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Abstract 

As the world water resources continue to deplete, reuse and recycling of greywater has 

become an alternative potential sustainable solution to reduce the stress on fresh water resources. 

The objective of this thesis is to assess the different technological approaches for greywater 

treatments and to provide an extensive review on the application of compacted decentralized 

solutions to produce high quality treated water suitable for non-potable household uses. The 

paper reviewed various solutions of decentralised systems for greywater treatment. Various 

compacted treatment technologies have also been examined. Both physical, chemical and 

biological treatment systems and their combinations are assessed. Moreover, case studies mainly 

on nature-based solutions, constructed wetland, presented. The thesis revealed that these systems 

are effective and have the potential of treating greywater to the level of good quality for safe 

discharge or for non-potable fit-for-purpose uses. Constructed wetlands, green roofs and green 

walls are recently receiving more attention in decentralized urban greywater treatment and are 

proved to have high removal efficiency of suspended solids, organic matter, microorganisms and 

micro-pollutants. These technologies are eco-friendly, energy efficient, less expensive and easy 

to operate and maintain. Treating greywater is not only an important option to help manage the 

balance between the demand and supply of water and reduce the burden on fresh water reserves, 

but also it provides an opportunity to avert environmental, surface and ground water pollution.  
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CHAPTER ONE 

1.   INTRODUCTION 

1.1 Challenges of water security in the world 

About 71 percent of the Earth's surface is covered with water. According to Gleick 

(1993), the oceans contain about 97% of the total world water and fresh water constitutes the 

remaining 3% which is available for direct exploitation. However, only about one-hundredth of 

the freshwater, as shown in figure 1 below, is available as surface water (readily exploitable 

lakes and rivers) and accessible ground water for human consumption. The amount of fresh 

water actually available to people is, therefore, finite. Human life depends largely on water not 

only for drinking but also an extremely huge amount is used for agriculture, industry, electricity, 

transportation, waste disposal and recreation This amount faces extreme scarcity due to global 

population increase, urbanization, industrialization, improved living standards, climate change 

and increased pollution. 

 

Figure 1: world water distribution (James and Stefan, 2015) 
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The world’s population is increasing at a rate that outweighs the world’s freshwater 

resources resulting in an uneven distribution of water globally. Currently, the world’s population 

is estimated at 7.8 billion and growing at a rate of about 1.05%, annually (Worldometer, n.d). 

Most regions, especially arid regions, are faced with acute water shortage. According to Reid 

(2019), as of 2018, water scarcity affected 2.1 billion people globally. The growth in population 

coupled with economic development accounts for the excessive stress on the world water supply. 

Water usage for domestic, industrial and agriculture causes withdrawal of water from 

diverse sources. According to AQUASTAT (2014) water withdrawal has occurred about 1.7 

times above the rise in population. Additionally, Ritchie and Roser (2020) agree that the 

withdrawal of fresh water due to domestic, industrial and agriculture use has increased about six-

fold since 1900. Ritchie and Roser (2020) states further that the highest freshwater withdrawal 

above 760 million cubic meters per year occurred in 2014 in India, followed by China and the 

United States at over 600 billion m3 and 480-90 billion m3, respectively.  According to Ritchie 

and Roser (2020), agriculture accounts for an estimated 70% of freshwater withdrawal globally, 

whilst industrial and domestic account for 19% and 11%, respectively. Figure 2 below shows the 

global water withdrawal trend over the years. 

                  
Figure 2: Global water withdrawal trend for the 20th and 21st centuries (Wada et al. 2016). 
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Anthropogenic uses of water, evidently, play a key role in the world water crisis and 

projections are that an acute scarcity is imminent. The concerns regarding water can be divided 

into two categories: quantitative and qualitative. Quantitative refers to issues such as whether we 

will have enough water to meet our needs and what will be the impacts of diverting the water 

from one point of cycle to another. Qualitative refers to issues, such as whether the water is 

polluted or has sufficient purity so as not to harm human or environmental health. 

According to AQUASTAT (2014) approximately, 1800 million people will live in 

extreme water scarce conditions across the globe by 2025. This is alarming and threatens life on 

earth. Domestically, the use of freshwater just for flushing accounts for about 40%. On a daily 

basis, individuals excrete about 1.02.5 L of urine and 120400g of faeces and the centralized 

system uses around 615 times of water to flush each litre (Rauch, et al., 2003; Schouw, et al., 

2002).  

Urbanization poses dire challenges for water resources. Life in cities is predominantly 

associated with increased per capita water consumption, land use patterns and social conditions 

due to the increase in the usage of water and energy by the rich (Tiboris, 2016). A study 

conducted by Wu and Tan (2012) found that, in the last decade rapid rise in housing complexes, 

industrial parks and power projects in China has resulted in an increase in water consumption 

and demand leading to an increased pressure on freshwater resources.  As cities expand, 

industries are likely to spring up and demand water for production causing more stress on the 

water supply. Ironically, though industrialisation leads to economic benefit, a study conducted by 

Zhou et al., (2017) found that the emergence of industrial agriculture will promote rural 

employment and improve standard of living but will exacerbate the outflow of water and cause 

mayhem between diverse consumers. Even more ironic is the fact that water scarcity will lead to 

inflation of products as a result of increase in the price of water. 

As rapid urbanization and industrialization increase water consumption, there is a high 

probability of increase in both domestic and industrial wastewater. Thus, surface and 

groundwater will be polluted due to the discharge of effluent from septic tanks and leachate from 

drains and soak pits. Qin et al., (2014) investigated the causes of change in water quality in 

China during the rapid urbanization period and found that the rise in domestic discharge due to 
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the rapid urbanization led to water pollution. The discharge of effluent into surface water without 

treatment will also result in eutrophication. Balke et al., (2018) found that wastewater discharge 

was the main source of phosphorus introduction into a shallow lake in the USA and rendered the 

lake eutrophic. 

Studies also show that as demand for water increases across the globe, the availability of 

freshwater in many regions is likely to decrease because of climate change. Changes in climate 

may result in flooding, due to increased precipitation, and drought, due to less precipitation and 

increased atmospheric temperature.  If the observed changes in climate in the last decades persist 

into the future, the potential impacts on water resources are likely to increase in magnitude, 

diversity and severity (United Nation Water, 2014). An increase in precipitation will increase 

surface runoffs which will transport nutrients and pathogens from nonpoint sources into surface 

water. Mainstone and Parr (2002) agree that agricultural fields’ runoffs are a crucial nonpoint 

source nutrient pollution of lakes. The introduction of nutrients into water bodies will lead to 

eutrophication resulting from high concentrations of nitrogen and phosphorus, thereby altering 

the quality of the water. The impact of climate change on surface water eutrophication stems 

from the interaction between the meteorological factors and nutrient availability. As precipitation 

erodes nutrients from agricultural fields and sewage systems into the water body, drought will 

inhibit dilution of the received nutrient. Xia et al., (2013), adds that soil erosion resulting from 

floods transport a great amount of nitrogen, pathogens and other toxins into water bodies. Wang 

et al., (2018) found that increased precipitation caused increased streamflow leading to the 

transportation of NO3-N from hillslopes into the Green Lake watershed. Added to floods and 

drought is the issue of atmospheric temperature. When air temperature is high, surface water 

temperature also increases leading to an altered physio-chemical composition and biological 

reaction of the water. These factors render various water bodies, which serve as sources of global 

drinking water, undrinkable. Fecht (2019), agrees that changes in climate will put immense stress 

on global drinking water. 

1.2 Greywater as a potential alternative source to mitigate water insecurity  

As the world water sources deplete, there is a rising need to find innovative solutions to 

salvage life on earth, since water is required by both living and non-living organisms to survive. 
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Several solutions have been proposed, including the invention of water-free toilets, a campaign 

to reduce water usage, wastewater treatment, amongst others. In recent times, the treatment of 

wastewater has, arguably, become a more plausible approach as more and more countries have 

taken keen interest in investing in WWTPs for the purpose of treating wastewater for reuse.  

