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Abstract

The extensive use of materials and substances in society causes diffuse source 

emissions that lead to uncontrolled spreading of hazardous substances, largely 

channelled via wastewater systems, to the surrounding nature. Complex 

mixtures of substances appear in wastewater as a result of use, wear, and 

corrosion of goods (e.g. pipes, taps, carpets, furniture) as well as the use of 

household chemicals from doing the laundry and dishwashing and the use of 

pharmaceuticals and personal care products. As many as 30,000 substances 

regarded as everyday chemicals are regularly used in households, implying 

that the flows of hazardous substances in wastewater systems are not only a 

complex issue for wastewater management, but for society as a whole. 

As a part in analysing the flows of hazardous substances in wastewater 

systems, domestic wastewater fractions (greywater, urine, and faeces) were 

chemically characterised through full-scale field samplings at the source 

separating domestic wastewater systems Vibyåsen and Gebers with respect to 

a selected number of hazardous substances. Data on the characteristics of 

wastewater fractions were essential to improve the prerequisites for 

performing substance flow analysis and chemical risk assessment of the 

wastewater systems.  

The mass flows of hazardous metals from households emerged in similar 

quantities in the greywater and toilet fractions. However, ratios of hazardous 

metals to phosphorus and nitrogen were significantly lower in the urine than in 

the faecal matter and greywater. The mass flows of organic hazardous 

substances from households were mainly searched for in the greywater, 

resulting in 50-60% of the 81 measured substances being found, with 

representatives from all of the substance groups investigated. Of the 72 

measured organic hazardous substances, 36% were found in the blackwater at 

Vibyåsen. 

However, it was not possible to exactly identify their specific sources as the 

mass flows of organic hazardous substances derive from diffuse household 

sources like everyday activities (laundry, cleaning, etc.), the wear of things 

such as pipe material and interior fittings, and from airborne deposition. The 

input of organic hazardous substances to urine and faeces occurs mainly via 

the excretion of, for instance, pharmaceuticals, pesticides, and food additives. 



Other examples of relevant pathways are when emptying a scouring pail and 

throwing in cigarette butts, snuff, etc., into the blackwater via the water closet.  

Based on a number of recent measurements (including Vibyåsen and Gebers) 

a proposal for new Swedish design values for nutrients (e.g. phosphorus and 

nitrogen) and seven heavy metals (e.g. copper and cadmium) in household 

wastewater fractions was put forward. However, the consumption patterns of 

society changes over time, and with it, so do the wastewater characteristics. 

Therefore, design values should be used with good judgement and require 

regular updating, assumingly each 5
th

 to 10
th
 year. 

A possible management approach was suggested to interpret and compare 

different wastewater systems, and to serve to find out if and how much the 

flow of hazardous substances can be stopped, diverged, or transformed at the 

source or during transport throughout the wastewater system. The barriers 

approach was proposed as a tool on a conceptual level (a way of thinking) as 

an attempt to support a shift in perspectives by combining a traditional end-of-

pipe perspective with more systems-oriented perspectives, thereby linking the 

use of resources and the spreading of hazardous substances to their underlying 

causes and driving forces (i.e. consumption and lifestyle) rather than only 

focusing on the emissions. Organisational and behavioural barriers, system 

design, process barriers, and optional recipients were suggested, implying that 

various kinds of measures are needed in the management of hazardous 

substances to achieve a change in direction towards sustainability. 



Sammanfattning

Målet med avhandlingen är att analysera flödet av kemiska substanser i 

samhället och dess gränssnitt till avloppssystemen. Idag existerar ca 100 000 

ämnen varav 30 000 ämnen är betraktade som vardagligt använda. Vissa av 

dessa har konstaterad negativ påverkan på människa och miljö. De allmänt 

tillgängliga kunskaperna om de existerande ämnenas egenskaper och 

användning är dock överlag bristfälliga, men man kan konstatera att 

avloppssystemens funktion medför en koncentrering och transport av 

samhällets ämnesflöden till omgivande miljö. Samhällets ämnesomsättning 

(metabolism) beror framförallt på konsumtion av varor och produkter, vittring 

från byggmaterial och infrastruktur, trafik, industriella processer samt nedfall 

av luftburna föroreningar. 

