduction (heat transfer due to molecular vibrations in solids), and 

solar radiation (energy transport by photons).  In the PV panels, part of the solar radiation is converted 

into heat and a part is converted into electricity. A portion of the heat of the solar panel is transmitted 

to the air due to convection. Convection ranges from natural convection (no wind) to forced conditions 

(wind). Another portion of the PV panels’ heat is transmitted to its environment and supporting 

structure (typically by a frame attached to the roof) by conduction.  A small amount of heat is 

transmitted to the top leaf of the GR by radiation. Between the GR and the PV, the sources of thermal 

energy are diffused solar radiation and the heat radiated by the PV. Part of this energy is lost by 

convection, plant evapotranspiration, and photosynthesis in the leaves. The remaining thermal energy 

is transferred to the building through the roof. 

 
Figure 4.1: The mechanism of thermal transfer and heat absorption in the DR. The incoming solar radiation qr 
[W/m2] is absorbed by electricity qPV [W/m2] (black arrow) and heat qh [W/m2] (blue arrow). The interior heat 
flow qin [W/m2] and the exterior heat flow qout [W/m2] are related to the amount of heat loss by evapotranspiration 
(green arrow, wind, and the diffuse solar radiation converted into heat. The temperature profile is constructed 
assuming quasi-static equilibrium, and the temperature gradients shown in blue are calculated from the U-values 
of the PV and GR. 
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Part of the incoming solar radiation is converted into electrical energy by the PV system and the 

remaining solar radiation is converted into heat. The energy balance of this process reads 

                                                   𝑞𝑟 = 𝑞𝑃𝑉 + 𝑞ℎ = 𝛼𝑞𝑟 + (1 − 𝛼)𝑞𝑟     (4.1) 

where; 

𝑞𝑟 is the incident solar radiation (ISR) in the PV panels, 

𝑞𝑃𝑉 is the fraction of the solar radiation converted into electricity, 

𝑞ℎ is the fraction of the solar radiation converted into heat, 

𝛼 is the efficiency of the solar panels,  0 ≤ 𝛼 ≤ 1, 

The efficiency of the PV panels 𝛼 is the ratio of electrical power output (of a PV panel) to the amount of 

solar radiation it receives on the surface. The efficiency of solar panels depends on many factors, mainly 

on the type of PV material, the solar radiation intensity, the PV cell temperature, and the shading spots 

in the solar panels, mainly ranging from 0.1 to 0.2 [302]. 

The temperature of the PV panels can be calculated in terms of the ISR and the thermal transmittance 

(U value) of air above and below the solar panels. This U value (W/m2C) is calculated as the reciprocal 

of the sum of the resistance of each component of the structure, including the resistance of any air space 

or cavity and the inner and outer surfaces [303].  

In a roof with a PV system, the energy balance leads to 

 𝑞ℎ = 𝑈0(𝑇0 − 𝑇𝑜𝑢𝑡) + 𝑈1(𝑇0 − 𝑇1)   (4.2)     

where; 

𝑇0 is the temperature of the PV panel, 

𝑇𝑜𝑢𝑡  is the outdoor air temperature, 

𝑈0 is the U-value due to the convection of the PV panels with the surrounding environment, 

𝑈1 is the U-value due to the conduction of the PV panels with its environment and supporting structure, 

and  

𝑇1 is the temperature of the boundary layer below the PV panels. 

Eq. (4.2) can be used to isolate the PV temperature 

 

    𝑇0 = 
𝑞ℎ + 𝑈0𝑇𝑜𝑢𝑡 + 𝑈1𝑇1

𝑈0 + 𝑈1
.  (4.3)    

On the other hand, the energy balance in the GR assumes that the incoming radiation above the green 

roof is negligible, thus, 

 

         𝑞𝑖𝑛 = 𝑈3(𝑇2 − 𝑇𝑖𝑛), (4.4)     

where; 

𝑞𝑖𝑛  is the incoming heat flow in the building,  

𝑇2  is the temperature in the GR measured above the boundary layer, 

𝑇𝑖𝑛  is the indoor temperature, measured below the boundary layer, 

𝑈3 is the U-value of the roof, which is calculated in terms of the boundary layers, the thicknesses, and 

the materials of the various layers of the GR.  

The DR should produce an interaction between both PV-GR systems. This interaction can be modeled 

by assuming that the temperature on the DR is governed by the steady-state heat equation 

 



64 

 

𝑘(𝑥)
ⅆ2𝑇

ⅆ𝑥2
= 𝑄,   

where k(x) is the thermal conductivity of the material at point (x). The term Q (W/m3) accounts for all 

heat sources around the foliage, including the heat lost by evapotranspiration, heat losses due to heat 

convection by the wind, and heat produced by photosynthesis. Solving this equation and applying the 

boundary condition is 𝑇(𝑥𝑖) = 𝑇𝑖  where 𝑖 = 0,1,2,3. (Note that 𝑇3 = 𝑇𝑖𝑛) leaves to temperature profile as 

shown in Figure 4.1.  

𝑇(𝑥) =

{
 
 

 
 
𝑥1 − 𝑥

𝑥1 − 𝑥0
𝑇0 +

𝑥 − 𝑥1
𝑥1 − 𝑥0

𝑇1,                                                       𝑥0 ≤ 𝑥 ≤ 𝑥1

𝑥2 − 𝑥

𝑥2 − 𝑥1
𝑇1 +

𝑥 − 𝑥1
𝑥2 − 𝑥1

𝑇2 +
𝑄

2𝑘2
(𝑥 − 𝑥1)(𝑥 − 𝑥2), 𝑥1 ≤ 𝑥 ≤ 𝑥2

𝑥 − 𝑥2
𝑥3 − 𝑥2

𝑇𝑖𝑛 +
𝑥3 − 𝑥

𝑥3 − 𝑥2
𝑇2,                                                     𝑥2 ≤ 𝑥 ≤ 𝑥3

 

drom where we can derive the flux profile in terms of U-values  𝑈𝑖 = 𝑘𝑖/(𝑥𝑖+1 − 𝑥𝑖) 
  

𝑘
ⅆ𝑇

ⅆ𝑥
=

{
  
 

  
 𝑘1

𝑇1 − 𝑇0
𝑥1 − 𝑥0

,                                             𝑥0 ≤ 𝑥 ≤ 𝑥1

𝑘2
𝑇2 − 𝑇1
𝑥2 − 𝑥1

+ 𝑄 [𝑥 −
(𝑥1 + 𝑥2)

2
] , 𝑥1 ≤ 𝑥 ≤ 𝑥2

𝑘3
𝑇𝑖𝑛 − 𝑇2
𝑥3 − 𝑥2

.                                              𝑥2 ≤ 𝑥 ≤ 𝑥3

 

The energy balance at 𝑥 = 𝑥0, 𝑥1, 𝑥2 reads  

𝑘
ⅆ𝑇

ⅆ𝑥
|
𝑥=𝑥0

= 𝑞
ℎ
− ℎ𝑜𝑢𝑡(𝑇𝑜𝑢𝑡 − 𝑇0) ⇒ 𝑈0(𝑇0 − 𝑇𝑜𝑢𝑡) + 𝑈1(𝑇0 − 𝑇1) = 𝑞ℎ,

𝑘
ⅆ𝑇

ⅆ𝑥
|
𝑥=𝑥1

𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠                      ⇒ 𝑈1(𝑇1 − 𝑇0) = 𝑈2
(𝑇
2
− 𝑇1) + 𝑄 [

𝑥1 − 𝑥2

2
]

𝑘
ⅆ𝑇

ⅆ𝑥
|
𝑥=𝑥2

𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠                       ⇒ 𝑈3(𝑇𝑖𝑛 − 𝑇2) = 𝑈2(𝑇2 − 𝑇1) + 𝑄 [
𝑥2 − 𝑥1

2
] ,

,      (4.5) 

where 𝑈𝑜 = ℎ𝑜𝑢𝑡 is the heat convection coefficient between the PV panels and air,  and 𝑈1,  𝑈2, and 𝑈𝑒 

are the U-value of the PV panels, foliage, and roof.  The matrix equation from Eq. (4.5)  

[

𝑈0 + 𝑈1 −𝑈1 0
−𝑈1 𝑈1 + 𝑈2 −𝑈2
0 −𝑈2 𝑈2 + 𝑈3

] [

𝑇0
𝑇1
𝑇2

] = [

𝑈𝑜𝑇𝑜𝑢𝑡 + 𝑞ℎ
−𝑞𝑒𝑡/2

𝑈3𝑇𝑖𝑛 − 𝑞𝑒𝑡/2
] 

 

can be expressed as 𝑼𝑻 = 𝒒, where 𝑼, 𝑻, and 𝒒 are the U-matrix, the temperature vector, and the 

thermal load vector. It is assumed that the main source of heat loss in the GR is due to 

evapotranspiration; the quantity 𝑞𝑒𝑡 = 𝑄𝐻 (W/m2) is called here the heat flow due to 

evapotranspiration.  The solution of this equation is 𝐓 = 𝑹𝒒, where 𝑹 = 𝑼−𝟏. From this solution, the 

temperature of the PV panels becomes 

 

                               𝑇0 = 𝑅11𝑈0𝑇𝑜𝑢𝑡 + 𝑅13𝑈3𝑇𝑖𝑛 + 𝑅11𝑞ℎ − (𝑅12 + 𝑅13)𝑞𝑒𝑡/2, (4.6)    

where, 

𝑇𝑜𝑢𝑡 , 𝑇𝑖𝑛 are the outdoor and indoor temperatures, 

𝑅𝑖𝑗 are the elements of the inverse of the U-matrix, 

𝑞ℎ is the heat produced in the PV panels (W/m2), and 
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𝑞𝑒𝑡  is the heat flow due to evapotranspiration (W/m2).  

The linear effect of the synergy between the GR and PV is expressed by Eq. (6): The PV panels provide 

shade to the GR that drastically reduces the incoming solar radiation in the roof. The temperature of 

the PV panels increases linearly due to the heat produced in the solar panels 𝑞ℎ and decreases linearly 

due to the evapotranspiration of the GR accounting by the quantity 𝑞𝑒𝑡  (W/m2) in Eq. (6). The thermal 

coupling between the PV and GR is given in terms of the height H of the GR and the coefficients 𝑅12 and 

𝑅13 that are calculated from the U-values of the materials. 

4.3 Physical Model for the Double Roof 

The structure of the experimental research is shown in Figure 4.2. Two off-grid houses, SRH and DRH, 

were designed and constructed.  The houses were 1:3 models of timber frame houses following the 

Australian Standards AC1684. The stud frames were built from machine-grade pine MPG10 and were 

braced with marine plywood. The walls and roof were insulated with expanded polystyrene (EPS). 

Plywood was used to seal openings on the walls to emulate doors and windows. The houses were 

painted with a linseed oil timber finish to provide a waterproofing layer. Bolts and nuts were used to 

connect the modules of the houses. The prototypes were placed in a lab setting (glass house) at 33.87° 

S latitude and 151.21° E longitude, at The University of Sydney. The SRH had a photovoltaic sitting 

atop its roof, covering the whole roof area.  Monocrystalline solar panel photovoltaic was used for two 

reasons. Firstly, they are commercially available, making it a practical and accessible choice. Secondly, 

monocrystalline panels have a high efficiency compared to other types of solar cells [304], such as 

polycrystalline or thin-film cells. 

To install the photovoltaic-green roof system in DRH, a raised aluminum frame was built and screwed 

into the sides of the house to support a single solar PV panel. As displayed in Figure 4.3, the roof is 

1000 mm above the ground surface. In the SRH, the PV panel were mounted to the roof using steel 

brackets. The green roof was constructed using rectangular modular extensive Elmich MEP trays 

commercially available. The gap between the roof to the PV panels was 450-600 mm. The inclination of 

the PV panels was chosen for optimal performance. The height of the plant trays is 150 mm so the 

distance from the topsoil to the PV panels is 300-450 mm.  This gap was large enough to allow space 

for the plants to grow, but not too large to avoid large edge effects. These effects included impacting 

the temperature variations within the system boundaries. It is important to note that one-dimensional 

analysis were carried out, which simplifies the system into a single dimension, may not fully account 

for these effects near the system boundaries. The average gap between the top of the foliage and the PV 

panels was 50 mm. Plants choose to avoid close contact with the PV panels due to the high temperatures 

near them. The plant trays had various plants. The selection of plants was done after an assessment of 

the performance of plants in Australian Outback climatic conditions: high temperatures extreme 

rainfall conditions. In an early stage of experimentation, the extreme conditions were simulated in the 

form of a flood (10 minutes of watering every 1.5 hours) and drought (no irrigation provided) on 

various plant species. Nine species were selected based on literature and availability. Visual 

assessments of the plants were taken twice a week. The most suitable plant species found were Sedum, 

Succulents, and Mondo grass. After installing the plant trays on the DR house with these species, no 

irrigation systems were installed. Instead, the watering was done manually, with 1.5 liters of water each 

time for each plant tray, twice a week in all seasons. The reason for this irrigation schedule was to 

achieve full use of the water by plants in summer. This makes 0.85 liters of water per week for the green 

roof area. Also, it is important to consider the latent heat of vaporization, which is 2.4 MJ/kg for ambient 

temperature between 15°C and 30°C [305]. Based on these values, the evapotranspiration rate in 

summer was 0.85 liters/ 0.6 m2 = 1.4 mm/day and the power required to evaporate this water is 

approximately 24 Watts. 
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 Figure 4.2: Methodology flow chart diagram of the experiment showing all the steps involved. The experiment 
starts with the design and construction of the houses. A similar data arrangement set-up is installed in both SRH 
and DRH and their performances are compared to answer the questions mentioned in the rhombus shapes. 