Many countries spend huge amounts of money to treat water for drinking. According to 

Cho (2011), billions of dollars is used to treat water in the US but only 10% is used for drinking 

and cooking, the rest is, mostly, flushed away. As mentioned earlier, the use of wastewater for 

irrigation, landscaping, toilet flushing is a historical practice. However, drinking recycled 

wastewater on the other hand, is not so welcomed as people are repelled by the thought of 

drinking toilet water. But, an acute water scarcity in Namibia around the mid 1900 led to the 

establishment of the Goreangab wastewater recycling plant in 1968; designed to treat 27,000 

m3/day of sewage but now treating 41,000 m3/day at peak hours and produces 35% of all potable 

water used in the city daily (Wingoc, n.d; Gross, 2016; Du Pisani, 2004).According to Wingoc, 

(n.d), the Goreangab wastewater recycling plant treats secondary effluent from the Gammams 

Water Care Works and Goreangab dam via a ten step process depicted in figure 3 below: 

 

Figure 3: Flow chart of water treatment at the Goreangab wastewater recycling plant 

(Lahnsteiner & Lempert, n.d). 
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Moreover, in Singapore, the provision of water supply was a huge challenge for decades, 

as it has no natural aquifers and a small landmass (Cho, 2011). Since 2003, Singapore has been 

producing drinking water from wastewater using NEWater (use of advanced membrane 

techniques such as microfiltration, reverse osmosis and UV disinfection) and has passed about 

65,000 scientific tests which supersedes the WHO drinking water standards (Cho, 2011). Figure 

4, shows the NEWater process cycles: 

 

Figure 4: NEWater process cycles. (PUB, Singapore's National Water Agency.) 

 When it comes to drinking water, greywater is usually the preferred choice of 

wastewater for treatment due to the very little nutrients and pathogens it contains as compared to 

blackwater (water from the toilet). Internationally, the attempt to reuse and recycle waste has 

seen the emergence of the 3R (reduce, reuse, recycle) campaign. This campaign also captures the 

attempt to manage the available freshwater and to safeguard the current and imminent water 

scarcity. Reducing the consumption of water will translate into minimal withdrawal of water 

resources. According to WHO (2006), the reuse of greywater helps to conserve about 40% of 

fresh water supplies.  Again, the option to reuse wastewater, specifically greywater, for toilet 

flushing, irrigation, etc will add up to the management approach to safeguard the scarce 

freshwater resources. Further, recycling greywater for both portable and non-portable uses is, 

debatably, the best solution for its management as well as to combat the stress on the world water 

supply. The recycling of greywater in recent times has become highly imperative, especially in 

arid regions. Greywater has been treated and reused in several countries for varied reasons. For 
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Japan, reusing greywater serves as an augment to their scarce water supply in order to meet the 

rapid rise in their population; in the USA, for instance, greywater is reused for irrigation, toilet 

flushing and groundwater recharge in a bid to guard against drought (Lazarova et al., 2003; Al-

jayyousi, 2003). In countries and states like Australia, California, New Mexico, etc, wastewater 

is recycled for drinking. 

Historically, greywater has been rationed for the purposes of irrigation, lawn watering, 

vehicle washing, and other non-potable uses (Chong et at., 2015) in the a bid to, locally and 

nationally, adapt to issues emanating from climate change, ensure food security, reduce 

environmental, ground and surface  water pollution, and safeguard water supply (Drechsel et al, 

2015). According to Monteleone et al., (2007) the use of greywater for non-potable uses was a 

well-known phenomenon in the water supply system of ancient Roman; and to augment 

freshwater supply in the Minoan civilization in ancient Crete where, dating back 5000 years, 

wastewater was reused for agricultural irrigation (Vigneswaran and Sundaravadivel, 2004). 

Vigneswaran and Sundaravadivel (2004) mentions further that, since the 16th and 18th centuries, 

Germany and UK, respectively, have used wastewater for agricultural purposes; likewise China 

and India who have long histories with the reuse of sewage for irrigation. In recent times, 

greywater is still being treated and used for irrigation and other purposes. For instance, in an arid 

country like Oman, greywater is treated, as part of the Government’s policy, for irrigation and it 

as well constitutes 80% of water used in Omani households (Ahmed et al., 2011). 

The need for greywater recycling for both potable and non-portable uses is highly 

necessary to help reduce the excessive reliance on the limited freshwater resources and also 

reduce pollution of the environment caused by the discharge of untreated greywater effluent, as 

well as provide a source of water supply for arid regions. However, concerns are raised regarding 

public health perceptions and the appropriate technology for greywater reuse options 

(Vigneswaran and Sundaravadivel, 2004).  The reuse and recycling of greywater has become 

necessary because: 

●    It provides a supplement to the world’s scarce freshwater resources 

●    It provides an avenue to manage water supply in-situ 
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●    It reduces environmental and water (surface and ground) pollution. 

1.3 Objectives 

The objective of this thesis is to assess the different technological approaches to greywater 

treatment and to provide an extensive review on the application of compacted decentralized 

solutions to produce high quality treated water suitable for non-potable household uses. 
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CHAPTER TWO 

2.0 Material and Methods 

This thesis was first designed to assess the performance of a compacted solution for 

decentralized greywater treatment based on practical laboratory work. The experiment planned to 

use greywater from Kaja student dormitory at the Norwegian University of Life Sciences 

(NMBU), Ås, Norway. Unfortunately, first due to some technical problems and later due to 

COVID-19 access to greywater the laboratory was restricted. It was then decided that the thesis 

should be a Literature review based. Google scholar was used to collect different peer review 

articles for literature research.  

2.1 Data collection and analysis 

Several literatures were reviewed to write this paper. Relevant document search was 

carried out on the internet using the keyword “greywater”, “decentralized solutions”, 

“constructed wetlands”, “biofilter systems”, “green roofs”, “green walls”. The focus of the 

search was largely on greywater reuse and applications in a decentralized urban setting. A 

distinction was carried out to identify studies directly relating to greywater treatment and 

applications by systematically reviewing abstracts and in some cases conclusions of each work. 

Through the search, it was identified that the term “constructed wetland” was directly 

related to wastewater treatment and a preferred decentralized nature based solution for greywater 

treatment. Different physical, chemical, biological treatment processes and technologies were 

assessed and reviewed. Urban green infrastructure (green roof and green wall) as alternative and 

an emerging nature based solution for greywater treatment were also investigated.  
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CHAPTER THREE 

3.1 Greywater: definitions and characteristics 

Greywater has been defined by various researchers. For Casanova et al., (2001), 

greywater is wastewater without toilet water. It is, basically, water derived from showers, 

laundry and the kitchen. Greywater is very voluminous and potentially suitable for reuse and 

application, and it provides an imperative opportunity to mitigate the world water crisis. 

 Lifestyle and climatic conditions define the composition and characteristics of greywater 

(Abedin and Rakib 2013; Katukiza et al. 2015). Again, depending on the source, grey water can 

be categorized into light and dark. Wastewater from the showers and the tubs is known as light 

greywater (Friedler and Hadari, 2006) whilst dark greywater refers to a more contaminated 

wastewater from the washing machine, dishwashers and the kitchen sink (Birks and Hills, 2007). 

Figure 5 below shows the categories of greywater: 

 

Figure 5: Greywater categories and its components. (Albalawneh et. al., 2015). 
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3.2. Greywater quantity 

The quantity of greywater produced domestically is averaged at 15/lpd for poor areas and 

above 100/lpd for rich areas (Oteng-Peprah et al., 2018). The domestic use of water produces 

about 75% greywater of total wastewater and has less contaminants compared to blackwater 

(Eriksson et al., 2002). Oteng-peprah et al., (2018) posits that geographical location, lifestyle, 

climate conditions, type of infrastructure, culture and habit determine the quantity of greywater 

produced in different locations. To confirm this, Alsulaili and Homoda (2015) found that high 

school students produced less greywater than primary pupils because the former are mature and 

use water diligently. Again, greywater quantity may vary according to its source and water 

consumption. Greywater from the kitchen sink and dishwasher contributes 27% and wash basins, 

bathroom and shower produces 47% whilst the laundry and washing machine accounts for 26% 

(Jamrah et al., 2006; Al-Mughalles et al., 2012; Ghaytidak and Yadav, 2013). Whereas water 

consumption may range between 40-381 L/P/d, greywater quantity may range between 35-117 

L/p/d with a ratio of 0.3-0.87, which was found to be low in high-income countries even though 

water consumption was high (Ghaytidak & Yadav, 2013; Alsulaili & Homoda; 2015). There is a 

global disparity in the amount of greywater produced around the world. Economical (i.e. 

developed, developing or least developed), technological and cultural orientations account for 

the quantity of greywater produced in various countries. In Europe, the quantity of greywater 

produced is minimal due to their water saving culture (Boyjoo et al., 2013). According to Morel 

and Diener (2006), Asia produces about 72-225 lpcd of greywater, whilst about 200 ipcd is 

produced in the USA (WHO, 2006). In Norway, greywater from the ecovillage project was 

found to be 81L/p/d whereas student dormitories in Kaja produced 112L/p/d, even though water 

saving showerheads where used; this could increase to 156L/p/d in the absence of showerheads 

(Jenssen, 2002). A typical demonstration of greywater from various sources in a Norwegian 

residence is illustrated in fig 6  
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Fig 6: quantity of greywater from various sources in a Norwegian residence (Ødegaard et 

al., 2012). 