Under de senaste decennierna har fokus alltmer flyttats från punktkällor (t.ex. 

industrier) till diffusa källor (t.ex. trafik och hushåll) för att finna och åtgärda 

miljöstörande utsläpp till miljön. Det har visat sig att hushållen bidrar med en 

betydande del av farliga metalliska och organiska föreningar till 

avloppsvatten. Med syfte att spåra källor till kemiska substanser från hushåll 

gjordes mätningar på fraktionerat hushållsspillvatten – gråvatten, urin, fekalier 

och i förekommande fall äv. klosettvatten (s.k. svartvatten) – i de 

källsorterande avloppssystemen i Vibyåsen och Gebers. 

Mätningarna visade att metallflödena från hushåll var i samma storleksordning 

till både gråvatten och toalettavlopp med undantag för urin. Kvoten mellan 

metall och närsalterna fosfor och kväve var betydligt lägre i urin än i fekalier 

och gråvatten. Massflödena av organiska substanser undersöktes främst i 

gråvatten, där 50-60% av de 81 substanserna detekterades med representanter 

från samtliga analyserade ämnesgrupper. 36% av de 72 analyserade organiska 

substanserna hittades i svartvatten. Utifrån mätningarna förslogs dessutom s.k. 

schablonvärden för innehållet av närsalter och tungmetaller (mängder per 

person och dygn) i avloppsfraktionerna gråvatten, urin och fekalier. 

Mätningarna bekräftar att ett stort antal farliga ämnen faktiskt används i 

hushållen och att de kanaliseras via avloppen. Att definiera de exakta källorna 

till de farliga ämnesflödena var däremot svårare eftersom de kommer från en 

mängd olika vardagsaktiviteter såsom städning, tvätt, användning av 

kosmetika och hygienprodukter samt från konsumtion av läkemedel.  



Avloppsfraktionernas innehåll av både närsalter och farliga ämnen är viktig 

kunskap för att kunna jämföra olika typer av avloppslösningar. Utifrån egna 

mätningar och litteraturdata beräknades substansflöden av närsalter och farliga 

ämnen i olika typer av avloppssystem (scenarier) vilket låg till grund för 

systemanalys. Substansflödesanalys (SFA) är ett managementverktyg som 

skapar förutsättningar för att ta beslut om design och driftsstrategier i 

avloppssystem.  

Som förslag på hur man systematiskt kan hantera flöden av farliga ämnen i 

avloppssystem introducerades begreppet barriärer. Barriärer är en 

tankemetafor som syftar till olika metoder och strategier för att förhindra 

farliga flöden. Organisatoriska barriärer kan vara lagar och regler och handlar 

främst om källkontroll. De organisatoriska barriärerna genomsyrar de övriga 

barriärerna eftersom man (i princip) kan lagstifta kring och reglera dessa. 

Brukarbarriärer handlar om hur brukarna använder VA-systemen. Finns vissa 

barriärer redan i hushållen? Vilka produkter konsumeras? Systembarriärer 

gäller systemlösningen (VA-systemets design) som styr var de farliga flödena 

hamnar – ytterligheterna är källsorterande system kontra kombinerade system 

(blandande flöden). Teknik- eller processbarriärer är kanske den allra 

tydligaste barriärmetaforen och innefattar behandlingsprocesser i 

avloppsreningsverket. Val av recipient – ytvatten, grundvatten, mark – var 

ytterligare en barriär som kan tillämpas för att skydda särskilt känsliga 

recipienter. Som ett praktiskt exempel på en processbarriär testades 

membranfiltrering (nanofiltrering) i bänkskala (i laboratorium) för att skilja 

närsalter från läkemedel i källsorterad humanurin. Studien visade att typ av 

membran och urinens pH påverkade resultaten samt att man kunde separera 

kväve men inte fosfor från läkemedelsresterna. 

En övergripande slutsats var att flödet av farliga ämnen i avloppssystem är ett 

komplext problem, inte bara för VA-sektorn, utan för samhället i stort och 

som kommer att kräva många olika typer av åtgärder för att vända trenden 

emot uthållig utveckling. 
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Introduction

Until recently, the main emphasis of wastewater treatment was on traditionally 

observed problems in receiving waters, such as oxygen depletion and 

eutrophication. Wastewater treatment plants (WWTP) were developed and 

built to prevent this kind of pollution by implementing different treatment 

technologies as well as control procedures to fulfil the treatment requirements. 

As a consequence, the current European effluent standards for urban 

wastewater treatments plants only include the parameters organic matter 

(BOD and COD), suspended solids (SS), nitrogen (N), and phosphorus (P) 

which are regulated by, e.g. the Urban Wastewater Treatment Directive 

91/271/EEC (EU, 1991). For hazardous substances such as heavy metals and 

xenobiotic organic compounds, no effluent standards in the WWTP exist, 

though they are regulated via water quality objectives (e.g. the EU WFD, 

2000) to be met in the receiving waters after dilution (Jacobsen et al., 2004). 