The structural analysis of the SRH was already done previously [42], which showed the full-scale house 

complies with the Australian Standards. The two off-grid houses (SRH and DRH) were placed parallel 

to each other as shown in Figure 4.3 (a) and (b). The glass house lab environment imitated external 

conditions but without wind and precipitation. The glasshouse was not equipped with any shading 

system, and thus the indoor temperatures were usually higher than the ones normally found outdoors. 

This way the houses were tested in a more challenging outdoor environment. The harsh environment 

will also present this study as a reference for extreme climate areas typically in the Australian Outback. 

To compare the performance of the two houses on the three facets shown in Figure 4.2, three different 

sets of sensors were used; (i) ambient sensors for thermal performance (ii) surface temperature sensors 

for PV rear side, and (iii) electricity sensors for measuring the solar energy output. 

The ambient sensors were connected to the weather station (WC2000), measuring dry bulb temperature 

and relative humidity. The WC2000 is a reliable and commercially available sensor system used in other 

research studies. Three ambient sensors were paired with the W-2000, one inside SRH and DRH, and 

one outside the houses to monitor the external environment around the houses. For measuring the PV 

surface temperature, a custom-built sensor named solarjinie was used. The solarjinies for PV 

temperature measurement were installed on the rear surface of the PV panels. In addition, a solarjinie 

sensor was customized to provide accurate measurements of the solar radiation intensity. These 

solarjinies were installed in the plants of DRH measuring the amount of solar radiation reaching the 

leaves and on the rooftop of SRH. The rooftop SRH solarjinie sensor was not placed directly on the PV 

cell area but behind the PV panel frame on the corner, to make sure it does not create shading effects, 

shown in Figure 4.4. The solarjinie sensor data was downloaded from the custom-built solarjinie 

website, see details in Table 4.1.  

The electricity sensing equipment included a Vectron connect smart solar radiation datalogger, 

recording electrical power input in Watts (W) and average daily energy yield output in Watt-hours 

(Wh). This data logger was installed on the side walls of the houses. The data from Vectron Connect 

was retrieved through a smartphone application. The Vectron connect was connected to a standard 

solar charge controller that managed power input from the PV panels, power storage by lead-acid 
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batteries, and USB outputs for powering the ambient and radiant sensors. The sensors, equipment, and 

their respective specifications with location points are shown in Table 4.1, Figure 4.3 (b) and Figure 4.4 

respectively. The images and detailed specifications of each piece of equipment used in the experiment 

are shown in the Appendix C, Table C1. 

  

 

       (a)                 

 

 

 

 

 

 

 

 

 

 

 

 

 

      (b) 

Figure 4.3: (a) The modeled DRH (left) and SRH (right) house in a 3D view drawn in Autodesk Revit. All the 
dimensions in this figure are in millimeters (mm). (b) The real images of the prototypes in isometric view show 
SRH (left) and DRH (right) placed in the glass house. The Weather Station is installed at the pole of the DRH and 
the Vectron connect and solar controller are installed at the right walls of the houses. 
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Table 4.1: Technical details of the measuring devices. 

Measuring variable Measuring device Measuring 
range 

Accuracy Weblink 

Air temperature  
WC2000 
 

-10 °C to 60 
°C 

 ±2 °C  

https://ambientweather.com/ws-2000-
smart-weather-station 

 
Relative humidity 10 to 99 %  ±5%  

Solar radiation 
intensity 

Solarjinie 0-1200 
W/m2 

± 20 W/m2  
https://www.enerjin.com 

 PV rear-surface 
temperature 

Solarjinie -10°C to 80 
°C 

±2 °C 

Solar energy 
production 

Victron MPPT 100/50, 
and Solar charge 
controller 

-30 to 60 °C 
-35 to 60 ℃ 

±10 Wh 
  - 

https://www.victronenergy.com/solar-
charge-controllers/smartsolar-100-30-100-50 
 
https://tinyurl.com/y54r3t95 

 

 

The cross-section of both SRH and DRH are shown in Figure 4.4. The intensity of solar radiation on 

SRH and the PV roof of DRH is the same. However, the radiation on the green roof of DRH is very low 

compared to the rooftop because of the shade provided by the PV panels.  This passive cooling strategy 

of using the shade of the PV panel [306] keeps the green roof cooler which affects the indoor ambient 

temperature in DRH. On the other hand, in SRH there is no gap between the PV panel and the roof 

structure, therefore through conduction and radiation, the heat flows into the roof structure and 

increases the indoor temperature. The reduced solar radiation the PV roof in DRH when reaches the 

plants is used for photosynthesis by leaves, as the plant grows by absorbing the photosynthetically 

active solar radiation only [307]. The remaining solar radiation is reflected [307, 308] so that almost no 

radiation goes inside the roof. The percentage of solar radiation getting absorbed and reflected by the 

plants on the green roof depends upon many factors e.g. plant type, leaf color, leaf area index, etc. [309], 

and is not measured in this experiment. The evapotranspiration of the plants plays a major role, as it 

mitigates the increasing PV rear side temperature [310-312] in DRH.    

 
Figure 4.4: Cross-section of the house prototypes, the SRH (left) and DRH (right). The locations of the sensors are 
represented by circles (Solarjinie radiation sensors), squares (electricity Vectron sensor), orange triangles 
(temperature/humidity sensors), and yellow triangles (Solarjinie PV temperature sensors). The Solarjinie radiation 
sensor (red circle) is installed behind the solar panels to avoid shading. 

https://ambientweather.com/ws-2000-smart-weather-station
https://ambientweather.com/ws-2000-smart-weather-station
https://www.enerjin.com/
https://www.victronenergy.com/solar-charge-controllers/smartsolar-100-30-100-50
https://www.victronenergy.com/solar-charge-controllers/smartsolar-100-30-100-50
https://tinyurl.com/y54r3t95
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4.4 Result and analysis 

The study commenced in December 2021 and concluded in February 2023. The observation period was 

15 months and 8 days. The experiment was stretched out for more than 12 months because of missing 

data in some months. During the study period, the solar radiation hours ranged from 7 to 15 hours. To 

assess the three facets of comparing the performance of the SRH with DRH shown in Figure 4.2, the 

results were divided into three sections (i) thermal comfort parameters, (ii) PV surface temperature, 

and (iii) Energy yield.  

4.4.1 Thermal comfort parameters (Air temperature) 

Figure 4.5 shows the mean hourly feel-like temperature for three months representing three seasons: 

July (winter), October (spring), and December (summer).  The plots of all the months showing the mean 

hourly temperature are shown in Appendix C, Figure C1. The highest recorded temperature value for 

DRH was 42.5 °C and 46.2 °C for SRH in summer. The lowest values recorded for DRH and SRH were 

9.2 °C and 8.4 °C respectively in winter. It was noticed that during the peak solar radiation hours in all 

the months, the temperature inside DRH was always less than SRH by 1-3°C. During mid to late 

summer this difference was 2-3°C, showing the effect of PV-GR. The maximum mean hourly 

temperature inside the SRH was 36.1± 1.22°C in February at 16:00 hrs., for which DRH was 34±1°C. The 

infiltration losses in the house envelope [313] caused a low temperature in winter for both houses. 

During all year, the DRH experienced more thermal comfort than the SRH. Tightening the residential 

envelope can improve thermal performance in winter by 12% [314]. The mean hourly relative humidity 

inside the houses for every month remained constant shown in Appendix C, Figure C2.  

 

     

Figure 4.5: Mean hourly value of Feel-like indoor temperature for July, October, and December using Eq.4.7 

The “feel-like” temperature was calculated according to the formula adapted by the Australian Bureau 

of Meteorology (BOM):  

                                                                𝑇𝐴 = 𝑇𝑎 + 0.33𝜌 − 4.00               (4.7) 

Where 

𝑇𝐴, 𝑇𝑎 are the ambient (feels-like) temperature and the dry bulb temperature 

𝜌 is the water vapor pressure, which is calculated in terms of the dry bulb temperature and the relative 

humidity by the equation [315]: 

ρ=6.105
RH

100
e

17.27Ta
237.7+Ta              (4.8) 

4.4.2 PV rear side temperature  

Figure 4.6 shows the mean hourly PV temperature, indoor ambient temperatures, and outdoor (glass 

house) temperature for three months representing three seasons: July (winter), October (spring), and 

December (summer). The data for the rest of the months are shown in Appendix C, Figure C4. Due to 

the evapotranspiration effect of plants on PV panels [316], the mean hourly temperature of the rear side 

of PV in DRH was cooler than SRH by 5°C during the peak solar radiation hours (1000-1600hrs). It has 

also been proven in another study [317], that the PV-GR system has proved to be 5–11 °C cooler than 
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those above a conventional roof and also produced 4.3–8.3% more electricity. The maximum 

temperature achieved of PV in SRH was 80 °C (Jan 9, 2023, at 13:36hrs), whereas in DRH it was 68.3 °C 

(Jan 9, 2023, at 15:00 hrs.).  In SRH the PV panel was attached right on top of the roof. As a result, there 

was no air circulation on the underside of the SRH PV panel, resulting in increased panel temperature. 

The solar radiation intensity range increase to a greater extent from Winter (>200 W/m2) to Summer 

(>500 W/m2), contributing to the overall increase in the inside and outside temperatures, as shown in 

Figure 4.7. Throughout the experiment, the plants in trays beneath the solar panel in DRH received 

solar radiation and were observed to be in active healthy conditions. Due to the change in the solar 

angle from July to December, and the increase in the density of the plant leaves, the SRI value reaching 

the plants decreased. As in July, the maximum SRI received was 53 W/m2, compared to 15 W/m2 shown 

in Figure 4.7. The strong dependence of PV panel temperature on solar radiation is consistent with Eqs. 

(3) for SRH and (6) for DRH. The cooling of PV panels in the DRH is mainly due to the 

evapotranspiration effect captured by the term qet in Eq. (6). This cooling effect improves PV efficiency 

and can also increase the life period [318].  

The seasonal climate change resulted in a dramatic increase in the PV temperature, from July (Winter) 

to December (Summer). In SRH, the mean PV temperature in peak solar radiation hours increased from 

28 to 56°C and similarly in DRH from 25 to 48 °C. This high percentage increase can also be related to 

low wind speed in the lab. It was anticipated that wind speed can play a fundamental role in cooling 

down the PV surface [319], and this effect is not accounted for in the controlled environment. It has 

been estimated that every 1°C increase in the ambient temperature decreases the performance efficiency 

of the PV by 0.4–0.5% °C [320]. The synergy effects of the PV-GR again proved to be a successful design 

strategy. 

 

 

 

 

 

 

Figure 4.6: The mean temperature of the PV rear surface, indoor and outside (in the glass house) recorded in July, 
October, and December 2022. Data were recorded every five minutes. The mean value for a month was calculated 
by taking the average of the minute/hour for the whole month. This data was obtained through PV temperature 
sensors attached to the rear side of the solar panels and WS-2000. PV-SRH (PV rear surface single roof house), PV-
DRH (PV rear side surface double roof house), T-SRH (Temperature inside SRH), T-DRH (Temperature inside 
DRH), and OT (Outside temperature in a glass house). 
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Figure 4.7. Mean hourly solar radiation intensity on the rooftop of SRH (red) and the green roof of DRH (green) 
was recorded in July, October, and December 2022. Data was recorded every five minutes. The mean hourly value 
for a month was calculated by taking the average of an hour for the whole month. The shade produced by the PV 
panels and the plants resulted in almost zero solar radiation from September onwards (shown in Appendix C, 
Figure C3). 

4.4.3 Energy yield 

The solar energy yield was measured in watt hours (Wh).  Due to different reasons, the regulations and 

consistency in the data collection were only possible for eight weeks (Sep 14, 2022 – Nov 10, 2022), 

shown in Figure 4.8.  The main problems that caused irregularities were battery failures and a lack of 

efficient management of the solar energy harvested. The total number of non-zero energy yield 

recorded measurements due to batteries 100% full in this period was 32. Out of that, on 17 days the 

DRH yield was greater than SRH, and only for 2 days the SRH was greater than DRH. These numbers 

show the significance of the synergy between PV roofs and GR on energy yield.  The mean yield for 

SRH and DRH was 27.8±1.9 Wh and 32.8±2Wh respectively, which correspond to 18% more energy 

harvested in the DRH.  The maximum yield achieved by SRH was 50Wh by both houses.   

The consistent results with a regular pattern were possible when new batteries were installed. It was 

important to note that when the daily SRI was greater than 100 W/m2, then the DRH yield was always 

greater or equal to SRH. This means the increase in the SRI improves the solar energy production 

efficiency in DRH. The low performance on energy harvesting, when the SRI was low, could be 

attributed to the shaded spots created by the beams of the glasshouse roof.  It is also noticeable that the 

increase in SRI produced an increase in the evapotranspiration rate [321] of the plant that mitigated the 

PV rear side temperature in DRH. This is because cooling the PV surface through the 

evapotranspiration effect of plants improves energy production. 
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Figure 4.8. Daily solar energy yield during the consistent period of 2022. The mean value of SRH yield was 27.8±1.1 

and 32.8±2 for DRH. This data was obtained through the Vectron Connect solar charge controller/datalogger. 