Typically, the quantity of greywater varies from 90 to 120L/p/d but in low income 

nations where water scarcity is rampant, the volume can be as little as 20-30L/p/d (Morel and 

Diener, 2006). The disparity in greywater quantity can also be found in rural and urban areas as 

illustrated in figure 7. 
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Figure 7: Quantity of greywater produced in urban and rural areas (Albalawneh and 

Chang, 2015). 

3.3 Greywater quality 

The quality of greywater vary from region to region and among individual households 

depending on its composition. Greywater composition depends on the quality and amount of 

water supply and usage, water source, plumbing system, living habits, personal hygiene of the 

users, and type of greywater. In addition, the cleaning products, dishwashing patterns, laundry 

practices, bathing habits, and disposing of household chemicals will influence the characteristics 

of greywater (Al-Jayyousi 2003). As a result, the physical, chemical and biological 

characteristics of greywater vary greatly among families. Again, the chemical and biological 

degradation of some compounds in the storage system contribute to the change in quality of 

greywater. 

3.3.1 Parameters for assessment of greywater treatment 

The quality of greywater, its strength and pollutant level is characterized and expressed in 

terms of a combination of the physical, chemical and biological parameters.  

3.3.1.1. Physical Parameters 

The physical parameters that determine the characteristics and quality of greywater 

include, total solids (TS), total suspended solids (TSS), temperature, colour, and turbidity mainly 

resulted from food particles, hair and fibres and electrical conductivity (EC) due to ionic 

concentration. The concentration of physical parameters of high strength greywater are higher 

compared to those of the low strength greywater due to the input from laundry and kitchen. 

3.3.1.2. Chemical Parameters 

The chemical parameters comprises mainly of dissolved organic matter expressed as biochemical 

oxygen demand (BOD), chemical oxygen demand (COD) and total organic carbon (TOC)). 

Moreover, pH, alkalinity, nutrients (mainly N and P), heavy metals content, residual chlorine and 

recalcitrant organic compounds such as xenobiotic organic compounds (XOCs) are present in 
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greywater (Eriksson et al. 2002). Elemental concentrations will vary according to the water 

quality and plumbing conditions. However it is well known that laundry detergents are a source 

of heavy metals such as Cd, Cu, Pb, Cr and Zn (Aonghusa & Gray, 2002) mainly originate from 

household chemical products such as detergent, soaps and dyes. Xenobiotic organic compounds 

(XOCs) are synthetic organic compounds that are present in household chemicals and 

pharmaceuticals and personal care products. XOCs can also be formed when chemicals are 

partially modified via chemical/biological treatment (Fatta-Kassinos et al. 2010). 

3.3.1.2. Biological Parameters 

Greywater may also consists of microorganisms including bacteria, viruses, and 

protozoans. The most common indicators to assess faecal contamination are coliform bacteria 

(e.g., faecal coliforms (FC), thermotolerant coliforms), Escherichia coli (E. coli) and faecal 

streptococci (Enterococci). Skin-associated bacteria Staphylococcus aureus and Pseudomonas 

aerugina can also be expected in greywater (Winward et al. 2008). In some cases, enteric 

pathogenic bacteria such as Salmonella and Campylobacter can also be introduced by inadequate 

food handling in the kitchen although the individual risk is higher from direct handling of the 

contaminated food (Ottosson, 2003).  

These physical, chemical and biological quality parameters are used as a basis for 

establishment the guidelines for greywater recycling. Moreover, these water quality parameters 

are important in selecting appropriate treatment systems and intended greywater reuse. 

Greywater characteristics, mainly the organic fractions, biodegradability, and biodegradation rate 

under aerobic and anaerobic conditions are key factors in selection, design and operation of 

treatment systems. Although there are variations in greywater quality from region to region and 

from household to household, literature review shows that the analysis of the greywater 

characteristics by different categories (Table 1) indicates that greywater originated from the 

kitchen and the laundry are higher in both organics and physical pollutants compared to the 

bathroom and the mixed greywater (Li et al., 2009). Greywater characteristics and their 

concentrations around the world in presented in table 2. 
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Table 1. Characteristics of different household greywater streams (Li et al., 2009) 

 

Table 2. Greywater characteristics and their concentrations in some countries. (eg, Norway, 

Sweden, German, Australia, Israel, UK, USA) 

 pH TSS 
mg/L 

BOD 
mg/L 

COD 
mg/L 

Total colifirm 
bacteria 

MPN/100ml 

E. coli 
MPN/100ml 

Reference 

Norway 7.1 51-
270 

50-
250 

135-
485 

2.98E+05-
2.42E+07 

1.10E+05-
4.10E+06 

Melesse, et al., 2014, 
Eregano et al., (2017); 

Sweden 7.8 - 425 890 - - Ghaitidak & Yadav 
(2013) 

Germany 7.6 - 59 109 - - Ghaitidak & Yadav 
(2013) 

Israel 8.2 30-
298 

74-
890 

840-
1340 

- 5.0E+04 Ghaitidak & Yadav 
(2013) 

Australia - 74 104 - - - Fowder et al., (2016) 

UK 6.6–
7.6 

37-
153 

8.7-
155 

33-
587 

6.4E+3–
2.2E+7 

10–3.9E+5 Ghaitidak & Yadav 
(2013); Frazer-Williams 

et al., (2008) 

USA 6.4 17 86 - - 5.4E+02 Ghaitidak & Yadav 
(2013) 

Greywater contains high amounts of biodegradable organic material. According to 

Oteng-Peprah et al., (2018), the BOD5/COD ratios determine the biodegradability of greywater. 

BOD5/COD ratio in greywater ranges between 0.31 and 0.71 (Halalsheh et al., 2008). Greywater 

also contains hazardous substances such as XOCs as found by Eriksson et al., (2002) in some 

chemical detergents used in Denmark. Donner et al., (2010) found that about 200 xenobiotic 

organic compounds are present in greywater. Troiano et al., (2018) found an increased 
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tetracycline-resistant bacterial with high resistant traits as well as antibiotics resistance in treated 

greywater. Benzene and 4-nitrophenol can also be found in greywater (Revitt et al., 2011).   

The physical appearance of greywater is composed of suspended solids, turbidity, 

conductivity, and temperature. According to Oteng-Peprah et al., (2018), greywater temperature 

ranges between 18 and 35oC and that, the warm temperature, which may be as a result of the hot 

water used for domestic purposes, may cause microbiological growth leading to the precipitation 

of CaCo3   and other inorganic salts.  

 
Total suspended solids account for 190-537 mg/L (Edwin et al., 2014) and conductivity 

ranges between 14 and 3000 μS/cm (Fatarella et al., 2009) whilst  turbidity may range between 

19 and 444 NTU (Oteng-Peprah et al., 2018). Greywater may be high or low in pH depending on 

the alkalinity of the water supply and type of detergents used domestically. According to Oteng-

Peprah et al., (2018) surfactants are the major chemical constituents found in greywater due to 

the washing and cleaning activities. The differences and rates of constituents in greywater is 

largely dependent on the source of contaminants, i.e. kitchen, laundry, washroom etc. Figure 8 

below illustrates the various sources of greywater contaminants:  

 

Figure 8: Sources of greywater contaminants (Fatarella et al., 2009) 
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3.4 Treatment Processes and Technologies employed for greywater treatment 

3.4.1 Greywater treatment and discharge limits 

The aim of greywater treatment is to fulfil the reuse requirement or local discharge permit level. 

For recycling purpose, the systems should fulfil mainly hygienic safety, aesthetics, 

environmental tolerance, technical and economic feasibility. 

 Greywater may be treated preliminary, primary, secondary, or tertiary. Each level of 

treatment is dependent on the organic content, the greywater quality, final application and 

acceptable standards. However, each level of treatment may be restricted to certain limits of 

nutrients and other physicochemical parameters it may remove. Table 3 shows the various level 

of treatment and their effluent quality: 

Table 3: Treatment levels and their effluent qualities (WHO, 2006). 

 

Primary treatment systems must include a sedimentation tank for the removal of fats, 

grease and solids before final application (WHO, 2006). A primary diverted treatment system 

may be used for the irrigation of ornamental plants, fruit trees and fodder plants but, measure 

must be adopted to prevent leaching into groundwater, direct human and animal contact, and 

release of undesired substances and be sure of the exact quantity of nutrient needed for the plant 

and soil to avoid soil toxicity (WHO, 2006). Greywater intended to be discharged into lakes and 

rivers usually requires a secondary treatment. The oil/grease, solids and organic matter 
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concentrations in greywater are usually removed with secondary treatment. Secondary treated 

and disinfected greywater may be used for micro-drip or irrigation and it’s not harmful when in 

contact with humans.  Largely, greywater intended for reuse is dependent on the required quality. 

Below is table 4 depicting greywater treatment levels and irrigation option.  

Table 4: Greywater treatment level and irrigation options (WHO, 2006). 