In this thesis substances were used in terms of “chemical elements and their 

compounds in the natural state or obtained by any production process” while 

hazardous properties were used as the “inherent capacity that a substance has 

to cause adverse effects” (Commission of the European Communities, 2001). 

Moreover, an important distinction is the difference between the terms hazard 

and risk; Hazardous refers to the inherent properties of a substance while the 

risk indicates the probability that adverse effects may occur in a human 

population or environmental compartment due to exposure by a substance. 

Accordingly, there will be no risk without any exposure, or vice-versa: a very 

toxic (hazardous) substance may already pose a risk at low exposure while a 

larger exposure is required for a less toxic substance to cause a risk. 

In addition to conventional wastewater parameters, the last few years have 

seen an increased emphasis on wastewater hazardous substances like triclosan, 

brominated flame retarding agents, endocrine disruptors, pharmaceutically 

active compounds, and personal care products. If these compounds are not 

completely mineralised within a WWTP, it is possible for some fractions of 

the substance involved to be released into the environment as part of the final 

effluent discharge, as a component of the sludges produced, or, indeed, 

volatilised directly into the atmosphere (Byrns, 2001). The effluents of 

wastewater treatment plants have shown to be significant pathways for 
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hazardous substances to enter the aquatic environment (Daughton and Ternes, 

1999; Heberer, 2002). 

A complete mineralisation of xenobiotic compounds in treatment systems is 

rare, with the term biotransformation more accurately describing the potential 

changes of the composition and molecular structure of such compounds 

(Byrns, 2001). Some compounds are biotransformed into harmless products 

possibly entering a particular metabolic pathway and become degraded. Other 

compounds form daughter products that may be more or less toxic than the 

parent, whilst others may prove to be generally recalcitrant under the existing 

conditions and persist in one or more phases within the treatment plant (Byrns, 

2001; Heberer, 2002). Several investigations have shown substances of 

pharmaceutical origin to be seldomly eliminated during wastewater treatment 

and are not biodegraded in the environment (Ternes, 1998; Daughton and 

Ternes, 1999; Heberer, 2002). 

While water quantity is not of prime concern in most parts of the EU, the 

availability of water of sufficient quality is (van der Voet et al., 2004). 

Hazardous substances that resist degradation in WWTPs end up in the effluent 

and are emitted to the receiving water. In areas where surface water partly 

originating from the effluent wastewater is used as a raw water source for 

drinking water production, concentrations of these substances may build up 

over time and pose risks to human health (van der Voet et al., 2004). In the 

conclusions from the 14
th

 Stockholm Water Symposium 2004, Professor 

Malin Falkenmark (SIWI, 2004) reported that a crucial question addressed 

was the future sustainability of water provision systems, thereby emphasizing 

the importance of avoiding pollution of future raw water sources. Although 

sanitation is progressing, hazardous substances that escape water and 

wastewater treatment continue to raise increasing concerns, especially 

regarding their potential effects in water ecosystems and on human fertility 

(SIWI, 2004). 

The transport of hazardous substances with wastewater is not only a critical 

issue for receiving waters, but also for managing wastewater sludge. The 

content of hazardous elements and organic substances in wastewater sludge 

reflects a society where large amounts of different chemicals are used for a 

variety of purposes. Sludge quality changes over time and is dependent on the 

lifestyle and behaviour of all system users and customers (Kroiss, 2004). 

Compounds with a strong hydrophobic character are, in general, not 

significantly degraded by biochemical reactions in the WWTP (Byrns, 2001). 
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The principal transfer mechanism for these compounds in the WWTP is 

through sorption to sludge particles i.e. a major pathway for the persistent and 

hydrophobic compounds is the sludge produced during wastewater treatment. 