 

4.4.4 Numerical validation 

Based on the experimental results of December 2022 the numerical model proposed in Section 2 is 

validated. December is chosen as a representation of the summer season in Australia, so the 

performance of the solar panels is critical due to high temperatures and high solar radiation. For the 

analysis, the U-values are calibrated by comparing numerical and experimental temperature profiles; 

the chosen values are presented in Table 4.2. 

Table 4.2: Calculation of the U values and R values based on thermal conductivity k and height of the components   

Component Symbol k (W/m C) H (m) U (W/m2 C) R (m2 C/W) 

Boundary layer U0 
  

20 0.05 

Solar panel U1 0.5 0.005 100.0 0.01 

Foliage U2 1 0.45 2.2 0.45 

Roof U3 0.05 0.03 1.7 0.6 

 

The experimental solar incoming radiation is shown in Figure 4.9(a). The solar radiation can be fitted 

using the Lambert cosine law of illumination [305] 𝑞𝑟 = 𝑞𝑟
𝑚𝑎𝑥cos Θ, where 𝑞𝑟

𝑚𝑎𝑥=500 W/m2, |Θ| < π/2, 

and Θ = 2π(hour − peak)/span, where peak=13.5 h is the peak hour of solar radiation, and span = 17h 

is the number of daylight hours. The periodic drops of solar radiation in Figure 4.9(a) were due to the 

shade produced by the roof beams of the glasshouse where the models were located. The heat loss by 

plant evapotranspiration is assumed proportional to solar radiation. The diurnal routine of the plants 

is controlled by their stomata, small openings on leaves responsible for gas exchange. Stomata typically 

open during the day to allow for gas exchange and transpiration, while they are essentially closed 

during the night to conserve water [305]. This diurnal pattern influences the rate of transpiration and, 

subsequently, evapotranspiration. For this reason, it is assumed that the evapotranspiration is 

proportional to the solar radiation, 𝑞𝑒𝑡 = 𝑞𝑒𝑡
𝑚𝑎𝑥cos Θ, as shown in Figure 4.9(a). The peak of 

evapotranspiration is chosen as 𝑞𝑟
𝑚𝑎𝑥 = 108 W/m2, since it leads to heat loss by evapotranspiration on 

24 W/day calculated in Section 3. The heat produced by the solar panels is roughly 𝑞ℎ = 0.9𝑞𝑟  that was 

experimentally obtained by measuring electricity power produced by the solar panels, noticing that the 

low performance was due to the shaded spots on the panels created by the roof beams.  
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Using the experimental data for indoor/indoor temperature, the heat produced by the solar panels, and 

evapotranspiration heat, the solar panel temperature is calculated using Eq. (6). The numerical results 

are shown in Figure 4.9(b). A reasonable agreement of the numerical model with the experiments is 

obtained from this comparison.  

After this validation, different scenarios to evaluate the main control variables of the PV panel 

temperature are explored. Figure 4.9(c) shows the PV panel temperature for different irrigation 

schedules given in liters/m3/day = mm/day. This is the variable that mostly affects the temperature of 

the solar panels. No irrigation produces a peak temperature of 56 °C, while a high evapotranspiration 

of 8mm/day leads to a solar panel temperature of 38 °C which is slightly above the outdoor 

temperature. Plant evapotranspiration depends mostly on leaf area/volume [305]. The choice of 

succulent plants is suitable to the Australian outback climatic conditions and it leads to a relatively low 

evapotranspiration rate (1.4 mm/day). Using plants with large leaf areas for tropical climates can lead 

to higher evapotranspiration rates, and hence, lower solar panel temperatures on hot days.  

The second variable that most affect the solar panel temperature is the U-value U0, which accounts for 

the convective heat exchange of the PV panels with their environment. The convective heat coefficient 

in the double roof is relatively low (5-20 W/m2C) . Green roofs are a passive method for cooling the PV 

panels and they require less power compared to other cooling down methods based on the circulation 

of cooling water [30, 31], forced air circulation, and spraying water [32]. Replacing natural convection 

to force convection will increase the coefficients, and replacing air with water as the media of heat 

removal will increase its order of magnitude. Figure 4.9(d) shows the effect of the convection heat 

coefficient on the solar panel temperature.  Forced convection is an efficient cooling method that is not 

the choice in this paper that is focused on a passive, and biophilic alternative of using plant 

evapotranspiration as the method for cooling. 

Finally, the numerical model is used to investigate how the height of the green roof would affect the 

synergy of the double roof systems. We assume that the amount of foliage is proportional to height and 

hence, the evapotranspiration is proportional to height. Notice that the U value of the GR is calculated 

as U2=H/k2 where H is the height of the GR and k2 is the effective conductivity. According to numerical 

results (not shown here), the temperature of the solar panels is not much affected by the U value of the 

GR and the main effect is due to the increased rate of evapotranspiration. In short, the higher the roof, 

the cooler the PV panel due to an increase in the amount of foliage and hence, the evapotranspiration. 

It is noted that the model is one-dimensional so it was important to double-check the boundary effect 

due to the three-dimensionality of the problem. This is checked based on two-dimensional simulations, 

shown in Appendix C Figure C5. The lateral convection of heat as a boundary effect reduces the 

temperature a few centimeters near the periphery of the green roof. However, the reduction of the 

temperature around the boundaries of the GR does not affect the calculations in this paper since the 

evapotranspiration was calculated directly from the irrigation schedule and not from the GR 

temperature. Also, notice that the latent heat of evapotranspiration is not very sensitive to temperature 

[305]. Thus, the one-dimensional model can be considered accurate enough for a rough estimation of 

the synergy effects between the PV panels and the GR. 
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Figure 4.9. (a) Numerical PV panel temperature for different evapotranspiration rates (b) Incoming solar radiation 
(red), fitting using Lambert cosine illumination law (black), and evapotranspiration heat flow (green). (c) PV panel 
temperature (red), outdoor/indoor temperature (black/green), and solar panel temperature were calculated from 
the numerical model (dashed). (d) Numerical PV panel temperature for different heat convection coefficients. The 
data is plotted against hour and correspond to December (Summer in Australia) 

4.5 Conclusions 

In this research, a comprehensive study on the synergy of PV-GR is presented. The effects of synergy 

on the indoor environment, the PV temperature, and solar energy production are all assessed in one 

experiment across four seasons and 12 months. The comprehensive analysis revealed that DRH 

performance was always better than SRH in all three-synergy performance dimensions: thermal 

comfort, PV temperature, and solar energy production This performance could have further improved 

if some other passive design strategies had been integrated e.g., natural ventilation for the indoor 

environment and use of plant with higher evapotranspiration rates.  

4.6 Future directions  

Future research work should compare the houses in the form of two types of DRH with and without 

plants alongside a control house. The effect of the plants was investigated by numerical simulations but 

a validation will make a stronger case. The control house should have a conventional roof structure. 

This way different combinations of off-grid houses can be analyzed and recommendations can be made 

about seasonal changing behaviors. Also, for a more real-world setting, a full-scale house prototype 

subjected to more random climatic conditions can be tested e.g., the effect of precipitation and wind 

speed should be included.  

The data collection process can be improved as the solar energy storage and usage results were not 

consistent for the whole length of the experiment. The main reason was the lack of coordination 

between the different electrical equipment, for example, on many occasions the batteries were full due 

to low electricity use by the sensors so solar energy was not harvested. Shaded spots in the PV panels 

reduced energy collection. The solar energy controller and the datalogger were from different brands, 

if all the equipment were from the same company brand more efficient energy harvesting and use 

would have been achieved. Our solar energy sensors did not distinguish wavelengths. More 

sophisticated equipment such as Pyrradiometers should be used to measure short/long wave radiation 
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and incoming/reflected radiation. Similarly, arranging equipment to measure evapotranspiration and 

leaf area index was not possible. Collecting more information about the thermal flow between the Green 

Roof and the PV panels would require additional sensors installed in the plants at different points to 

measure the temperature and the evapotranspiration rate. For collecting this information, the sensor 

location methodology at different points is a useful strategy, as sensor locations affect the 

measurements [322].  Also, different types of photovoltaic arrangements can be studied to compare the 

effect of a certain arrangement on the behavior of plant species. Similarly, new configurations can be 

tried for solar lighting and heating through spectral splitting [323] (a technique used to divide incoming 

light into different spectral components or wavelengths, which can be then used for selective use or 

manipulation of specific spectral ranges [324]).  

Using plants as a passive strategy was successful but the design can be further explored by trying 

different plant species under a solar roof. Other passive strategies e.g. natural ventilation consideration 

are necessary because the lack of ventilation through windows or doors affected the results. In the 

future, air circulation should be provided in the prototype houses to match real-world scenarios. Lastly, 

the different green roof designs consideration is also important because the green roof in the DRH was 

made from plant trays instead of an integrated green roof. The integration of the green roof layers in 

the roof structure is important for comparison with the roof having plant trays.  
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5. Improving the indoor environment through an 

indoor green curtain system 
 

Published in: Buildings MDPI, Volume 13, Issue 5, 2023. 

Citation link: https://www.mdpi.com/2075-5309/13/5/1307 

Abstract: People are spending more and more of their lives indoors, making thermal comfort and air 

quality essential factors for their health and well-being. The use of natural elements within indoor 

spaces can improve the indoor environment and air quality, but can also bring multiple health and 

well-being, psychological, cognitive, and behavioral benefits due to its biophilic effect. Indoor vertical 

greenery strategy in buildings can give these benefits to the building occupants. In this study, a 

prototype of a living green curtain is assessed to evaluate the benefits that may derive when used as a 

shading device. The analysis evaluated the performance of the green curtain prototype compared to 

the other two scenarios, no curtains (control module) and external blind. Temperature, relative 

humidity, air quality, and solar radiation were measured indoor environment. Results indicate that the 

green curtain module was cooler by 0-4 °C than the control module during the peak solar radiation 

hours and the difference even reached up to 8°C on hotter days. Due to the evapotranspiration effect, 

the green curtain recorded the highest daily average relative humidity of 67%. This study demonstrates 

the potential ability of a green curtain to improve air quality and thermal comfort. 

Keywords: greening system; air quality; thermal comfort; green buildings; indoor environmental 

quality; prototype; biophilic design; biophilia 

 

5.1 Introduction 

The rapid increase in urbanization has created several environmental issues, including the urban heat 

island effect [325], increased air pollution [326], increased temperature[327], and depletion of resources 

[328, 329]. These negative effects add to climate change. In the urban environment, the high building 

density consumes more resources as the building sector accounts for 40% of the world's energy usage 

[330], mainly due to the high conditioning energy loads. Heating, ventilating, and air conditioning 

(HVAC) systems consume approximately 50-70% of the building energy, primarily because of 

inefficient building service systems and poorly insulated external walls [331]. The other reason for this 

high consumption lies in the control strategy, which was identified as a parameter that has a high 

potential to affect energy efficiency [332]. Therefore, reducing energy demand for heating and cooling 

is essential for improving the energy efficiency of a building, but modern technology re-circulates the 

air instead of refreshing it, which leads to reduced air quality [333].  Inadequate ventilation results in 

poor indoor air quality (IAQ) [334]. IAQ represents attributes of the respirable air inside a building 

(indoor climate), including gaseous composition, humidity, temperature, and contaminants [335]. With 

people spending 90% of their time inside buildings [336], IAQ is an essential factor contributing to 

people's health, comfort, and well-being. Indeed poor IAQ can result in lower productivity and 

dissatisfaction in the workplace [337]. On the contrary, better IAQ can enhance the lives of building 

occupants, increase the resale value of the building, and reduce liability for building owners[338]. 

Recently extreme events (e.g., bushfires and the COVID-19 pandemic) are forcing people to spend even 

more time indoors and persuading the building operation strategies to isolate the indoor environment. 

And to keep the indoor environment healthy, the implementation of biophilic design strategies is 

important [339]. Because during the building life cycle the emissions of carbon dioxide is more than in 

the construction phase [340] and a biophilic design can minimize these emissions. The biophilic design 

uses natural elements on the premise to enhance human-nature connectedness which could immensely 

contribute towards health and well-being. The use of natural elements providing biophilic visual 

https://www.mdpi.com/2075-5309/13/5/1307
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connections inside the building can improve IAQ as a factor of indoor environmental quality (IEQ) 

[341], as IEQ is defined by American society of heating, refrigerating and air-conditioning engineers 

(ASHRAE) [342], “a perceived indoor experience of the building’s indoor environment that includes 

aspects of design, analysis, and operation of energy-efficient, healthy and comfortable buildings”. 

Consistently occupying spaces with natural elements can have positive effects on mood and cognitive 

performance [343], low pulse rates [344],  psychological nervousness (mental stress) [345], and also slow 

down blood flow, which minimizes the burden on the heart and, potentially preventing cardiovascular 

and cerebrovascular diseases [345]. Green plants also have a soothing effect on the human mind causing 

relaxation of the nervous system, reduction of mental stress, and fatigue prevention [346]. 