 

 Edwin et al., (2014) posits that there is no known globally accepted greywater treatment 

(GWT) method even though America and Australia have accepted standards that consider the 

greywater source, quality, site condition and reuse options. In Norway, for instance, pollution 

legislation requires a 70-90% reduction of BOD, 80% of phosphorus and 70-80% of nitrogen 

from urban wastewater effluent from over 100.000pe with a concentration of BOD <25 mg/L, 

TN < 10mg/L, TP < 1mg/L (Sagen, 2014). The WHO (2006) prescribes parameter limits for 

greywater reuse in table 5. 

Table 5. Permitted limits for greywater reuse per final application (WHO, 2006). 
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  Although GWT methods may differ from region to region, GWT is required to be eco-

friendly with no chemical additives and toxic by-products. Harju (2010) adds that the storage 

time for greywater, before treatment, should be limited for the prevention of microbial growth. 

3.4.2  Treatment processes and Technologies  

Greywater treatment methods are, largely classified in relation to the contaminants 

removed and process used but each method adheres to the basic conventional wastewater 

treatment sequence, i.e pre-treatment, primary, secondary and tertiary. Biological treatment 

methods may not be appropriate for the treatment of greywater from the washbasin and bathroom 

due to its high concentration of soap and low concentration of biological essential macro and 

micronutrients.  Biological treatment methods use a combination of microbes, and oxygen 

manipulation (Oteng-Peprah et al., 2018); and are categorized into aerobic and anaerobic. 

Chemical treatment methods adopt chemical processes such as electro-coagulation and photo-

catalyltic oxidation for the removal of organics and coliforms (Li et al., 2019; Parsons et al., 

2000). Some physical, chemical and biological treatment methods are discussed below. 

3.4.2.1 Physical treatment process    

Filtration  

Filtration is a conventional method for the removal of turbidity, colloids and residual 

suspended solids. (Boano et al., 2019). Filtration is usually preceded by other methods to remove 

particulate matter. Filtration media could be in the form of sand, gravel, fine mesh, etc (Oteng-

Peprah et al., 2018). Parjane and Sane (2011) treated greywater from bathroom, basins and 

laundry using sand bed, course size brick bed, charcoal bed, wooden saw dust bed and coconut 

shell as the filter media, shown in Figure 9. The average concentrations of the parameters used in 

both the raw and treated greywater is shown in Table 6 
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Figure 9. Arrangement of filter media in a filtration tank (Parjane & Sane, 2011) 

 

 

Table 6. Average concentrations of parameters before and after filtration (Parjane & Sane, 2011) 
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Compared to the performance of other treatment methods, the filtration method used by 

Parjane and Sane (2011) seemed better due to its less operating and maintenance cost, lower load 

on fresh water, less strain on septic tank, highly effective purification, groundwater recharge and 

environmental friendly.  

Sedimentation  

Sedimentation is a physical treatment process used as a pre-treatment to remove hair, 

larger particles, oil & grease (Abdel -Shafy & Al-Sulaiman, 2014). Abdel –Shafy and Al-

Sulaiman (2014) used two sedimentation tanks made up of polyvinyl chloride and an aeration 

tank consisting of dual baffled chambers of 350L (fig 10). The results following the 4.5h of 

settling showed effluent concentrations within average limits (Table 7). 
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Figure 10. Schematics of a sedimentation tank (Abdel -Shafy & Al-Sulaiman 2014) 

 

Table 7: Effluent quality after sedimentation (Abdel -Shafy & Al-Sulaiman 2014) 

Parameter Influent quality (mg/l) % removed  (mg/l) 

TSS 116 66.5 

COD 388 40.3 

BOD 298.6 38.5 

Oil & grease 128.5 50.2 

 

3.4.2.2 Chemical treatment processes 

Coagulation and flocculation 

Coagulation and flocculation are the most commonly used chemical processes in the 

chemical treatment step of greywater treatment. Coagulation-flocculation involves the 

addition of compounds and/or polymers that promote the clumping of fine particles into 

larger floc so that they can be more easily separated from the water. Coagulation is a 

chemical process that involves neutralization of charge whereas flocculation is a physical 

process that assists in removal of colloids. Through these process suspended solids and 

turbidity (Sivaramakrishnan, 2008) are removed from greywater. According to 

Sivaramakrishnan (2008), chemical coagulation is followed by sedimentation and filtration 
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after the water has been conditioned with various types of coagulants including, but not 

limited to:  

● Aluminium sulphate 

● Lime 

● Ferrous sulphate 

Pidou et al., (2008) found that coagulation with aluminium salt reduced BOD, COD, TN, 

Turbidity, Phosphate and bacteria from greywater from the shower. Table 8 below shows the 

various concentrations of contaminants before and after treatment. 

 Table 8: concentrations of contaminants removed from greywater from the shower using 
alum as coagulation (Pidou et al., 2008). 

Parameter Unit Raw Greywater  Treated Greywater  

BOD mg/l 205 23 

Total nitrogen mg/l 18 15.7 

COD mg/l  791 287 

Turbidity NTU 46.6  4.28 

E.coli MPN/100 
mL 

6490 <1 

PO43 mg/l 1.66  0.09 

 

Adsorption 

Adsorption is a surface phenomenon that is characterized by the concentration of a 

chemical species (adsorbate) from its vapor phase or from a solution onto or near the surfaces 

or pores of a solid (adsorbent). The adsorption process can be physical (if adsorption occurs 

due to London–van der Waals forces of the solid and adsorbate) or chemisorption (if 

adsorption happened due to chemical bonding forces) Adsorption therefor, depends on the 

solid surface characteristics (such as particle size, surface charge, surface area) the 

concentration and types of ions present in the liquid phase 

Studies have found adsorption as a favourable technique for the removal or organic 

pollutants in wastewater. It is known to be cheap with less complex design and easy to 
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operate (Rashed, 2012). The process employs the use of nut shells, seed hulls, rice husk etc as 

adsorbents (Veli et al., 2018). Veli et al., (2018) studied the effectiveness of adsorption as the 

treatment process for greywater from the laundry. Walnut shell, seed hull, hazelnut shell and 

rice husk were carbonized with polyaniline to synthesize the adsorbents. The parameters used 

for the study were turbidity, surfactants and colour. 

 Adsorbents produced with KIO3 oxidation obtained a 97% efficiency. For turbidity, 

the adsorbent produced with KIO3 oxidation obtained a 46% efficiency. Surfactants achieved 

a 95% efficiency following adsorbents produced with KIO3 oxidation. 

Advance Oxidation Process 

According to Gassie and Englehardt (2019) ozone-UV advanced oxidation treatment 

is effective in the mineralization of total carbon organic, excluding additional chemicals. In 

their study Gassie and Englehardt (2019) used a 1.2m2p/d (320 GPD) pilot ozone-UV to treat 

greywater from the shower. Results showed a hydroxyl radical concentration were ~10-10M. 

Hydroxyl radicals reacted with TOC produced (1.7-7.6) x107M-1S-1 which is comparable to 

reports on mineralization of wastewater organics. 

Parson et al., (2019) used advanced oxidation process based on photo-catalytic 

oxidation combined with titanium dioxide and UV to treat greywater. Results showed that 

organic pollutants and total coliforms were removed at 90% and 6log, respectively. 

3.4.2.3 Biological treatment process  

Biological treatment is governed by biological processes, which involve the activity of 

microorganisms in aerobic or anaerobic conditions.  A ratio of BOD:COD ≥ 0.5 indicates 

good potential for biological treatment (Palmquist & Hanæus, 2005).  Biological treatment of 

grey water followed by disinfection have been shown to guarantee risk-free effluent with a 

minimal energy and maintenance (Nolde, 1999). The biological treatment systems can be 

categorized into: i) aerobic attached biomass growth process such as Fluidized-Bed Reactor 

(FBR) (Nolde, 1999) and the Rotating Biological Contactors (RBCs) (Nolde, 1999, Friedler 

et al. 2005). ii) aerobic suspended growth process such as Sequencing Batch Reactor (SBR) 

(Shin et al., 1998; Hernandez et al., 2010) and iii) Anaerobic treatment of greywater using 

UASB (Elmitwalli and Otterpohl 2007, Ghunmi et al. 2008, Abu-Ghunmi 2009). Moreover, 

the benefits of biological (microbial degradation) and physical (filtration) treatments are 
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combined in processes such as membrane bioreactors (MBR) and biologically aerated filters 

(BAF), which are small footprint processes capable of producing high-quality effluents. 

Recent preliminary study of greywater treatment using modified Biological Aerated Filtration 

(BAF) at NMBU showed promising results (Rummelhoff, 2019). 
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CHAPTER FOUR 

4.1  Treatment Technologies for greywater treatment 

Decentralized solutions prove to have benefits of flexibility of capacity expansion and 

the elimination of water transportation over long distance (Leigh and Lee, 2019). 