Hydrophobic compounds may to a limited, but sometimes significant extent, 

also be transported to the receiving water associated with suspended solids in 

the effluent (Byrns, 2001). This feature makes the reuse of wastewater sludge 

on arable land a controversial issue in many countries – a widely discussed 

and debated topic (Kroiss, 2004; Rulkens, 2004). In brief, the disagreements 

are represented by two main parties – one promoting the reuse of sewage 

sludge, thereby simultaneously resolving a waste problem and managing the 

recycling of biosolids and nutrients to arable land; if not recycled, these 

substances must be replaced by mineral fertilisers. The other party often 

agrees with the benefits of nutrient recycling, but is concerned about the 

associated recycling of hazardous substances to arable land, possibly 

endangering the long term soil fertility and jeopardizing the trust in crops and 

other products grown on the fields. According to Lee et al. (2002), the 

management of wastewater sludge – economically and environmentally – has 

become a critical issue for modern society. Currently, the cost of sludge 

management often represents more than fifty percent of the total wastewater 

treatments cost (Rulkens, 2004). Furthermore, there has been a dramatic 

increase in sludge production in many countries resulting from extended 

sewerage, new network installations, and the upgrading of existing facilities 

(Lee et al., 2002). At the same time, outlet routes for wastewater sludge are 

becoming increasingly restricted due to public health and environmental 

concerns that leave sludge managers to deal with more complex questions and 

less technical options (Lee et al., 2002; Kroiss, 2004). 

As described by Kroiss (2004), the public has accepted very well the water 

protection strategy, which has been successfully applied during the last few 

decades. Politicians like to demonstrate the positive effects of wastewater 

treatment or receiving water quality, but are much less sensitive regarding 

resolving sludge disposal because of its controversy. Sewage sludge 

containing valuable compounds is commonly accepted, perhaps since we are 

reminded of the long tradition of nutrient recycling by wastewater and manure 

application in agriculture over centuries, maybe millennia (Kroiss, 2004). The 

actual challenge, in this respect, is a completely different metabolism of the 

society that is today strongly influenced by not previously existing material 

flows from past centuries (fossil fuel energy use, traffic, chemical and 

pharmaceutical industry products, food industry, the use of heavy metals in 

buildings, cars, etc.) (Kroiss, 2004). The mentioned complex metabolism of 
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materials and hazardous substances in society is an obvious challenge for 

wastewater management demanding new approaches for the future. This is the 

starting point of this thesis. 
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Background and aim 

Urban water and wastewater systems 

All urban citizens have personal contact to the drinking water supply and 

wastewater systems in their everyday life. However, it seems like people have 

generally lost interest in urban supply systems (water, electricity, solid waste 

removal, etc.) and prefer an ‘out-of-sight-out-of-mind’ approach. In an 

overview Tchobanoglous et al. (2003) briefly describe how wastewater 

systems are designed and managed in urban areas (in the industrialised North): 

Liquid and solid wastes and air emissions are produced in every community. 

The liquid waste – i.e. wastewater – is essentially the community’s water 

supply after being used in a variety of applications. From the standpoint of 

sources of generation, wastewater may be defined as a combination of the 

liquid and water-carried waste removed from households, institutions, and 

commercial and industrial establishments, together with, e.g. stormwater. 

When untreated wastewater accumulates, the decomposition of the organic 

matter that it contains will lead to nuisance conditions, including the 

production of malodorous gases. In addition, untreated wastewater contains 

numerous pathogenic microorganisms that have dwelled in the human 

intestinal tract. Wastewater also contains nutrients that may stimulate the 

growth of aquatic plants, as well as hazardous compounds that may potentially 

be, e.g. toxic, mutagenic, and carcinogenic. For these reasons, the immediate 

and nuisance-free removal of wastewater from its sources of generation, 

followed by treatment, reuse, or disposal into the environment, is necessary to 

protect public health and the environment (Tchobanoglous et al., 2003). 

The wastewater system in this thesis was regarded from a management 

perspective. Apart from the main task of wastewater management, i.e. the 

operation and maintenance of existing systems, wastewater management also 

includes planning for future wastewater strategies and investments. Aiming 

for an open planning perspective necessitates a systems transparency to 

facilitate the development of various scenarios for future wastewater systems. 

Figure 1 visualises how the wastewater system and the substance flows 

thereof are conceived in this thesis. The wastewater and its constituents 

originate in numerous sources, emerging in the (main) wastewater fractions of 

urine, faeces, greywater, stormwater, and industrial wastewater. From their 

sources these wastewater fractions are further transported and treated in 
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WWTPs where the end products later reach various destinations in the 

surrounding natural environment or are further managed, e.g. fertilisers on 

arable land, treated at landfills, or incinerated. 
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Figure 1 An illustration of how the wastewater system and the substance 

flows thereof are conceived in this thesis. 