In recent decades, different internal and external vertical greening systems have spread worldwide. 

There are several terms used to define and describe vegetated vertical surfaces or green surfaces in 

buildings. Wall vegetation primarily refers to free-standing walls, and dividing properties [347]. Green 

or greened facades commonly feature woody or herbaceous climbers either planted into the ground or 

in planter boxes to cover buildings with vegetation, as this practice has been seen in many developed 

cities globally [348]. Green curtains and green facades have been used interchangeably in research 

studies. To create a green curtain, hanging shrubs are planted around the building as part of the facade 

[349]. Panels or geotextile felts are used to make living walls, either pre-cultivated or fixed to vertical 

support or on the wall structure itself [349, 350].  

Vertical greenery systems have shown their advantages in different climates, as green walls improve 

the thermal comfort of indoor environments and, also can reduce a building's energy consumption 

during summer and winter seasons [23, 351-353]. Also, the cooling load was reduced by 20% when 

plants were used as green walls instead of blinds under the same solar radiation intensities[354]. In 

comparison to the concrete wall, Cheng [355] found that green walls can reduce indoor temperature 

and delay the heat transfer from outdoors to indoor. While in comparison to bare walls, green walls 

lead to a 6.1 °C & 4 °C reduction in external wall temperature on sunny and cloudy days, respectively 

[356]. Some other studies about the benefits and uses of green walls were conducted in different 

climates: Mediterranean[357], Mediterranean continental[349], hot and dry Middle Eastern[358], humid 

subtropical [359], temperate[360], temperate oceanic[356], tropical[355], subtropical[352] and 

maritime[354]. Overall, greenery systems can reduce the wall and roof surface temperature resulting 

in a reduction in heat transfer through building envelopes, which can be as high as 80–90% [361]. Also, 

the external vertical greening fully uses the building's structural surfaces, such as facades, roofs, 

windows, columns, and balconies, to grow green plants. The external vertical greenery systems in 

buildings can address problems such as lack of biodiversity [362], urban drainage pressures [363], 

improving indoor thermal environmental conditions, and reducing cooling load [364, 365]. It is clear 

from these studies that the vertical greening effect on a building can vary based on climates, plant 

species, and other factors. 

Recent studies on the uses of vertical greening systems mostly focus on green walls and green roofs, 

the former having greater potential considering the extent of facade greening area can double the 

ground footprint of buildings in urban centers [366, 367]. Indoor green walls or vertical greening 

systems in the form of indoor living walls, vertical greening systems can affect the room's relative 

humidity, shown in a study conducted in Sevilla, Spain [368], monitoring the relative humidity and 

found that near the living wall, higher relative humidity levels were experienced, increasing the overall 

relative humidity by 15%. This additional indoor relative humidity was identified as a potential 

criticality of living walls, as it may cause respiratory problems [369]. In Athens, Greece, an investigation 

of the absolute relative humidity of an area shaded by a deciduous tree and an unshaded area was 

undertaken [370]. It was found that the relative humidity measured in the shaded area was constantly 

higher than in the unshaded area, clearly showing the effects of evaporated water from the trees. In dry 

environments, high relative humidity may be favorable; however, in already humid climates, this may 

cause discomfort [371]. Monitoring relative humidity and implementing a ventilation system may aid 
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in achieving more comfort for occupants [368]. The main factors that influence energy usage and 

climate are vegetation quality and quantity, leaf area index, vegetation species, substrate properties, air 

ventilation/infiltration rate of the building, façade properties, location, and orientation of the building, 

and vegetation and local climate [371]. Other forms of indoor greening can be integrating plants as 

additional insulation layers. Another beneficial effect of indoor vertical greening is IAQ. Studies have 

found that indoor vertical greening systems can prove IAQ [372, 373] by decreasing carbon dioxide 

concentration [373] and can ultimately lead to fewer medical issues arising from poor IAQ [374].  

Mostly outdoor vertical greening systems have been discussed in literature focusing on issues such as 

the insulating effects of plants on facades (mostly outdoor), plants evaporative cooling effects, and 

habitat creation for urban wildlife. This particular research work focuses on passive low-tech windows 

with an indoor vertical greening system used as internal shading devices to capture solar energy, 

redistribute natural light, and create psychological comfort for the inhabitants. This study aims to 

monitor a prototype for an indoor green curtain. The objective is to assess the potential of this shading 

typology as a means to improve thermal comfort and the IAQ in residential applications for warm 

temperate climates. The assessment relies on a performance comparison of thermal comfort parameters 

(air temperature, relative humidity) and air quality. The thermal comfort parameters are compared 

between three modules: the prototype, a base case without any shading device, and an external window 

blind module. The air quality is only compared between the prototype module and base case without 

any shading device. 

5.2 Methodology 

The methodology consists of first designing and then the construction of three modules: No Curtain 

(NC) module, the Green Curtain (GC) module, and the Window Blind (WB) module as shown in Figure. 

5.1. The first module, NC was used as a control or reference. Indeed, the window was cleaned and kept 

without any shading system. This module acted as a room area in a house that receives maximum 

sunlight and heats at a higher rate than other areas. The GC was the second module which was set up 

on a wooden counter in front of a glass window panel. The third module accommodated an external 

blind to fully shade the window from the outside. All three modules were separated by plywood walls, 

in the form of plywood box frames with a plexiglass sheet opposite to the window frames from the 

inside to enclose the modules in the form of a room environment, shown in Figure 5.1. This allowed 

the indoor environment of the different modules to be compared, and it showed whether GC had been 

effective in improving thermal comfort and air quality inside the module environments. Sensors were 

set up on the surfaces of the module ceilings to monitor the thermal comfort parameters and air quality. 

A customized sensor was built to monitor the indoor solar radiation intensity coming from outside. 

5.2.1 Location and climatic conditions 

The experimental site is located in Sydney, in the eastern part of New South Wales State, at 33.8688° S 

latitude and 151.2093° E longitude. Sydney has a warm temperate climate with four distinct seasons, 

shifting from mild and cool in winter to warm and hot in the summer, with no extreme seasonal 

differences, as the weather is moderated by proximity to the ocean.  

5.2.2 Experimental set-up 

The modules and the green curtain prototype were placed in an interior environment as shown in 

Figure 5.1(a). The individual components in the experiment as modeled image are shown in Figure 

5.1(b). The exterior environment of the modules was a glasshouse. This choice allowed to test the benefit 

of the green curtain in indoor module (room) conditions. Indeed, the glasshouse was not equipped with 

any shading system, and thus the indoor temperatures are usually higher than the ones normally found 

in residential buildings. The temperature in the glasshouse varied considerably, which ideally 

resembled the extreme climatic conditions of the Australian outback region e.g., 50 °C temperature has 

also been recorded in the summer season. Therefore, the temperature in the controlled climate of the 

glass house was higher than the normal Sydney ambient temperature. 
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(a)                                                            (b) 

 

 

 
(c)                                                        (d) 

 
Figure 5.1: (a)Isometric modeled image of the experimental set-up showing all the components, exterior and 
interior environment (b)Exploded view of the components of the experimental set-up. The model was designed 
and drafted in Autodesk Revit (c)Experimental set-up showing; three modules (NC, GC, and WB). Each section of 
the GC can be vertically rotated. The fully grown Philodendron Cordatum plant is included on each section of the 
GC module. The hemp mesh running from top to bottom provided a climbing medium for the plant. (d) A 3D view 
of the plexiglass sheets in front of the modules. The external side of the modules is the glass house mimicking the 
Australian outback region climate. Detailed dimensions of the GC prototype and the experimental setup are shown 
in Appendix figures (D1 and D2). 

5.2.3 Design and working mechanism of Green curtain prototype 

The entire curtain frame (Figure 5.1 (c) and (d)) was made of commercial cedar also known as Western 

Red Cedar, treated to be water-resistant with natural sealants, like the Tung oil. The treatment included 

three to four coating layers of Tung oil, applied in 10 days. This sealant was chosen due to its 

environmental benefits; indeed, it is both biodegradable and renewable, making it an ideal material for 

this project [375]. Pivot hinges were used to hinge the panels from top and bottom. Indeed, the curtain 

is designed with a certain degree of flexibility, allowing the panels to rotate to either shade, filter, or 

allow sunlight in the room, according to the season's demand. The prototype is operated manually, and 

each panel can rotate 360°. This flexibility provides a higher degree of control to the occupants, which 

is proven to be beneficial in buildings [376]. A wooden ply box was made in the lower section of the 

panel (Figure 5.1(c)); it contains the soil and the plant in jute bags. The connection between the parts of 

the prototype to support the plant's growth in an upward direction, an aluminum mesh was mounted, 

running from top to bottom. Plants took approximately three months to grow and climb the structure. 

For irrigation purposes, a pipe of 0.2 mm in diameter was provided at the bottom of the box to allow 

for the outflow of the water. 
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5.2.4 Plant specie 

 For this experiment, Philodendron Cordatum was chosen as the crawling plant (Figure 5.1(c)) due to 

its low maintenance cost. The Philodendron Cordatum plant, also known as the Heart Leaf plant, is 

commonly used indoors, and it is renowned for its air-purifying qualities [377] by removing 

formaldehyde from the air. Also, it is a relatively tough plant, which makes it suitable for high-

temperature applications. Soluble, all-purpose plant food was mixed with water and given to the plants 

weekly for faster growth, providing the plants with extra nutrients. The plants were placed in 

rectangular hessian bags before placing them in the panels. The bags were filled with peat moss. There 

was no irrigation system installed, and the plants were watered manually Watering was done twice a 

week with a cup of water each time for each plant.  

Hessian material was preferred for the plant bags because it is solely made from fibers of jute plants, 

making it fully biodegradable and organic. It is recyclable and reusable, making it an eco-friendly 

material and a sustainable alternative to plastic planter boxes. Compared to terracotta, The hessian 

fabric is lightweight yet durable, strong, and resilient, allowing the prototype to be easily portable and 

avoid adding any unnecessary extra weight. 

5.2.5 Data arrangements 

 The prototype was equipped with multiple sensors to detect air temperature, relative humidity, air 

quality, and solar radiation. The specifications of all the sensors are shown in Table 5.1. The air 

temperature and relative humidity sensors were placed just below the ceiling inside each module to 

allow for performance comparison. Figure 5.2 shows the location of the sensors. The solar radiation 

sensors were only used for the GC module placed on both sides of the window glass near the ceiling to 

measure the outside solar radiation intensity (𝑞𝑜𝑢𝑡
𝑟 ) and the radiation on the inner side of the window 

before the prototype respectively in W/m2. It was noticed that there was a negligible difference between 

the two. As the radiation on the inner side of the window was only 8% less than outside because the 

glass was highly transparent. Therefore, the radiation outside solar radiation was considered as the 

primary solar radiation value. The air quality sensors were only used for GC and WB modules 

measuring the quality of indoor air in µg/m3. A preliminary test to compare the air quality of NC and 

WB was done for a 48-hour period where two sensors were arranged for the experiment. The results 

were monitored online, and it was found that the values in the two modules did not differ from each 

other. This result was expected since the primary factor of variation of air quality is the presence of 

plants in the GC module. Therefore, based on those 48 hours data it was decided to install the air quality 

sensors only in GC and WB. Also, for comparison with GC, only one module was required as a base 

case. 

The air quality sensor was not installed in NC module because, during a litmus test before the actual 

measurement, it was noticed that the difference may not be a significant one. The sensor’s specifications 

are shown in Table 5.1. Data gaps were fixed with linear interpolation.  
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Figure 5.2: Experimental set-up showing; three modules (NC, GC, and WB) and locations of all the sensors. 

Table 5.1: Sensors and data measuring period of the parameters. 

Parameters Duration of measurement Sensor Measurement 
range 

Accuracy 

Air temperature (°C) and 
Relative Humidity (%)  

Nov 4, 2021 – March 22, 2022 HOBO MX2302A 40°- 70°C   
0- 100% 

± 0.2°C 
±2.5% 

 
Solar radiation intensity 
(W/m2)  

Dec 15, 2021- March 22, 2022  
Solar Jinie 

 
0-1200 W/m2 

 
± 20 W/m2 

Air quality(µg/m3)  March 01, 2022 - March 21, 2022 PM2.5 Wireless 
Indoor, 
PM25 Wireless 
Outdoor  

 
 
0-999 µg/m3 
 
 

 
 
±15 µg/m3 
 

 

5.3 Solar and heat energy flow   

The mechanisms of thermal transfer in the GC are convection (heat transport due to fluid motion), 

conduction (heat transfer due to molecular vibrations in solid), and solar radiation (heat transport by 

photons).  Part of the solar radiation is converted into heat and a part is biochemically stored by 

photosynthesis, and the remainder of solar energy transmits through the plexiglass sheet. Part of the 

thermal energy is absorbed by the plants via evapotranspiration. The remaining thermal energy passes 

through the plexiglass sheet. 
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Figure 5.3: The mechanism of thermal transfer and heat absorption in the GC module. A part of the incoming solar 
radiation 𝑞𝑜𝑢𝑡 [W/m2] is absorbed by photosynthesis 𝑞𝑝ℎ [W/m2] (black arrows) and heat 𝑞ℎ [W/m2] (blue arrows) 

and a part is reflected 𝑞𝑟 [W/m2] (red arrow) The remaining 𝑞𝑖𝑛 enters to the building. In addition, the interior heat 
flow 𝑞𝑖𝑛 [W/m2] is different than the exterior heat flow 𝑞𝑜𝑢𝑡 [W/m2] due to the amount of heat loss by 
evapotranspiration and the solar radiation converted into heat. The temperature profile is constructed based on 
the hypothesis of quasi-static equilibrium, and the temperature gradients are calculated based on thermal material 
parameters. 