Decentralized treatment systems provide an impressive alternative to centralized systems 

especially when they are source-separated. Source-separated systems provide an avenue for 

nutrient recovery by separating blackwater from greywater. According to Ahmed and Arora 

(2012) septic tank, constructed wetland and intermittent sand filter are amongst the best 

solutions for decentralized treatment because they are easy to operate and maintain and 

relatively cheap. Compared to centralized systems, decentralized systems have proved to be 

more eco-friendly. Constructed wetlands are considered one of the most viable solutions for 

decentralized treatment.  

4.1.1  Constructed wetlands 

Constructed wetlands (CW) are considered a nature-based solution due to the use of 

natural media (soil and plants) for filtration and biological degradation (Boyjoo et al., 2013). 

Several authors explain that CWs combine physical (use of filter media), biological (aerobic 

and anaerobic) and chemical precipitation and adsorption processes (Boyjoo et al., 2013; 

Kivaisi, 2001). CW technologies include the horizontal-flow constructed wetland (appendix 

A), sand filter and planted sand filters, often termed vertical flow wetlands (appendix A), 

anaerobic filter amongst others. CW’s are usually used as a primary or secondary treatment 

but depending on the final discharge disinfection may be necessary as the final application. 

Some studies combine other systems with CW´s in order to meet quality standards and satisfy 

regulatory guidelines. For instance, Jenssen and Vråle (2003) combined an aerobic biofilter 

and a horizontal-flow constructed wetland (fig 11) to treat greywater that met swimming 

water quality. The study found that the aerobic biofilter was essential for the removal of BOD 

in climates where plants are inactive in winter (Jenssen and Vråle, 2003).  
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Figure 11: Biofilter/Constructed Wetland for cold climate (Jenssen and Vråle, 2003). 

The biofilter/constructed wetland technology was implemented for greywater 

treatment at a student dormitory, Kaja, at the Norwegian University of Life Sciences in fall 

1998 and spring 1999 and had the results presented in table 12. 

Table 9: Average concentrations and treatment performance (%) for the Kaja 

greywater treatment plant, fall 1998 and spring 1999 (n = 11) (Jenssen & Vråle, 2003). 

 

 Constructed wetlands are known to successfully remove organic pollutants and 

suspended solids as found by Itayana et al., (2006) who also found that slugs and earthworms 

in the Kanuma soil they used helped to remove solid food particles from the kitchen 

greywater; the phosphorus concentration in the GW was removed through the soil adsorption 

and the biological process aided the reduction of the nitrogen concentrations. Each type of 

CW is unique in their performance and efficiency. The vertical-flow CW has been 

investigated and proven to be more efficient with pathogens removal than the horizontal-flow 

CW and green roof water treatment systems. (Winward et al., 2008).  
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44.1.2 Biofilter systems 

Biofilter systems have been investigated and results show that they are essential for 

the removal of organic and particulate matter, bacteria and waxy substances (Jenssen & 

Vråle, 2003; Eshetu et al., 2017). Biofilters are categorized into macro and membrane 

biofilters. According to Abu Ghunmi et al., (2011) macro biofilters are further categorized 

into attached and suspended film systems whereas membrane biofilters are grouped into 

submerged and side-stream. Eshetu et al., (2017) studied the performance of a biofilter 

system for on-site treatment and achieved a 90% removal efficiency of the parameters 

sampled. The system setup included a primary settler, a fixed-film biofilter and a secondary 

clarifier. The authors found that the system, when combined with a soil infiltration system as 

a polishing step, can produce effluent quality that satisfies Norwegian requirements for 

discharge to sensitive areas like drinking water sources with very little environmental and 

health risks. See table10 for quantity of nutrients and pathogens removed. The effluent 

quality from the combined biofilter system and the polishing step satisfy the new EC 

reclaimed water quality requirement of class A (EC, 2018) which can be used for irrigating 

all crops using all irrigation methods. 

Table 10. Average effluent quality of compacted fixed-film biofilter system followed 

by infiltration trench compared to present limits for discharge and agricultural reuse. ( 

adapted from Eshetu et al., (2017) 

 

Though some studies have found biofilters to have challenges relating to cleaning due 

to suspended solids (Jefferson et al., 2000), the system used by Eshetu et al., (2017) had no 

issues with clogging throughout the experiment period, probably due to the infiltration 

system in place. 

Sequencing Batch Reactor (SBR) 
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The sequencing batch reactor (SBR) is one of the compact solution technologies for 

the removal of conventional parameters in small communities due to low cost and simple 

operation. SBR is a type of activated sludge treatment process that occurs in batches in the 

reactor tank (Oteng-Peprah et al., 2018). The SBR is a cyclic fill and draw system that 

performs equalization, biological treatment and secondary clarification in a single tank using 

a time control sequence. It also offers a great flexibility of operation for effective nutrient 

removal. The SBR system can effectively remove nutrients and promote biodegradation of 

organic matter for domestic grey water.  

Up flow Anaerobic Sludge Blanket (UASB) 

Anaerobic digestion (AD) is a mature and core technology in wastewater treatment 

mainly for high strength (organic matter rich) wastewater. Anaerobic digestion process is a 

multi-step process governed by different groups of microorganisms. The process consists four 

main stages in a series: hydrolysis, acidogenesis, acetogenesis and methanogenesis (Batstone 

et al. 2002, De Mes et al. 2003). Although the performance in the removal of COD in the 

greywater is relatively poor (Abu-Ghunmi 2009), the anaerobic step was suggested as a pre-

treatment (Elmitwalli and Otterpohl 2007) to be followed by aerobic treatment. This system 

is known to provide better settlable sludge as compared to other treatments. The anaerobic 

process retain a high concentration of active suspended biomass (Oteng-Peprah et al., 2018). 

Hernandez et al., (2010) combined three biological systems with the same hydraulic 

retention time of about 12-13 hours to treat greywater from 32 houses of the Decentralized 

Sanitation and Reuse project in Sneek, Netherlands. The system setup included an aerobic 

treatment in a sequencing batch reactor (SBR), an anaerobic treatment  in an up-flow 

anaerobic sludge blanket reactor (UASB) and a combined aerobic - anaerobic treatment (SBR 

+ UASB) (fig.12). The study found anaerobic pre-treatment to be less feasible whereas 

aerobic treatment was found to be a preferred option for greywater treatment. The effluent 

quality from the study is presented in table 11. 
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Figure 12: Combined reactors set up (Hernandez et al., 2010). 

Table11. Effluent quality for the Sneek biological treatment process (adapted from 

Hernandez et al., 2010). 

Parameter SBR (%) UASB (%) SBR+UASB (%) 

COD 90 51 89 

TN 35 15 2 

TP 28 11 3 

 

Rotary Biological Contactor (RBC) 

RBCs are fixed bed reactors with rotating disks installed on a horizontal shaft. RBCs 

are partially submerged in order that the microbes necessary for treatment are exposed to the 

atmosphere to enable aeration and assimilation of dissolved organic pollutants and nutrients 

for degradation (Oteng-Peprah et al., 2018). Friedler et al., (2011) treated light greywater 

using chlorination and UV irradiation of RBC to remove indicator bacteria (faecal coliform, 

heterotrophic sp.) and specific pathogen (Pseudomes aeruginosa sp., Staphylococcus aureus 

sp.). Results showed an 88.5% -99.9% removal of the bacteria and pathogens. Though the 

treatment system proved very effective as it produced effluent of high quality (Tab. 12), the 

microbial quality did not meet GW reuse standard. Thus, an efficient disinfection step is 

required. 
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Table 12. Effluent quality for the RCB system (Friedler et al., (2011) 

Parameter Removal Efficiency (%) 

BOD 96 

Turbidity 95 

COD 68 

 

4.1.3  Membrane Bioreactor 

In a highly populated or urbanized area, the most appropriate solution for greywater 

treatment is membrane bioreactor (MBR) because it requires less space. MBR is a perm-

selective process combined with biological, microfiltration and ultrafiltration system (Oteng-

Peprah, 2018); it also combines activated sludge and membrane separation processes. The use 

of MBR allows for the avoidance of sedimentation and disinfection and is apt for the removal 

of biological pollutants, particulate matter, turbidity, microorganisms etc. Cornelia et al., 

(2007) studied the feasibility of treating greywater from a leisure and sporting club in 

Morocco using a 3L-lab-scale MBR consisting of an ultrafiltration membrane for non-potable 

reuse. 

MBR is proven to provide a high quality effluent. It ensures an efficient removal of 

microorganisms and dissolved substances. The technology has small footprint and can be 

applied in decentralized treatment systems. However, the economic investment and fouling 

phenomenon are the main challenges presented. The quality of the treated greywater (Table 

13) satisfied the basic standards for toilet flushing and other domestic uses  

Table 13. Percentage removal of the treated greywater (Cornelia et al., 2007).  