 The heat flowing inside the building consists of incoming solar radiation and heat convection. 

 𝑞𝑇𝑜𝑡𝑎𝑙 = 𝑞𝑖𝑛
𝑟 + 𝑞𝑖𝑛      (5.1) 

where; 

𝑞𝑇𝑜𝑡𝑎𝑙 is the total energy  

𝑞𝑖𝑛 is the heat flowing by convective heat transfer  

𝑞 𝑖𝑛
𝑟  is the solar energy passes through the plexiglass sheet (the last material layer in the GC module), 

which is given as: 

  𝑞𝑖𝑛
𝑟 = 𝑞𝑜𝑢𝑡

𝑟 − 𝑞𝑟 − 𝑞𝑝ℎ − 𝑞ℎ   (5.2) 

where; 

𝑞𝑜𝑢𝑡
𝑟   is the incoming solar energy outside the GC module  

𝑞𝑟 is the solar energy reflected by the GC  

𝑞ℎ is the solar energy converted into heat inside the GC module  

𝑞𝑝ℎ  is the solar energy used by plant leaves for photosynthesis by the chemical reaction below [378]: 

  6𝐶𝑂2 + 6𝐻2𝑂  
𝑞𝑝ℎ
→  𝐶6𝐻12𝑂6  + 6𝑂2        (5.3) 

Photosynthesis absorbs only a part of the solar spectrum, usually around  400–700 nm waveband that 

ranges from violet to red. Overall, the efficiency of photosynthesis varies depending on the specific 

plant species and environmental conditions, but it is generally in the range of 3-6% [379] and the 

percentage of absorption depends on many factors [380]. During photosynthesis, energy can be lost as 

heat due to the high temperature of the chloroplasts in which the process occurs. Additionally, energy 

can be lost through the dissipation of excess light energy, which can cause damage to the leaves. The 
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radiation 𝑞ℎ accounts for all processes where the radiation is converted into heat.The reflection of solar 

energy by plants 𝑞𝑟 is related to the albedo effect [381]. Albedo is a measure of the reflectivity of a 

surface or the fraction of incident solar radiation that is reflected by the surface [382]. It is estimated 

that the reflectance of plants ranges from about 5% to 30%, depending on the wavelength of the incident 

radiation and the specific plant species [383]. 

  

Apart from radiation, we need to account for the heat flow through the GC module by convection and 

conduction in the various layers of materials of the module. It is assumed that the temperature variation 

on the GC is slow enough so that there is no accumulation of thermal energy by the thermal mass of 

the materials. The thermal gradient is calculated by 𝛥𝑇 =
𝑞

𝑅
  in each solid phase, and 𝛥𝑇 =

𝑞

ℎ
 in each 

gaseous phase. here R [Cm2/W] is the R-value of the GC component and h [W/(Cm2)] is the heat 

convection coefficient of the air. A special zone is the area occupied by the leaves. Here there is a heat 

absorption Q [W/m3] due to the combined effect of the evapotranspiration [384] and the fraction of solar 

radiation converted into heat.  

                      𝑄 = −𝑄𝑒𝑡 +
𝑞ℎ

𝐷
           (5.4)            

where; 

𝑄𝑒𝑡 [W/m3] is the energy lost by evapotranspiration in the GC module 

𝑞ℎ [W/m2] is the solar energy converted into heat, also called solar irradiance.  

D [m] is the thicknes of the folliage, 𝐷 = 𝑥2 − 𝑥1 

The amount of energy required to evaporate water depends on several factors, including the initial 

temperature of the water, the atmospheric pressure, and the humidity of the air [385] [386]. However, 

on average, it takes about 2,257 kilojoules (kJ) of energy to evaporate one liter of water at room 

temperature and at standard atmospheric pressure  [387]. This energy is used to overcome the 

intermolecular forces that hold the water molecules together, allowing them to break free and enter the 

gaseous phase. The power required to evaporate on a liter of water in a day can be calculated as Power 

= Energy / Time = 2,257 kJ / 24 hours = 94 W. Taking into account that the average incoming solar 

radiation in the GC module is 50 W/m2×1.3mx1.1m=70W and that the average amount of water added 

to the GC plant is half a liter per day, the evapotranspiration (ET) will make a significant contribution 

to the energy budget.  

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

                                                                        
ⅆ2𝑇

ⅆ𝑥2
=

𝑄

𝐷𝑅𝑒𝑓𝑓
             (5.6)   

Where 
effR is the effective R-value of the foliage and 𝐷 is the thickness of the foliage. Solving this 

equation leaves to parabolic temperature profile as shown in Figure 5.3. The integration constants can 

be solved using the heat fluxes as boundary conditions. The boundary condition at the point x1 is given 

by 

                                𝑇𝑜𝑢𝑡 − 𝑇(𝑥1) = (
1

ℎ𝑜𝑢𝑡
+

1

𝑅𝑔𝑙𝑎𝑠𝑠
)𝑞𝑜𝑢𝑡            (5.7)        

where; 

𝑇𝑜𝑢𝑡 is the outdoor temperature 

ℎ𝑜𝑢𝑡 is the convective heat transfer in the outside environment  
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𝑅𝑔𝑙𝑎𝑠𝑠 is the R-value of the window glass 

The boundary condition at the point x2 is given by 

                                𝑇(𝑥2) − 𝑇𝑖𝑛 = (
1

ℎ𝑖𝑛
+

1

𝑅𝑝𝑙𝑒𝑥𝑖
)𝑞𝑖𝑛            (5.8)       

Where; 

𝑇𝑖𝑛 is the indoor temperature 

ℎ𝑖𝑛 is the convective heat transfer in the inside environment after the plexiglass sheet  

𝑅𝑝𝑙𝑒𝑥𝑖 is the R-value of the plexiglass 

The governing equations shows that the main effect of the evapotranspiration in the GC is to produce 

a drop of the heat flow indoors 𝑞𝑖𝑛 = 𝑞𝑜𝑢𝑡 − 𝑞𝑒𝑡 + 𝑞ℎ. In addition, the GC reduces the amount of solar 

radiation 𝑞𝑖𝑛
𝑟 = 𝑞𝑜𝑢𝑡

𝑟 − 𝑞𝑟 − 𝑞𝑝ℎ − 𝑞ℎ allowing comfortable natural lighting indoors. Without CG, the 

indoor heat flow will raise due to a lack of evapotranspiration and the increase of indoor solar radiation. 

The main effect of the external blind is to drastically reduce the incoming solar radiation 𝑞𝑜𝑢𝑡 with the 

detrimental to affecting the indoor natural illumination and creating discomfort in the indoor 

occupants. 

5.4 Results and analysis 

The results are discussed in four sections. The first section discusses the ambient conditions in which 

the experiment was performed. The second section analyzes the solar radiation intensity and the air 

temperature during solar radiation hours. The third section then discusses the complete recorded 

temperature and relative humidity data (during solar and non-solar radiation hours). The last section 

discusses air quality. The temperature and relative humidity results are shown in the form of seasons: 

November was late spring, December was early-summer, January was mid-summer and February, and 

March were late-summer and early autumn respectively.  

5.4.1. Ambient conditions 

The experiment started in November 2021. It was the 6th wettest year on record, with 2021 rainfall 30% 

above average. Sydney had its wettest November since national records began in 1900 [388]. It was not 

a hot summer. The external ambient mean hourly values with error bars of the outdoor temperature 

and relative humidity are shown in Figure 5.4.  

During the study period, the highest recorded temperature was 46.9 °C, with solar radiation hours 

ranging from 12 to 15. The study commenced in the spring of 2021 and concluded in the autumn of 2022. 

The observation period was 5 months (Nov, Dec, Jan, Feb, and Mar). During the experiment, the 

maximum temperatures were recorded around 15:00 hrs – 16:00 hrs, while the minimum temperature 

was noticed in the early morning hours before sunrise. 
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                                           (a)                                                                                                                 (b) 

  
Figure 5.4: (a) Mean hourly outdoor temperature and relative humidity (with error bars) recorded during the 
experimental period (Nov 4, 2021 – March 21, 2022) (b) Mean hourly solar radiation intensity (with error bars) in 
solar radiation hours recorded during the experimental period ( Oct 8, 2021 – March 21, 2022). 

5.4.2. Solar radiation and air temperature 

The two external factors which had a high impact on the environment of the modules were solar 

radiation (𝑞𝑜𝑢𝑡
𝑟 ) and the outdoor temperature 𝑇out . As an example, the Feb 1st data of solar radiation and 

temperatures are shown in Figure 5.5(a) and Figure 5.5(b) respectively. The raw data of every day for 

solar radiation and temperature is shown in Appendix D material. The daily solar radiation ranged up 

to 455 W/m2 during the experiment. The mean value of solar radiation recorded was 38 W/m2  though 

it kept increasing as the experiment moved into late summer (Feb) and early autumn (Mar). Due to the 

wet early and mid-summer, the solar radiation values were low because of a high proportion of diffuse 

radiation [389]. But in late summer and early autumn, the intensity of solar radiation increased as the 

weather became clearer. The solar radiation was directly impacting the outdoors which was then 

affecting the temperature of the modules inside. 

Figure 5.5 (b) shows the temperature recorded for every 30 minutes on Feb 1st during the solar radiation 

hours. The outdoor temperature us directly correlated to the solar radiation e.g., from Jan 18 – Jan 22, 

90% of the values of solar radiation were below 100 W/m2 and the mean outdoor temperature during 

that period was 27°C, which is 3°C less than its mean temperature (30°C) during Jan. It is important to 

note that Figure 5.6 (b) shows a pattern of three different time frames; (i) the rise towards the peak 

temperature (ii) the peak temperature hours (iii) the fall of temperature after the peak has passed. The 

peak hours graph kept on changing monthly e.g., in November the peak hours were between 1330-1500 

hrs. in December (1300-1630 hrs.), January (1300-1630 hrs.), February (1230-1530 hrs.), and March (1200-

1500 hrs.). High-temperature peaks were noticed in the NC module from late spring (Nov) to late 

summer (Feb). The primary peak (27.5 °C) occurred around 1500 hrs. in late spring (Nov) and slightly 

late in early summer (Dec) at 1600 hrs. (31°C). But a secondary peak (30°C) was also noticed in early 

summer at around 13:30 hrs. In the mid-summer (Jan), two primary peaks were noticed at 13:30 hrs. 

and 16:30 hrs., with temperatures of 33.5 °C each respectively. During the peak hours, the GC always 

had a minimum value compared to the NC and was the quickest to cool when the peak was passed. It 

was primarily because of the evapotranspiration effect of the plants [390] in the GC module. This 

cooling-down effect after peak hours was also noticed in other studies [372, 391, 392]. The main reason 

for the peaks found in NC module was the entrapped heat getting generated due to the greenhouse 

effect [393]. As the WB was blocking most of the solar radiation, therefore understandably it had the 
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minimum indoor temperature before and during the peak hours. But due to some radiation still getting 

penetrated through the blind, the entrapped heat inside the WB module increased the temperature. 

 

 

 

 

 

 

 

 

 

                                    

(a)                                                                                   (b) 
Figure 5.5: A typical presentation of the everyday solar radiation and temperature measurements recorded during 
the experiment. (a) Solar radiation intensity was recorded on Feb 1st, 2022 externally. The data was recorded after 
every 2 minutes. (b) Temperature data of Feb 1st, 2022 for the outdoor environment, and the inside of the three 
modules (NC, GC, and WB ). The pattern shows three-time frames; before the peak hours (1030 – 1230 hrs), at the 
peak hours (1230 – 1400 hrs), and after the peak hours (1430 – 1800 hrs). The time frames change on a daily basis 
based on the solar angle.  

The absence of a plant delayed the cooling period in both NC and WB blind. As in summer months 

(Dec, Jan, and Feb), the mean temperature in the after-peak hours (1630-2030 hrs.) in GC was 1.5±0.05°C 

lesser than NC and 1±0.05°C than WB. This difference even reached up to 8°C and 4°C respectively on 

hotter days in particular hours. In early autumn (Mar) the change in the solar angle due to the seasonal 

variations resulted in high peaks noticed in outside temperature. 

 The difference in air temperature between the base case module (NC) and GC shown in Figure 

5.6 during the peak solar radiation hours clearly show the significance of a living plant medium. From 

late spring (Nov) to late summer (Feb), more than 90% of values were positive. In those positive values, 

more than 95% were between 0-4°C. The maximum difference reached up to 11 °C in January. A 

temperature difference of 1-3°C having an indoor plant medium was noticed in indoor studies [394]. 