Parameter % removed 

Turbidity (NTU) 98 

COD (mg/l) 85 

BOD (mg/l) 94 

Faecal Coliforms 99 
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4.1.4 Urban green infrastructure: green roofs and green walls 

Green roofs and green walls have become a recent nature based solution for GW 

treatment in modern buildings around the world. According to Francis and Lorimer (2011) 

green roofs and green walls provide a very beneficial technology for urban reconciliation 

ecology and require very little space as compared to reedbeds (Masi et al., 2016). Green roofs 

and green walls filtrate via plants and use filter media like sand, clay, growstone, phytofoam, 

coconut coir and perlite (Prodanovic et al., 2017). Green roofs are usually installed on roof 

tops (fig. 13) and consist of a vegetated surface made up of an insulation layer, a waterproof 

membrane and a vegetation layer planted in a growing substrate (Francis and Lorimer, 2011). 

 

Figure 13. Green roof installed at the Horniman Museum in London (Boano et al., 2019). 

Some studies have found green roofs to be efficient in reducing suspended solids and 

turbidity and can remove about 80% of all parameters taking the season and hydraulic 

parameters into account (Frazer-Williams et al., 2008; Ramprasad et al., 2017). 

In Frazer-Williams et al., (2008) the Green Roof-Top Water Technology System 

(GROW) was compared to other CWs (HSSF & VF). The GROW system was made up of an 

inclined framework of interconnected horizontal troughs and weir planted species. The 
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authors found that, GROW system was efficient in the removal of BOD, SS, COD, and 

Turbidity (Table 14) 

Table 14. Effluent quality for GROW (adapted from Frazer-Williams et al., 2008) 

Parameter % Removal 

BOD5 (mg/l) 95 

COD (mg/l) 77 

SS (mg/l) 94 

Turbidity (NTU) 0.6 

  Green walls are vertically planted pots or vegetation installed across the vertical 

surface of the interior or exterior of a wall (Boano et al., 2019; Manso and Castro-Gomes, 

2015). Like green roofs, the type of vegetation or plants used for green walls must be 

appropriate for the local weather, must require low space for root growth, the aesthetic 

appearance must be considered and must have good removal capacity of nutrients (Castellar 

da Cuncha et al., 2018). This explains why the effluent quality obtained by Masi et al., (2018) 

from a green wall filled with lightweight expanded clay aggregate was not satisfactory, 

whereas the coconut coir and perlite media used by Prondanovic et al., (2017) successfully 

removed the physico-chemical parameters in their study. According to Svete (2012) Norway 

pioneered the first vegetated wall for greywater treatment. The system, constructed in Ås (see 

appendix B), was dosed with about 1000L/m2/d for three months and had the results 

presented in table 14 below:  

Table 15. Average treatment and removal performance of the Ås green wall (Svete, 2012) 

Parameter Removal % 

  BOD5 95 

COD 80 

TSS 80 

TN 30 

TP 69 

E.Coli 2log unit 
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 Again, Masi et al., (2016) installed a greywater treating green wall (fig.14) in the MPs 

building in Pune (India) using lightweight expanded clay with sand and lightweight expanded 

clay with coconut fiber as the porous media. The effluent quality satisfied the Indian 

guidelines for irrigation and toilet flushing. 

 

Figure 14. Green wall for greywater treatment installed at the MPs Head Office in 

Pune, India (Masi et al., 2018). 

4. 2           Cases of greywater treatment by large-scale constructed wetlands 

In the past wetlands were used in the Chinese and Egyptian civilisation for the 

purpose of averting water pollution (Brix, 1994). In the US, CWs were researched as a cost-

effective option for conventional acid mine water treatment (Girts & Kleinmann, 1986). 

Today, CWs are efficiently engineered systems which are green, sustainable, cheap, robust, 

eco-friendly (Carvalho et al., 2017) and are mostly deployed on a large scale for greywater 

treatment. Some large scale CWs are discussed below. 

4.2.1  Case study: Bergen 

In 1991, 40 eco-friendly buildings were constructed in Bergen, Norway, with a source 

separation system that separates the greywater from the blackwater. A constructed wetland 

consisting of a light weight aggregate (LWA) filter material and a pre-treatment unit with 
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longer pipes distributing water to the surface on the filter was installed for the building. Table 

6 below presents treatment efficiency of the system.  

Table 16. Treatment efficiency and effluent quality for the Bergen CW (Jenssen & Vråle, 
2003) 

Parameter Effluent (mg/l) % Efficiency 

BOD 15 96 

Nitrogen 2.2 60 

Phosphorus 0.19 79 

4.2.2  Case study: Kuching 

Kuching, a city in Malaysia, had source separated systems but the greywater was 

discharged directly into nearby streams with little or no treatment (Jenssen, 2005). To solve 

this, a pilot CW was constructed in 2004 to treat greywater from 9 households (Jenssen, 

2005). The CW consisted of 4 biodomes with a 2-4mm filtralite LWA media and a septic 

tank to treat excess grease. The CW was installed to help with the reduction of phosphorus 

and remove bacteria to obtain swimming water quality. The system had issues relating to 

clogging in the biofilter, likely due to the suboptimal dosing frequency (Jenssen, 2005). The 

effluent quality is present in table 17. The treatment system improved the overall sanitation 

and environmental challenges of the area and brought a level of awareness on the effects of 

untreated wastewater on water bodies (Jenssen, 2005) 

Table 17. Treatment efficiency and effluent quality for the Kuching CW (Jenssen, 2005). 

Parameter Unit Effluent % Efficiency 

BOD mg/l 2 98 

Nitrogen mg/l 9.24 75 

Phosphorus mg/l 0.33 86 

Faecal coli. MPN/100ml 646 - 
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4.2.3 Case study: Klosterenga 

Klosterenga is located in Oslo, Norway. In Klosterenga, an aerobic vertical-flow 

biofilter and a subsurface horizontal-flow constructed wetland to treat greywater from 33 

ecological apartments with about 100 inhabitants to swimming water quality (Jenssen, 2002 

The author explains further that the system used a space of 1.5m2 per person where 1/3 is the 

area for the biofilter. The nitrogen concentration in the effluent has been found, repeatedly, to 

be below the WHO requirements for drinking water quality as presented in table 18. 

Table 18. Effluent quality for the Klosterenga CW (adapted from Jenssen, 2002) 

Parameter Effluent quality 

COD (mg/l) 19 

TN (mg/l) 2.5 

TP (mg/l) 0.03 

Faecal coliforms 0 

 

4.2.4  Case study: Flintenbreite 

Settlements in Flintenbreite, Germany are planned with eco-friendly, landscape, 

energy and sanitation considerations (OtterWasser GmbH, 2009). Based on these a CW was 

constructed to treat effluent from 380 pe, using coarse gravel as the filter media (Sagen, 

2014; OtterWasser GmbH, 2009). Table 19 below is a representation of the effluent quality. 

Table 19. Treatment efficiency and effluent quality for the Flintenbrie CW (OtterWasser 
GmbH, 2009). 

Parameter Effluent (mg/l) % Efficiency 

BOD 14 93 

Nitrogen 2.7 78 

Phosphorus 5.7 29 
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CHAPTER FIVE   DISCUSSION 

5.1 Constructed wetlands 

Constructed wetlands provide an attractive solution for greywater treatment in a 

decentralized setting. Cases of wetlands installed for decentralized and ecological buildings 

produced effluent of good quality. As mentioned earlier, wetlands combine a series of 

physical, biological and chemical processes for greywater treatment. Therefore it is 

imperative to understand these processes for appropriate design to serve the intended 

purpose. Constructed wetlands are known to successfully remove organic pollutants and 

suspended solids as found by Itayana et al., (2006) who also found that slugs and earthworms 

in the Kanuma soil they used helped to remove solid food particles from the kitchen 

greywater. The inlet of wastewater into the CW goes through the filter media and the plant 

rhizosphere. The root and rhizomes excrete oxygen which results in aerobic conditions. 

Organic matter is then decomposed by both aerobic and anaerobic microorganisms. Organic 

filter media (commonly coarse sand or gravel) and inorganic filter media (bask and charcoal) 

serve as a substrate for filtration, physico-chemical adsorption and microbial growth pollutant 

removal (Dalahmeh, 2013).  However, other studies have used other mineral and plastic as 

the filter media, which combined with the tropical ornamental plants used, removed about 

80% of suspended solid. The filter media is responsible for the removal of suspended solids 

present in the greywater via interception, sedimentation and filtration. When interception, 

sedimentation and filtration combines it traps total suspended solids (TSS) (Kadlec &Wallce, 

2009). The size of filter media in CW’s, globally, ranges from soil (d10 < 0.1mm) to coarse 

gravels (d10 > 4mm) (Kadlec & Wallace, 2009).  