The seasonal shift in early autumn (Mar) shows more than 90% negative values. Though a short hot 

spell increased the outside temperature above 40°C again and even up to 47°C but the difference was 

in negative, it was because due to the change in the solar angle, the solar radiation was hitting the 

sensor probes in the GC module directly.  
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Figure 5.6: The difference between the temperature of NC and GC recorded during the peak solar radiation hours. 
The horizontal axis shows the outside temperature, and the vertical axis shows the difference of temperature 
between NC and GC. The black dots in late summer (Feb) corresponds to Feb 1st, 2022 data points shown in Figure 
5.5 

5.4.3. Temperature and Relative Humidity (during solar and non-solar radiation hours) 

Figure 5.7: The complete recorded temperature data (solar and non-solar radiation hours) are shown as box plots 
with error bars for outside temperature (OT) and the three modules (NC, GC, WB) every month. The boxplot shows 
a median (solid middle line), mean value (marker - (x)), the interquartile ranges (upper and lower limit lines of the 

boxes), and the range of maximum to minimum values (the whiskers) except for "outliers". 

From the box plot data shown in Figure 5.7, it is important to note that the mean value (x) and the 

median line is at the lowest in the GC module from late spring (Nov) to late summer (Feb). This shows 

the overall performance of the GC prototype to regulate the indoor temperature inside the module and 

keep it around or within the ASHRAE range. The evapotranspiration effect [390] of the GC causes this 

cooling effect inside the module. Also on an average hourly basis, GC is 1.3 °C and 0.6 °C cooler than 

NC and WB respectively. This can be verified by a meta-analysis study of green spaces [293]. WB had 

the lowest average maximum daily temperature followed by GC and NC, it can be explained by the 

reflection of the solar radiation. But some radiation still comes inside the WB and the heat then gets 

entrapped like NC. Therefore, this entrapped heat in the form of high thermal mass [395] doesn't allow 

the WB and NC to get low quickly compared to GC which had planted. 

The maximum and minimum temperatures also ranged significantly within each season (Figure 5.7). It 

was important to note that the temperature range increased during the seasonal shifts e.g., the largest 

temperature range overall was recorded in the NC module during late spring (Nov) (min = 23 °C, max 

= 45 °C), while the maximum in the GC was found in early-autumn (Mar) between 20 °C (min) and 40 

°C (max). The maximum variation in the outside temperature was found in Mar (min = 18 °C, max = 47 

°C). The high temperatures of NC are due to entrapped heat between the window glass and the 

plexiglass sheet accumulated during the solar radiation hours of the day. No ventilation and the 

trapping of the long wavelength radiation inside the NC caused a greenhouse effect [396].  

The RH data is shown in Figure 5.8. GC had the highest RH in all the modules from late spring (Nov) 

till late summer (Feb). On a daily average basis, in late spring (Nov) the RH of GC was greater than OT, 

NC, and WB by 9%, 6%, and 7% respectively. In the summer months (Dec, Jan, and Feb), this difference 
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was 3.62 %, 7.2%, and 5.72%. The high RH values of GC were due to transpiration, as the water travels 

from the root to the plant leaves, where it turns into water vapor and is released into the atmosphere 

[391]. Therefore, green plants can increase indoor relative humidity [397] and also regulate air 

temperature [398]. The minimum values were all recorded in the afternoon because the cooler morning 

air is closer to saturation than the hot afternoon air, even with the same amount of water vapor. The 

season shift from late summer to early autumn lowers the RH in GC and the difference is 1% 

approximately between GC, NC and GC, WB. In March, the rise in RH values is due to the dip in the 

external and internal tempeartures [399] , as the weather becomes cooler causing the air to be moist.  

The maximum RH observed in GC was 93% on Dec 23, 2021. Whereas, the maximum outside RH was 

94% recorded in March. The average hourly peak was observed at 0630 hrs. A regular pattern of a dip 

in relative humidity was seen in all modules from 0900 - 1530 hrs. Because an increase in solar radiation 

decreases the vapor content in the air [400]. 

 

 
Figure 5.8: The complete recorded relative humidity data (solar and non-solar radiation hours) is shown as box 
plots with error bars for outside temperature (OT) and inside the three modules (NC, GC, WB) every month. The 
boxplot shows a median (solid middle line), mean value (marker - (x)), the interquartile ranges (upper and lower 
limit lines of the boxes), and the range of maximum to minimum values (the whiskers) except for "outliers" 

Practically, 98% of occupants are thermally satisfied when the temperature and relative humidity 

integration take place in the comfort zone suggested by ASHRAE standard 55 [401]. Consequently, a 

person will feel almost exactly as cool at 24 °C and 60% relative humidity as at 26 °C and 30% relative 

humidity [36]. Also, the local standards of New South Wales (an Australian state) recommend a 

temperature of 20 - 26 °C [402]. Based on these standards, frequencies of temperature and relative 

humidity are shown in Figure 5.9. It shows that the GC module had the maximum frequencies of 

temperatures falling between the recommended range for the occupants. The GC temperature 

complied with 66% of the acceptance limits of ASHRAE and NSW (20 - 26 °C), greater than WB (57%) 

and NC 

(51%). In Figure 5.9 the frequencies of the relative humidities show that GC had the maximum 

frequencies falling between 70 to 80% compared to the other two modules.  
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Figure 5.9: The frequencies of the temperature and relative humidities inside the modules with moving average 
lines (black dotted) shown in black. The horizontal axis lines show a certain range of temperature and RH. The 

vertical axis line shows the frequency of occurrence of temperature and RH. 

5.4.4 Air Quality 

The air quality comparison between the GC and WB didn’t show a significant difference from each 

other, as shown in Figure 5.10 To examine the data of the Air Quality (AQ), the arithmetic theory of 

Null hypothesis was used [403]. Suggesting that no significant difference exists in the set of observed 

variables (GC-AQ and WB-AQ) between the two sets of observed data. The Null hypothesis statement 

is that the difference in the mean of the AQ of the GC module is equal or not different from the mean 

of the WB-AQ. The test was done for two-time frames, 0200-1600 hrs and 1600 -200 hrs. It was found 

that from 0200-1600hrs the p-value was 0.08 (>0.05), which means the Null hypothesis was accepted 

but from 1600-0200hrs, the p was 0.0001 (<0.05) and the Null hypothesis was rejected. This means in the 

evening the difference was significant and the GC module was more effective to decrease the pollution 

compared to the WB module.  

Due to the absence of ventilation in both modules, the air quality remained relatively stable within the 

acceptable range of health standards for air quality [404].  However, during the hours of 1800 to 2200, 

air quality values exhibited an increase within the GC, indicating elevated pollution levels during the 

evening period. 
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(a)                                                                                                     (b) 

Figure 5.10: (a) Hourly mean data of AQ for GC and WB modules. The error bars were calculated using the 
Standard error (SE), formula; SE = Standard Deviation/√ (sample size). This mean data was calculated from the 
complete raw data measured for every 30 minutes from March 1, 2022, to March 21, 2022. (b) The box plots the 
data distribution of the AQ data. The boxplot show median (solid middle line), mean marker (x) and interquartile 
ranges, the whiskers show gives the range of maximum to a minimum except for "outliers".  

Overall the the plant (Philodendron cordatum) remained in good health though some issues with the 

growth of the plant were anticipated. As Philodendron cordatum does not tolerate direct sunlight. But 

it was found that the plant adapted relatively well to the solar radiation. Due to lack of ventilation, in 

the last few weeks (in March) of the experiment the number of brown (dead) leaves started to increase 

but by then the data collection process was completed. As the prototype potential difference was 

maximum in the summer months, indicating that it is a plant with less maintenance that can adapt to 

harsh environmental conditions.   

Table 5.2. Summary of the temperature, relative humidity, and air quality measured during the experimental 
period (solar + non-solar radiation hours). The standard errors are shown for the Daily mean, Maximum daily 
mean, and Minimum daily mean. The Daily mean was the average of all the values recorded for a variable. The 
Maximum daily mean was found by finding the maximum value of a variable in 24 hours and then finding the 
average of all those maximum values, the same applies for the Minimum daily mean. The maximum and minimum 
values correspond to the highest and lowest values recorded for a variable during the whole data collection period.  

 OT (oc) NC (oc) GC (oc) WB (oc) ORH (%) NC (%) GC (%) WB (%) 
GCAQ 

(µg/m3) 

WBAQ 

(µg/m3) 

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

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

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

Max 46.90 44.85 39.99 36.72 0.00 94.00 84.12 93.78 9 11 

Min 18.73 19.33 16.85 19.01 0.00 22.00 19.98 29.67 0 0 

5.5 Conclusions 

Vertical greening in the form of green walls or living facades is used in buildings to improve air quality, 

reduce the urban heat island effect, provide habitat for wildlife, reduce noise pollution, and enhance 

the biophilic character of buildings. On the other hand, the indoor vertical greening system is less 

common and poorly investigated. This research is unique in developing an innovative indoor vertical 

greening in the form of a green curtain within an indoor setting of a prototype room. The green curtain 

provides full control to the occupants on the amount of sunlight in the indoor environment based on 

an innovative rotating mechanism of its modules, allowing to control of the indoor natural light and 

the exposure of the plants to the required solar radiation needed for effective evapotranspiration. We 

demonstrated positive impacts on air temperature and air quality consistent with findings from 

outdoor greening studies. It was found that during the peak solar radiation hours from late spring 

(Nov) to late summer (Feb), the difference between NC and GC air temperatures was mostly between 

0-4 °C. On hotter days, during the peak hours, the maximum difference between NC, GC, and WB, GC 

was as high as 8 °C and 4 °C respectively.  In the after-peak hours, during the summer months, the GC 

module was cooler than NC and WB modules by 1 °C and 1.5 °C respectively. Overall, the GC created 
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a climate in an intermediate space of the module that was characterized by lower temperature, heat 

absorption, higher humidity, and improved air quality in the evening hours. While the GC would not 

significantly affect the temperature/humidity indoors, it produces a significant reduction of the heat 

flow in the building envelope due to the combined effect of evapotranspiration, reflected solar 

radiation, and photosynthesis. 

The implication of the initial findings is vast, as a simple indoor solution without any retrofitting 

requirement or an alternative to an energy-saving retrofit strategy for windows provides a feasible 

option to mitigate heat gain. Also, optimization of two main thermal comfort factors was done, air 

temperature and relative humidity, in the desired range, that improve thermal comfort. In addition, the 

design adopted a biophilic design approach that creates a natural indoor, providing the benefits of 

biophilia by bringing green outdoors to indoors. High humidity levels were observed near the living 

wall due to plant evapotranspiration, which is beneficial in the case of dry indoor environments. 

5.5.1 Direction for future studies and methodological recommendations  

The future developments of the research will aim to investigate the performance and benefits of the GC 

when applied to realistic settings in the form of larger module areas. As for a more real-world setting, 

it is advisable to ensure effective or standard ventilation strategies to mitigate issues related to excessive 

moisture because there was reduced air circulation from outside to inside or vice versa. The model can 

also be studied for naturally ventilated buildings, where more air circulation effects on the plant growth 

and comfort parameters can be studied. The prototype should also be tested in other seasons e.g., in 

winter or early spring. To investigate the fluctuations of the indoor operative temperature over the 

entire year under various indoor air temperature set-points, a computer simulation model can be 

developed using a BIM (building information modeling) tool e.g. Integrated Environmental Solutions 

[405] or Energy Plus [406]. Computer simulations should account for the thermal mass effect as 

observed in the experiments reported here. Also, a numerical model assessment of the GC prototype is 

recommended for future studies to evaluate the behavior of the prototype when upscaled. It is 

important to arrange all the necessary equipment for measuring all the variables e.g., 

Evapotranspiration rate, Photosynthetic rate, Latent heat of vaporization, short/long incident/reflected 

solar radiation, and temperature sensors inside the leaves of the GC. Also, multiple sensors for each 

variable should be used to improve indoor environmental quality management [407]. 

Though the design of the prototype for every plant may be different, depending upon the plant species' 

growth rate and shape, e.g., some plant species grow from top to down, others sideways. To further 

improve the prototype design, we should minimize human interaction by integrating it with BEMS 

(Building Energy Management Systems). Also, studying some other benefits of plants should be 

studied, e.g., carbon reduction from a building performance point of view, and numerous health and 

well-being benefits, psychological, cognitive, and behavioral benefits from the human performance 

point of view. All the recommendations can assist in promoting an affordable and biophilic solution to 

improve indoor environmental quality (IEQ). 

5.5.2 Limitations  

This study was not benchmarked with other studies because no rotating mechanism-based indoor plant 

was found in the literature. But in the future, this study can be considered as a benchmark of calibration 

for other plants. Some consideration can also be given to adverse plant-related effects because those 

effects have received very little or no attention from built-environment-focused studies. 

Because human habitation in cities occurs in indoor environments and this study has provided an 

opportunity to enhance building occupant health, well-being, and comfort. This research further 

identifies the need for future research to consider and integrate plant science aspects providing a 

foundation for the inclusion of indoor living walls in urban built environments. 

 



92 

 

6. Conclusions 
 

This project successfully researched, designed, built, and operated, innovative off-grid prototype 

systems for off-grid housing units or buildings. As, the four building prototypes -Grey Water Systems 

(GWS), Off-grid Toilet (OT), Double Roof (DR), and Green Curtain (GC)- collectively answered the 

overarching question: Is it possible to integrate sustainable off-grid systems in the dwellings that do not 

compromise the comfort of inhabitants? The answer was found by practicing the project principles. Firstly, 

the biophilic approach was key in the study, as each prototype was seen as being part of a larger system 

interacting with the elements of nature (water, soil, air, and solar radiation). This interaction with 

natural elements was also a common bond between the prototypes, e.g. water management and healthy 

soil for plants was a mutual objective of GWS and OT, whereas, indoor air comfort and use of solar 

radiation were on the agenda for both DHR and GC. Secondly, the integration of the natural elements 

in the prototypes ensured there is minimum, or no waste generation, minimizing the impact on the 

environment, as in GWS and OT, the nutrients in the water were recovered within the project 

boundaries. Overall, valuable performance was achieved from each system with zero operational 

carbon emissions and minimal human intervention, e.g., GC and green roofs in DRH were passive 

systems that required only water irrigation for operation. The implementation of the project principles, 

the empirical data, and the conclusions drawn from each prototype ensure that there is no need for 

compromise on comfort to achieve sustainability. For example, the GWS was able to provide water 

(self-controlled) to all the plants inside the domain of the project without wasting water. Similarly, the 

OT can be used as a normal contemporary modern-day toilet that benefits the environment by creating 

compost for gardening and absorbing all the blackwater. The DRH proved that this roofing system can 

run appliances of a house alongside providing indoor comfort to occupants and was not dependent 

entirely on the grid for power usage. Finally, in the GC experiment, the green curtain module was able 

to provide indoor comfort with the least resource usage compared to the other two modules (window 

blind and no curtain). Overall, it was observed that compromising on modern-day comfort is not 

needed while using off-grid technologies. 

6.1 Innovations 

The findings of this research study provide experimental solutions that integrate eco-friendly building 

system strategies. These building systems can make existing and new buildings more self-reliant and 

provide opportunities for policymakers to be more innovative in making buildings climate-change 

resilient.  The off-grid and passive building systems have been defined and practiced, but the present 

study has provided a blueprint for connecting the grid with off-grid systems in a very simple and 

unique way. A summary of contributions from each prototype can be found in Table 6.1. 

The GWS used a targeted approach by narrowing the focus only on the used water coming from a wash 

basin (vanity). In the literature, studies have focused on either dark or light greywater, but using a 

nature-based solution on used water from a single plumbing fixture was not considered. Similarly, 

greywater effects on plants and soil biodiversity have been studied but an experimental study on the 

nature of soil decomposition and the behavior of soil microbes in greywater coming from a wash basin 

remained unexplored.    

The OT optimized the design of a vermicomposting toilet. The design proposed generated compost to 

be utilized for soil fertility and utilized the blackwater completely for plant growth and at no stage 

surface the blackwater outside the system. A microbial study of the compost and an examination of the 

decomposition process happening inside the compost were performed using teabag index testing and 

a DNA study of the compost. This identification process developed an understanding of the complex 

relationships between microbes and soil ingredients. This system is compatible with a micro-flush toilet 

design. 
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Is decomposition faster in earthworm compost compared to no-earthworm or control compost? Are the communities and 

multiple physiochemical attributes of the compost before and after absorbing blackwater correlated? Does an off-grid 

toilet make blackwater suitable for ornamental plant irrigation? 

 

Literature Gap 

Literature Gap 

Literature Gap 

Literature Gap 

A micro-flush toilet compost with 

and without earthworms for waste 

(manure) management via biophilia 

has not yet been investigated. 

 

The performance of a staircase wetland as 

a filtering medium for washroom vanity 

greywater has not yet been studied. Also, 

the impact of this grey water on soil 

microbial species remains significantly 

underexplored. 

The synergy between photovoltaic 

and green roofs (PV-GR) as two 

separate roof structures (equal in 

area) for all four seasons (12 months) 

has not been investigated. 

 

Indoor living vertical greenery has not 

been tested as a separate rotating 

living wall (manual control) to 

provide indoor comfort. 

Can a staircase wetland purify greywater according to desirable reused water quality standards? Is there any correlation 

between microbial communities and multiple physiochemical attributes of the soil before and after absorbing greywater? 

Does the synergy between a photovoltaic-green roof house improve indoor thermal comfort parameters (air temperature and 

relative humidity), PV efficiency and solar energy production compared to a solar roof house? 

 

Does a green curtain improve indoor comfort parameters (air temperature, relative humidity, and air quality) more 

efficiently than window blinds and no-curtain windows? Does the green curtain outperform the other curtains in peak 

solar radiation hours? 

Contributions 

• Identified effect of greywater coming from wash basin sink 

(the only plumbing-fixture-focused study) on soil microbial 

community. 

• Proved the feasibility of a nature-based system that can be 

easily integrated with modern household plumbing. 

• Operationalized and maintained a staircase wetland system 

that can produce recycled water according to acceptable 

reuse standards. 

•  Determined pathways to integrate sustainability in 

modern micro-flush toilet systems. 

• Operationalized and maintained an off-grid toilet 

that filters water can create a biophilic environment 

in its surroundings. 

 

Contributions 

Contributions 

• Identified that the design of a house with two roof 

structures – photovoltaic roof and green roof (equal in 

area) – provides better indoor comfort and enhances the 

efficiency of the solar energy system elements. 

 

Contributions 

• Proved the significance of an indoor passive system 

(with full manual control) in the form of a green 

curtain window. 

• Identified the feasibility of an indoor system providing 

a medium for vertical greenery and improving human 

health. 

Table 6.1: Summary of research contributions of the prototypes. The research questions and literature gap in every 

chapter are also shown.  
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The DRH proved the feasibility of a design that has two roofs (solar and green) that are equal in area, 

Many studies have been done on this type of synergy, but as roof layers, not as a second roof because 

as a second roof structure this design enhances insulation, improves drainage and water management 

strategies, provides an opportunity to increase landscape features, and easier access for maintenance 

and repairs. This study comprehensively investigated four seasons of the temperate climate of the 

Australian Outback and monitored three parameters – thermal comfort, PV temperature, and solar 

energy production – in detail, providing a deep understanding of the synergistic effects of the two roofs.  

The GC was built as a response to the growing demand for enhancing building envelope sustainability 

measures, driven by the need to implement effective design strategies. The findings proposed a simple 

passive strategy to bring a green outdoor healthy environment inside. The results challenged the long-

held norms of blocking or using solar radiation in an indoor environment only through active, auto-

based, or passive (with no control) shading strategies.  

The analysis of the four prototypes revealed opportunities for achieving sustainability in buildings. The 

GWS study provided a concrete strategy for water management, water saving, or wastewater 

treatment. The strategy can be implemented with minimal changes to the plumbing design of a house: 

e.g., separating the wastewater pipe of the vanity from the main pipe and allowing the discharge to 

irrigate exterior plants. Similarly, the OT study demonstrated a way to make contemporary micro-flush 

toilet as a source of compost for soil fertility. Also, the design is eco-friendly: it not only saves water but 

also requires no electricity for its operation, thus reducing the load on the grid. The DRH identified an 

opportunity for building occupants to interact with nature in the form of natural green spaces, 

alongside financial savings in electricity and water bills. Finally, the GC system proved that existing 

building structures may not require expensive window retrofits to operate efficiently. Overall, this 

research study demonstrates the opportunity to use multiple sustainable building system options and 

provides research scope for organizations seeking investment in grid or off-grid technologies. The 

research can be mapped with multiple United Nations Sustainable Development Goals (UNSDG) [408, 

409] as shown in Figure 6.1. These prototypes, with their small scale, can also be integrated as 

sustainable strategies in solar decathlon home competitions [410], in which small-scale, off-grid houses 

are operated for a few months across the globe in different climates [411]. Also, the likelihood of 

integrating these off-grid technologies into industrial applications by incorporating them into the 

existing building stock is an area of particular significance. As it is noteworthy that a mere 1% of 

buildings appended to the total building stock annually which undergo energy efficient renovation 

[412]. Even during prosperous economic growth periods, this proportion remains below 2%. Therefore, 

mitigating greenhouse gas emissions from this sector requires a considerable focus on the retrofitting 

of existing building stock. 

It is important to notice that the practical applicability of these four off-grid systems in diverse climate 

ranges plays an essential role in maximizing their effectiveness and adoption. As each system 

showcases specific strengths and optimal performance conditions. This makes them more appropriate 

for certain climates and regions. For example, in dry and semi-arid areas, where conserving water is 

crucial, GWS will prove to be very efficient. Additionally, the treated greywater can serve as an 

additional source of irrigation. Whereas VC toilet will reduce the demand for water from the grid. In 

places where water is pumped to households using electricity, using VC toilets will also reduce the 

need for this electricity. VC toilets will often work best in temperate climate, which have regular 

moisture levels and moderate temperatures compared to extreme cold and hot climates, where 

earthworms would be adversely affected. Whereas both DR and GC are passive cooling systems that 

are based on the heat absorbed by leaf evapotranspiration. The self-regulatory transpiration of the plant 

allows these systems to be adapted to different climates. Though DR houses can be very helpful in hot 

and dry regions because they will provide insulation and solar energy generation to prevent 

overheating and lower energy usage. Similarly, the GC project efficiency can be maximized in areas 

having temperate climate by lowering energy usage in the form of minimizing air conditioning. 
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Figure 6.1: Mapping the chapters of this study with UNSDG [409]. The black dots show the relevancy of a chapter 
with a particular UNSDG. In total, only 6 goals out of 17 were relevant to this study. The relevant goals were Goal 
3: Good health and well-being; Goal 6: Clean water and sanitation; Goal 7: Affordable and clean energy; Goal 11: 
Sustainable cities and communities; Goal 13: Climate action; and Goal 15: Life on land.  

6.2 Limitations and future work 

The reported empirical results should be considered in light of some design and operational constraints. 

The most important was the scale, as the DRH was a scaled-down model (1:3), scaling up will help to 

give a more accurate representation of the actual performance, behavior, and dynamics of the system. 

Whereas, the GWS, GC, and OT were fully scaled but they had other issues which vary from real-world 

scenarios. e.g., in the GWS, the seasonal usage of water was not assessed, although in summers the 

water usage is higher than in winters. Similarly, in GC the prototype was assessed for a small enclosed 

area due to space constraints it was inevitable, which also caused very high relative humidity readings. 

But if GC is used as an integrated skin facade between two surfaces then it can absorb more heat due 

to evapotranspiration (proven numerically).   

Apart from upscaling and eliminating operational constraints, other significant aspects to consider are 

synergy and performance monitoring. The design should ensure interconnections between the 

prototypes, which were not developed due to the varied timings of each experiment. A strong 

connection framework should ensure the establishment of maximum synergistic effects. These effects 

should be evaluated and compared with other studies. Also, the synergic effects need to be monitored 

for longer periods to cover all seasons leading to more comprehensive and robust results. 

There is also a need to expand the methodological boundaries of this research allowing more variables 

to be studied alongside improved data collection processes. The right course of action for expanding 

these boundaries is to operate these systems under an external natural climate because it can affect all 

the variables of the experiment. Precipitation, external wind effects, changed solar radiation intensity 

and moisture content can cause an increase in biodiversity on the green roof. For example, green plants 

on rooftops provide a safe habitat for bees. Thus opening new doors to study the behavior of living 

organisms living internally or externally in a building environment. This behavioral study can be 

monitored through smart equipment making the data collection procedure smoother and more 

efficient. Also ensuring minimum human interaction. This can be done through the Internet of Things 

(IoT), which consists of web-enabled smart devices that use embedded systems, such as processors, 

sensors, and communication hardware, to collect, send and act on data they acquire from their 

environments [413]. For example, the temperature, moisture content, or odor inside the compost bin 

can be easily monitored without opening the lid or being physically present at the site. It will also fasten 

the process of implementing the right steps toward data collection, minimizing errors. The collected 
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data can be used to make a virtual model of the prototype systems with the help of digital twin 

technology. As digital twins can span the prototypes' lifecycle and shall use real-time data sent from 

sensors to simulate the behavior and monitor operations [414] reducing maintenance costs. 

The future version of this work should also evaluate the results through energy credit points in building 

rating systems. For example, the DR and GC results can be mapped to credits like water efficiency, 

indoor environmental quality, energy, and atmosphere in the LEED rating system [415]. This mapping 

can be achieved by integrating the prototypes in existing operational building systems to study the 

patterns of water, air, solar energy, and soil. Because “Solving for Pattern” was described by renowned 

American novelist and environmental activist Wendell Berry [416], as one in which a good solution 

tends to solve many problems simultaneously, and at many different scales.  

Except for the overall project limitations, it is also necessary to address the constraints related to the 

experiments on an individual basis. In the GWS, only Class A GW was studied (the lightest of GW), 

and the remaining classes (B, C, and D) remained unexplored. Therefore, in the future, the findings of 

the other classes of GW are important for comparison with each other. Also, the ingredients of the GW 

soap did not contain the chemicals of all the products used in the washbasin e.g., Colorants and 

Emollients, the former is used to dye hairs and the latter is a moisturizing agent used to help the skin 

hydrated and soft often found in lotions. As these products could change the chemical composition 

significantly, resulting in a change in the physicochemical properties of the soil where the water is 

discharged. Secondly, the use of hot water in the sink was not practiced during the experiment before 

it reaches the soil or plants. Also, a reduced number of teabag replicates were used due to the limited 

space available in the terracotta plant pots and some teabags were damaged during the withdrawal 

process. Therefore, in the teabag index results the standard deviation was quite high. If a high number 

of tea bags are used in the future, then the statistical representation of the tests can give a more in-depth 

analysis of the teabag index results. Also, the plant species varied; three different wetland plant types 

were used and this variation can impact the properties of soil decomposition. In the future, only one 

plant species should be used to have uniformity. 