All forms of Nitrogen are collectively referred to as Total Nitrogen (TN). The 

presence of TN in wastewater will negatively affect the ecosystem and cause eutrophication 

if discharged without treatment. In drinking water, excess nitrate is harmful to humans as it 

poses dire health risks. Aquatic plants (macrophytes) present in wetlands are essential for the 

removal and uptake of nutrients. The transportation of oxygen to the root zone is done by the 

release of oxygen from the root of the plants and also provides a breeding surface for 

bacteria. Plants on CWs are essential for nutrient uptake even though Mæhlum & Stålnacke 

(1999) argue minimal effect on BOD and Phosphorus. But some studies show an increased 

nitrogen removal at the root zone (Kadlec and Wallace, 2009). Though plants uptake 
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nutrients, a portion of the nutrients is also released into the water organic matter decomposes 

while the plant deteriorates. The released nutrients can accumulate in the soil, but may also 

follow the effluent.  

At Klosterenga, Nitrogen concentrations, including ammonia and nitrate, in the 

effluent were excellent and satisfied the required limits. Ammonia and nitrate concentration 

were reduced at 66% and 27%, respectively. And, though the ammonia concentrations were 

found to be decreasing due to the lower retention time which allows for aerobic conditions 

leading to nitrification, nitrate on the other hand was recorded at higher concentration. 

Overall, the system showed efficiency with nitrogen removal at 70%, above the regulatory 

guidelines. The low level can also be attributed to the possibility of low faecal contaminants 

and E. coli. In total, the effluent value in relation to Nitrogen met greywater discharge limits 

and also satisfied drinking water and other non-potable uses guidelines. Figure 15 shows the 

total nitrogen, ammonia and nitrate levels as well as discharge limits. 

 

Figure 15. Total Nitrogen, Nitrate, Ammonia and discharge limit for Klosterenga 

(Sagen, 2014) 

At Klosterenga, the phosphorus and bacteria levels recorded in the effluent were of 

good quality due to the light weight aggregate (Filtralite) used, which is an excellent media 

 for phosphorus adsorption and bacteria reduction (Jenssen and Vråle, 2003). Average 
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Phosphorus and Nitrogen concentrations in the effluent were recorded, between 2001 and 

2008, at 0.5mg/l and 3.0mg/l respectively (Fig. 16) 

 

Figure 16. P and N concentration for Klosternga CW (Sagen, 2014) 

The P and N concentrations in the effluent were lower than the required limits of 

0.5mg/l for phosphorus and the 25mg/l for nitrogen. This makes the effluent quality excellent 

for irrigation and for groundwater recharge (Jenssen and Vråle, 2003). 

BOD removal in CW’s is aided by sedimentation. The biological processes produce 

soluble carbon compounds which consume the BOD. According to Kadlec and Wallace 

(2009) inlet of greywater with fewer or heavy concentrations of BOD into the wetland, 

without an outlet or additional inflow will result in a near zero plateau. This is also affected 

by the detention time. Figure 17 describes a near zero BOD5  recorded for when wastewater 

was dosed on a CW without additional inlet nor outlet.  
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Figure 17. Five day BOD concentration in a CW without additional inflow and no 

outlet (Kadle & Wallace, 200) 

But for Jenssen and Vråle (2003) the BOD7 concentration recorded at the Kaja CW 

(see tab 9) was due to increased retention time and high temperatures recorded in the STE. 

Figure 18 below shows the BOD7  concentration recorded at Kaja 

   

Figure 18. BOD7 concentration and time in STE for Kaja (Sagen, 2014) 

At Klosterenga, BOD influent was recorded at 225mg/l but reduced to 4.9mg/l in the 

effluent.  In percentage terms, a total of 98% reduction was achieved indicating a good BOD 

treatment capacity of the system. Again, the BOD level satisfied discharge limits at less than 

30% (fig. 19) 
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 Figure 19. BOD level and discharge limit for the Klosterenga treatment plant (Sagen, 2014). 

Studies have shown that constructed wetlands can be effective in the removal of 

pathogens from wastewater at a rate of about 99% or more (Jenssen et al., 2010). Coliform 

bacteria and E.coli are the most used forms of bacteria for greywater assessment. 

At Klosterenga, the bacteria analysis showed that the most probable number of E. coli 

per 100ml was 18.9 which is below both the EU and Norwegian bathing water regulatory 

guidelines. Further, the effluent quality met the hygienic and safety standards for irrigation of 

all crops, including edible ones. Finally, the effluent also meets swimming water quality. This 

is basically due to the fact that directives by WHO regarding irrigation outweighs that for 

swimming water, hence if the effluent is suitable for irrigation then it is more than suitable 

for swimming 

 

5.2 Constructed wetlands with regards to water, energy and  nutrient 

Water  

Greywater treatment in a constructed wetland is required to satisfy set guidelines 

depending on the final destination or discharge as well as the quality of the greywater 

influent. According to Hyde (2013) kitchen greywater is sometimes excluded from other 

greywater due to the presence of grease & oil which may require additional treatment. Water 

recycled from greywater via CWs is essential to augment the growing demand on fresh water 
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sources.  Donner et al., (2010) agree that greywater can produce water which will reduce 

about 20-40% of water usage from existing freshwater sources. Reclaimed water have also 

proven to have no difference compared to water from other sources. According to Nolde 

(2005) studies on reclaimed greywater for laundry showed no difference from laundry done 

with regular water.  

Nutrients 

 Nutrient removal in microbial wetland, especially, relies heavily on temperature. 

According to Kadlec and Wallace (2009) “organic, ammonia and oxidated nitrogen forms 

interconvert in the wetland environment, with the net effect of reduction in virtually all 

cases”. For continuous flow wetland, the biogeochemical cycling of nitrogen form an integral 

part of its processing network (Kadlec & Wallace, 2009). Plants uptake nitrate and ammonia 

for growth and release nitrogen when they decay. Total nitrogen may decrease with detention 

time and denitrification can be facilitated by BOD in the wetland. The reduction of nitrogen 

in wastewater can be attributed to the inflow concentrations, chemical form of the nitrogen, 

water temperature, season, organic carbon and dissolved oxygen (Kadlec & Wallace, 2009). 

The effective recycling of nutrients in CWs can be attributed to the implementation of 

source separation systems. Jenssen et al., (2006) says that separating wastewater into 

blackwater and greywater, theoretically, allows for a 70% and a 90% recycling of phosphorus 

and nitrogen, respectively when the blackwater is treated and recycled. Phosphorus and 

nitrogen are essential for food production. According to Cordell et al., (2009) global reserves 

or phosphate rocks, from which phosphorus is mined, is estimated to deplete in 50-100 years. 

Meanwhile, phosphorus and nitrogen are treated as organic pollutants in greywater. 

Therefore, it is imperative to for future treatment systems to maximise the recycling of these 

nutrients. Source separation also opens to separate faeces from urine. Urine needs only 

storage and dilution before fertilizer application (Cordell et al., 2009). Esrey (2011) proposed 

a combined treatment system that will treat both the nutrient in human excreta and produce 

fertilizer, then transport via a single conduit to the soil for fertilization 

Energy  

Solar radiation influences the water temperature and determines evaporative losses or 

gains. Plants utilize incoming energy solar radiation and transport part to the water column. 
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The difference in the air temperature and the wetland water temperature leads to convection 

and diffusion and is responsible for the transportation of heat from the air to the wetland. 

Although the wetland radiates heat, some studies claim that heat may also be transferred from 

the soil to the wetland. The figure (20) below illustrates the energy balance in wetlands. 

 

Figure 20. Energy balance in wetland (Kadlec and Knight, 1996).  

5.3 Biofilter Systems 

Biofilters support biofilm growth due to its large surface. The characteristics as well 

as aeration enhances BOD reduction. Biofilter can remove up to 70% of BOD and a 2-5log 

reduction in bacteria (Jenssen et al., 2006). Biofilter systems can serve as an aerobic 

pretreatment capable of removing 40% of TN (Jenssen et al, 2006) biofilter systems are also 

able have significant influence on nitrification i.e oxygen supply, temperature and pH rates 

(Laber et al., 2003). Combining biofilter systems with CWs, will produce effluent of 

swimming standard quality as studied by Jenssen and Vråle (2003). In a combined 

biofilter/constructed wetland system, the biofilter is responsible for the removal of the 

majority of the BOD whilst phosphorus and other microorganisms are removed in the CW 

(fig. 21). Moreover, biofilter system have been found to remove organic pollutants to 

discharge limits (Eshetu et al., 2017). Thus, further treatment is required if intended for reuse 

purposes, swimming or drinking. But, in Jenssen and Vråle (2003) the aerobic biofilter 

presents a simple technology for greywater treatment that allows reuse and that meet 

European requirements. The aerobic biofilter, like previously mentioned, reduced BOD7 by 
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70% at a loading rate for greywater up to 115cm/d. It can be deducted from these two studies 

that aerobic treatment processes can significantly influence the indicator bacteria in 

greywater. 