In the OT experiment, the main ingredients (Carbon, Nitrogen, air, and water) of compost were not 

coming from different sources. As for carbon and nitrogen, the only source was the manure which was 

dominated by herbivorous creatures (sheep and chicken). Also, the urine content was very high 

therefore an improved compost should contain synthetic humanure which has similar pathogens to a 

real humanure. But to minimize potential health risks implementing safety measures are crucial during 

operations. Also, the generated compost should be used for plant growth within the experimental 

period. The compost bin was designed for manure and water intake only from the top. The blackwater 

from the filtering medium of the composting chamber was not tested due to design constraints. It 

should be tested at regular intervals to give an insight into the filtration mediums. All composting 

phases could not be achieved in aerobic composting system e.g., the thermophilic phase because the 

compost quantity was limited due to the size of the compost bin. For a future version, a bigger volume 

of soil compost should be used by enlarging the space of the composting chamber. The tea bag index 

study in the plant soil around the compost bin was not performed due to the smaller number of teabags 

available. The decomposition study of the soil absorbing the filtered blackwater should be done and 

compared with other soil decomposition studies.  

In the DRH project, the solar energy storage and usage results were not consistent for the whole length 

of the experiment. The main reason was the weak coordination between the different electrical 

equipment. It can be improved, if all the equipment is from the same company brand, as it enhances 

energy harvesting efficiency and use because of compatibility and streamlined communication. Also, 

the lack of ventilation through windows or doors affected the results, because in a practical real-world 

scenario, the doors and windows are not closed all the time and this can have an impact on the overall 

results. In the future, air circulation should be provided in the prototype houses to match real-world 

scenarios. The green roof in the DRH was made from plant trays instead of an integrated green roof. 
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For future studies, the integration of the green roof layers in the roof structure is important for 

comparison with the roof having plant trays. Also, the number and type of sensors used were limited 

by budget constraints. For example, expensive equipment like Pyrradiometers should be used to 

measure short-wave and long-wave radiation. Similarly, arranging equipment to measure 

evapotranspiration and leaf area index was not possible. 

The GC was only assessed from late spring to early autumn (covering the whole summer). A complete 

year-round analysis across all seasons was not possible because the lack of sufficient air supply 

increased the number of dead leaves in the prototype and the experiment was stopped after five 

months. Lack of ventilation or air conditioning caused an increase in air temperature and relative 

humidity inside the modules, which would not occur in a real-world building scenario. A larger space 

area for the modules is required to provide a close resemblance to real-world scenarios. Due to budget 

constraints, only two solar radiation measuring sensors were used. Ideally, five sensors should have 

been used: outside the window, in the plants, after the plants, inside the base case module (no curtain), 

and window blind module. The effect of solar radiation on photosynthesis, evapotranspiration rates, 

and leaf area density could not be studied. A heat flow building simulation modeling study of the 

prototype was not performed due to lack of time, but had it been possible it would have shown a 

simulated picture of the GC prototype performance in the extreme winter season.    

This research has opened a new paradigm for other hybrid (grid/off-grid) system studies, e.g., for 

hybrid off-grid integrated heating systems. In the years ahead, researchers and practitioners must seek 

to build consensus on a common agenda to synergize the performance of off-grid systems. In this way, 

a reliable, self-sustained, and sustainable energy resource framework can be created for building 

occupants. Also, there is a need for a framework for how every off-grid system can be integrated with 

contemporary building systems to achieve greater efficiency in operation and management. Therefore, 

the next big question is: Can hybrid off-grid systems be integrated into existing building systems framework 

with minimum possible changes? These efforts to find the answer will contribute towards achieving zero 

carbon emissions more realistically and improving humanitarian shelter programs. 
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Appendix A1 – DNA extraction technique used in the 

Metagen lab Queensland 
The 16S rRNA gene sequencing technique used for DNA extraction in this soil study was used for the 

identification, classification, and quantitation of microbes [417]. DNA of each stratum was extracted 

from 10 g subsamples of soil using a modification of the modular universal DNA extraction protocol 

[418]. Briefly, this involved 10 g soil samples being mixed with sterile garnet sand and lysis buffer 

before being processed in a SPEX 2010 Geno Grinder homogenizer (SPEX SamplePrep, NJ) at 1700 

strokes per minute for 10 minutes. After centrifugation to remove soil particles, 9 mL of the supernatant 

was treated with a flocculant solution designed to remove humic acid contaminants. Samples were 

again centrifuged, and DNA was recovered from 10 mL of the supernatant using SPRI beads [419]. The 

purified DNA was then eluted in 200 µl of Tris-HCl pH 8.0 and was assessed for yield and quality using 

the Quantifluor dsDNA system (Promega, MI) and agarose gel electrophoresis.   

The metabarcoding of eukaryotic and bacterial/archaeal communities was conducted using the 

primer sets NF1/18S2rB [420] and Pro341F/Pro805R [421], respectively. A two-step PCR protocol was 

used to generate dual-indexed amplicons adapted from the Illumina protocol for 16S Metagenomic 

Sequencing Library Preparation. The naïve Bayesian Classifier was used to assign taxonomy to genus 

level for the 16S amplicon with version 128 of the Silva reference database [422]. 

 

Appendix A2 –Teabag index (TBI) calculation sheets. 
 

Table A1: TBI index calculation sheet for Control strata. 

 

Table A2: TBI index calculation sheet for Stratum 1 

            

  Eq. 2.2 Eq.2.8  Eq.2.2 Eq.2.3 Eq.2.6 Eq.2.7 

 

Time  

(t) 

 

M0/Mt – 

Green tea 

    

    ag  
(0.6936 

to 

0.8342) 

    

    k  
(0.08278 

to  

0.1422) 

  

   

m(t) 

 

S 
 

 

M0/Mt 

 – 

Rooibos 

tea 

               

    ar  

(0.4111 

to 

0.7279) 

 

k  
 (0.0168 

to 

0.09136) 

 

m(t) 

 

Constant 

‘k’  

 

Variable  

‘k’ 

 

 

ar  

 

0 1 - - 1 - 1 - - 1 - - - 

7 0.61 0.72 0.10   0.62 0.14 0.79 0.55 0.03 0.86 0.06 0.05 0.59 

25 0.31 0.72 0.10 0.32 0.14 0.62 0.55 0.03 0.65 0.05 0.03 0.49 

35 0.31±0.010 0.72 0.10 0.29 0.14 0.58±0.008 0.55 0.03 0.58 0.05±0.001 0.02 0.39 

246 0.25±0.004 0.72 0.10 0.27 0.14 0.41±0.015 0.55 0.03 0.44 - 0.01 0.29 

  Eq.2.2 Eq.2.8  Eq.2.2 Eq.2.3 Eq.2.6 Eq.2.7 

 

Time  

(t) 

 

M0/Mt – 

Green tea 

    

    ag  
(0.6936 

to 

0.8342) 

    

    k  
(0.08278 

to  

0.1422) 

  

   

m(t) 

 

S 
 

 

M0/Mt 

 – 

Rooibos 

tea 

               

    ar  

(0.4111 

to 

0.7279) 

 

k  
 (0.0168 

to 

0.09136) 

 

m(t) 

 

Constant 

‘k’  

 

Variable  

‘k’ 

 

 

ar  

 

0 1 - - 1 - 1 - - 1 - - - 

7 0.58 0.76 0.11   0.58 0.09 0.77 0.56 0.05 0.82 0.07 0.07 0.56 

25 0.26 0.76 0.11 0.28 0.09 0.56 0.56 0.05 0.57 0.07 0.05 0.50 

35 0.26±0.009 0.76 0.11 0.25 0.09 0.52±0.012 0.56 0.05 0.51 0.08±0.003 0.03 0.30 

246 0.23±0.021 0.76 0.11 0.23 0.09 0.40±0.013 0.56 0.05 0.43 - - - 
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Table A3: TBI index calculation sheet for Stratum 4 

 

Appendix B – Off-grid toilet composting system 

components 

 

 

Figure B1: The dimension and specifications of each component in the off-grid composting toilet composting 
system 

 

 

  Eq. 2.2 Eq.2.8  Eq.2.2 Eq.2.3 Eq.2.6 Eq.2.7 

 

Time  

(t) 

 

M0/Mt – 

Green tea 

  

   ag  
(0.6121   

to 

0.7858) 

 

   

 k  
 

(0.1064  

to 

0.2179) 

 

m(t) 

 

S 
 

 

M0/Mt 

 – 

Rooibos 

tea 

               

        ar  

    

(0.2254 

to 

0.9446) 

 

      k  
 (-

0.01546 

 to 

0.09644) 

 

m(t) 

 

Constant 

‘k’ 

 

 

Variable  

‘k’ 

 

 

ar  

 

0 1 - - 1 - 1 - - 1 - - - 

7 0.52 0.69 0.16 0.52 0.17 0.74 0.58 0.04 0.85 0.09 0.15 0.37 

25 0.32 0.69 0.16 0.31 0.17 0.58 0.58 0.04 0.62 0.09 0.06 0.38 

   35 0.28±0.010 0.69 0.16 0.30 0.17 0.56±0.008 0.58 0.04 0.55 0.08±0.003 0.01 0.25 

246 0.30±0.057 0.69 0.16 0.30 0.17 0.35±0.050 0.58 0.04 0.41 - - - 
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Appendix C – Supplementary figures of DRH project 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

Figure C1. Mean hourly Feel-like temperature for every month inside SRH and DRH.  
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Figure C2. Mean hourly Relative humidity for every month inside SRH and DRH.  
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Figure C3. Mean hourly solar radiation intensity received on the green roof of DRH and the rooftop of SRH from 
May to December.   
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Figure C4. Mean hourly rear side surface temperature of PV panel from July to December.  
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 Table C1: Detailed specifications of the equipment used in the experiment. 

Equipment Specifications 

Monocrystalline solar panel   

Max Peak Power:                50W to 100W 

Weight:                                 6.5000 kg 

Dimensions:                              510 x 1080 x 30mm 

Maximum power current: 5.04A 

Maximum power voltage: 19.86V 

Open Circuit Voltage:                  23.7V 

Short Circuit Current:                 5.34A 

 Ambient Weather WS-2000 

Smart Weather 

Station 

 

 

Outdoor temperature range:         -40°C to 60°C 

Monitors temperature and humidity in up to 8 remote locations 

Transmission range:                       up to  300 feet line of sight  

Frequency:                                        915 MHz 

Sensor Dimensions (LxHxW):        4.75 x 1.5 x 0.6 in 

 

Solar Charge Controller 

 

 

 

 

Weight:   50 Grams 

Product dimensions: 1 x 1 x 1 cm 

Material:   Gel 

Current:   30A Solar Charge Controller 

Item Weight:  50 g 

Smart Solar Charge Controllers 

MPPT 100/30 & 100/50  

 

Weight:                                   1.3 kg 

Dimensions (h x w x d):      130 x 186 x 70 mm 

Operating temperature:      -30 to +60 °C  

Humidity:       95 %, non-condensing 

Battery voltage:                     12/24 V Auto Select 

Rated charge current:        30 A 50 A 

Nominal PV power, 12 V:    440 W 700 W 

Nominal PV power, 24 V:    880 W 1400 W 

Maximum PV open circuit voltage:  100 V 100 V 

Max. PV:                                 35 A 60 A 

Maximum efficiency:              98 %  

Charge voltage:                      14,4 V / 28,8 V (adjustable) 

Temperature compensation: -16 mV / °C resp. -32 mV / °C 

Solarjinies for measuring PV rear 

side temperature  

 

 

 

Operating temperature: -20°C to +100 °C  

Accuracy:  +/- 0.5°C, 0.065°C repeatability with a 0.25°C resolution. 
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Solarjinie for measuring solar 

radiation intensity 

 

 

 

Resolution of the irradiance jinie:  1W/m2  

Range:  0-1200W/m2 range. 

 Accuracy is +/- 20W/m2. 

 

 

 

Figure C5. (a) Temperature contour in the DR obtained from two-dimensional steady-state finite element analysis. 
The chosen material properties are in Table 2. The boundary conditions are outdoor/indoor temperature of 35 C/ 
20C; convective convection at the top of 20 W/m2C, and convective convection of 11 W/m2C at the bottom and the 
sides. (b) the temperature profile of the PV panels showed minor boundary effects. (c) the temperature profile of 

the green roof. 
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Appendix D – Green curtain prototype experiment 

components 
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Figure D1: Daily pattern of solar radiation intensity during the solar radiation hours from Dec 8,2021- March 22, 

2022. From Dec 22-27 (2021), the OSRI data was not recorded (shown as flat line).  
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Figure D2: Daily pattern of temperatures recorded outside, and in the three modules (NC, GC, WB). The 
pattern shows three-time  frames; before the peak hours, at the peak hours, and after the peak hours. The time 
frames have changed on daily basis based on the solar angle. The dashed horizontal lines show a separation 
between the months. 
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Figure D3: Relative humidity recorded from December to 
March inside the three modules.  
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