 

Figure 21. Treatment efficiency for biofilters and constructed wetlands (adapted from 

Jenssen et. al, 2006). 

5.4 Membrane Bioreactors (MBR) 

Membrane Bioreactors have been found to be useful where space is of critical 

concern. MBR treating greywater can produce effluent quality of non-potable reuse. MBR 

uses biodegradation and membrane filtration to separate solids from liquid. In Lie et al., 

(2005) a submerged MBR was employed to treat low strength greywater. Results for COD, 

NH4-N, and BOD5 showed a reduction from 322mg/l to 18mg/l, 0.6-1.0mg/l to below 0.5mg/l, 

221mg/l to below 5mg/l, respectively. For anionic surfactants, the levels achieved were 3.5-

89mg/l to below 0.5mg/l. At the end of the study, the effluent obtained was colourless and 

odourless. Suspended solids and faecal coliforms were equally reduced to meet regulatory 

guidelines.  

It can be deduced that due to the biological degradation characteristic of MBR most 

micro pollutants were removed (Li et al., 2005). Also, it is true to say that the membrane 

separation unit of the system is effective in the removal of other pollutants found in the 

influent. The combination of these characteristics or properties of the system results in the 
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provision of high quality effluent suitable for non-potable use as found by Li et al., (2009). 

Again, in Cornelia et al., (2007) results from the submerged MBR (see Table 14) proved that 

MBR was effective with biological treatment of greywater. Like Li et al., (2009), Cornelia et 

al., (2007) achieved a colourless and odourless effluent. Both studies achieved a permeate 

flux of less than 15L/m2h and between 8-10L/m2h, respectively.  

5.5 Urban green infrastructure: green roof and walls 

Green roofs are similar to reed beds. In green roofs, greywater percolates via planted 

pots with filter materials (Boano et al., 2019).  

BOD removal was influenced by an increase in the aeration time from 1hour to 

24hours. The GROW’s performance for the removal of suspended solids was attributed to 

the sedimentation and filtration unit of the system. The gravel and optiroc used as filter media 

for the system was found to be very efficient. Again, the system incorporated baffles, well 

and weirs as an additional barrier for sedimentation of finer particles. For turbidity removal, 

the GROW met regulatory standards even though the influent GW was very turbid. Here 

again, turbidity reduction was achieved via filtration and sedimentation. 

Svete’s study on green walls showed excellent removal rates of the parameters used 

(see tab. 14). The study found that COD and solids were removed at the upper 15cm of the 

filter. Nitrate levels were found to have increased at 100cm depth sampling outlet probably 

because increased organic loading limits nitrification at the filter surface. 

5.6 The challenges and prospects of greywater treatment 

Greywater treatment guidelines provide a framework for the treatment of GW to a 

higher standard to avert health risk and environmental effects. The optimal goal of greywater 

treatment and reclamation is to remove suspended solids, the organic matter and micro-

organisms while adhering to legislative requirements (Li et al., 2009). Some studies have 

found public support for non-potable reuse (Dolnicar and Sauders, 2006; Marks, 2004; 

Kantanonleon et al., 2007). Parkinson (2008) found that inadequate information and cultural 

practices adds to the challenges of greywater reuse. The use of greywater for potable uses 

faces a huge challenge due to the fact that people associate greywater with toilet water and 

are repelled by the thought of sewage running through their pipes (Desena, 2006; Meehan et 

al., 2003; Hurliman and Dolnicar, 2003). Several studies conducted to seek responses from 
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users around the world support the use of greywater to avert pollution. In the UK, Jeffery 

(2001) found that there was support for reusing greywater from users’ own homes but not 

from other homes. Alhmoud and Madzikanda (2010) found responses from respondents in 

arid areas in favour of reusing recycled greywater.  

5.7 Potential of small-scale greywater systems in a decentralised urban application 

Implementation of small-scale treatment technologies is increasingly becoming a 

necessity to guard against the inevitable need to manage water in urban dwellings. 

Urbanization, and its attendant increased population rate, increased water consumption and 

demand as well as land and site scarcity, requires treatment systems that can sustainably 

address these issues. Decentralised systems provide an opportunity to reduce the burden on 

centralised systems as well as save cost for transportation. Septic tank, constructed wetland 

and intermittent sand filter are some decentralised systems apt for deployment domestically. 

These systems are easy to operate, maintain and relatively cheap. Of all the systems reviewed 

in this paper the nature-based technologies, constructed wetland and urban green 

infrastructure, prove to be a much more appropriate technology small-scale, taking into 

account the final discharge or reuses purposes.  

Potentially, urban green infrastructure system have proven to have the capabilities to 

recycle greywater for irrigation as seen in Masi et al., (2016). The system require minimal 

space since it can be designed as part of the architecture. According to Boano et al., (2019) 

green roofs and green walls are incorporated in modern buildings in some countries and are a 

perfect technique for urban reconciliation ecology (Francis and Lorimer, 2011). The 

infrastructure has equally proven to be efficient with organic pollutant removal (BOD) as 

found by Svete (2012) and require minimum energy for operation. Again, there is no cost 

involved with regard to transportation. 

The biofilters/constructed wetland is also a potential technology for decentralized 

application. Like the green roof and wall, the system is eco-friendly, requires less space and 

is energy efficient. Effluent quality, as seen in cases studied, is suitable for non-potable uses, 

irrigation and swimming. There is an emerging need for the use of nature-based technologies 

for greywater treatment and this has necessitated a revision in the German guidelines for 

design, construction and operation of CWs for both domestic and municipal wastewater 
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treatment (Nivala et al., 2018). Boano et al., (2019) suggests that CWs should be critically 

considered as a mature technology for greywater treatment and reuse. 

5.8 Economic and environmental benefits between biofilters/constructed wetland 

and other systems 

Constructed wetlands, in general, are arguably a better alternative for the treatment of 

greywater. When combined with biofilters system as found in Jenssen and Vrale (2003) it can 

produce effluent of swimming water quality. Like earlier mentioned, this is done with little 

space and money. They are eco-friendly and some CWs use waste material as filter medium. 

Plants on wetland provide a habitat for aquatic and other organisms (Brix, 2003). Wetlands 

have green blue surfaces which contribute to a cool atmosphere and environment (Sagen, 

2014). Again, since plants inhale carbon and exhale oxygen, carbon emissions from 

anthropogenic activities is absorbed by the plants on wetlands. In a nutshell, CWs add to the 

ecological improvement of the environment. 

In addition to augmenting the world water supply, biofilters/constructed wetland is 

cheap to install compared to other conventional centralised systems (Nolde, 2005). In terms 

of energy, the system is very efficient. Whilst other treatment systems consume large 

amounts of energy (Esrey, 2001) the CW’s energy consumption is rather minimal. Less 

consumption of energy translates into less pressure on the national grid and less funds for 

operation and maintenance of the equipment for power production. Again, conventional 

treatment system require the construction and maintenance of very complex transportation 

system for wastewater which is not needed for the biofilters/constructed wetland.  

5.9 CONCLUSION 

Treating greywater is an important option to help manage the demand and 

consumption of water and reduce the burden on fresh water reserves. Reusse of greywater 

can reduce water consumption by at least 20-40 %. Reclaimed water have also proven to have 

no different quality compared to water from other sources when for non-potable use as 

laundry.   

Constructed wetlands, green roofs and green walls have high removal efficiency of 

suspended solids, the organic strength, microorganisms and provide suitable decentralized 

technologies for greywater treatment that renders water quality for a variety of non-potable 
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use. These technologies are eco-friendly, energy efficient, cost efficient and easy to operate 

and maintain. Greywater treatment (and recycling) provides an opportunity to avert 

environmental, surface and ground water pollution.  

 In Norway, the biofilters/constructed wetland successfully treat greywater to 

swimming quality whereas green walls proved good for treatment for other non-potable uses. 

However, the effluent quality from these systems do not satisfy drinking water guidelines. 

Regarding public acceptance, studies showed reservations towards reusing greywater from 

other people’s homes, i.e. individuals would prefer to reuse their own greywater. This calls 

for more, research into decentralized, eco-friendly, energy-efficient and cost-effective 

systems for individual homes rather than for entire apartment building. 
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APPENDIX  
Appendix A 

 

Schematics of horizontal-flow CW (a) and vertical-flow CW (b) (Boano et al., 2019) 

 

 

Appendix B 

 

 

Completed filter wall (left) and details of planter shelves with felt strip irrigation system (right)
 (Svete, 2012). 

 







 

 

 