Tchobanoglous et al. (2003) claim: “The ultimate goal of wastewater 

management is the protection of public health in a manner commensurate with 

environmental, economic, social, and political concerns”. Such a general goal 

or vision is trouble-free for most stakeholders in wastewater management to 

agree upon, as was done by, e.g. the European Union of National Associations 

of Water Suppliers and Wastewater Services (EUREAU, 2004). However, this 

vision of wastewater management is conceived and approached differently as 

the achievements of the vision vary. Nevertheless, formulating this goal 

expresses the multi-dimensional nature of wastewater management very well, 

as is also underlined by the EUREAU (2004) who stated: “Our vision for 

water supply and wastewater services in Europe can only be realised by an 

active partnership of many different actors i.e. the European Union, national 

governments, regional and local authorities, representative organisations, 

water service providers, citizens, industry, and agriculture”. Figure 2 shows a 

framework of an integrated urban water and wastewater system having been 

divided into three equally important subsystems (paper VII):



7

The organisation owns, plans, 
finances, and manages the urban 
water system, and may be public or 
private, central, or local 

The users use the water and need to 
get rid of the waste products 

The technical system (pipes, pumps, 
treatment plants, etc.) supply the water 
and take care of the wastewater

Figure 2 A framework for the integrated sustainability assessment of urban 

water and wastewater systems as suggested by the Swedish 

research programme Urban Water (see paper VII).

As illustrated in Figure 2, the wastewater system in this thesis is perceived not 

as one system, but as a conglomerate of three subsystems – the technological, 

the organisational, and the users. Since these subsystems are interrelated, 

changes in one of the systems will affect the performances of the other 

subsystems.  

Implementing changes in urban water and wastewater systems are complex 

issues demanding strategic decisions support, in which the long term 

perspectives seem to be a main challenge. For example, the urban drainage 

infrastructure has a very long life, though political, institutional, and 

professional practice frameworks and associated values unfortunately have a 

much shorter life (Ashley et al., 2004). Hence, a short-term bad decision now 

– about what form of infrastructure we should provide – will have 

repercussions for decades to come (Ashley et al., 2004). As the best decisions 

made in the past now present us with a possibly unsustainable future 

maintenance of our inherited infrastructure (Ashley et al., 2004), implying that 

current generations will have to pass on some of these cost burdens to future 

generations (Ashley et al., 2004), which do not meet the goals of sustainable 

urban water supply and wastewater services. Therefore, strategic decisions 

support is generally important in wastewater management and becomes 

critical if inviting public participation into the process (paper VII).
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Material flows in society 

In modern society, great amounts of materials are imported to maintain, 

support, and develop its metabolism and infrastructure. The downside is the 

vast amounts of residues and waste produced, e.g. ‘molecular waste’, 

wastewater, municipal solid waste, industry wastes, and degenerated 

infrastructure (Andrén et al., 2004). Various hazardous substances enter 

society through either imports or industrial production. The production of 

goods and extraction of primary materials may result in point source 

emissions (Sörme, 2003). The term ‘good’ has been defined as “an economic 

entity with a positive or a negative value, made from one or several 

substances” (Brunner, 2002). Examples of goods are roofs, pipes, taps, 

carpets, furniture, household chemicals, and personal care products. 

Goods containing heavy metals, both accumulating in society are called stock 

(Sörme, 2003). Goods enter society in an annual inflow. Depending on the 

type of goods, large amounts may remain for a long time, such as water and 

wastewater pipes that are in use over many decades. Some parts of goods are 

recycled after use, others become waste. Diffuse emission is generated by, e.g. 

use, wear, and corrosion of goods (Sörme, 2003). Moreover, consumption 

emissions like the use of household chemicals from doing the laundry and 

dishwashing, as well as the use of pharmaceutical drugs and personal care 

products were regarded as diffuse emissions in this thesis. 

As described in the “White Paper – Strategy for Future Chemicals Policy” 

(Commission of the European Communities, 2001) – chemicals reap benefits 

that modern society is entirely dependent upon, such as in food production, 

medicines, textiles, and cars. They also contribute to the economic and social 

well-being of citizens regarding trade and employment (Commission of the 

European Communities, 2001).  Then again, certain chemicals have caused 

serious damage to human health resulting in suffering and premature death, 

and to the environment. Well-known examples are asbestos, known to cause 

lung cancer and mesothelioma, or benzene, which leads to leukaemia 

(Commission of the European Communities, 2001). An abundant use of DDT 

led to reproductive disorders in birds. Although these substances have been 

totally banned or subjected to other controls, measures were not taken until 

after the damage was done because knowledge about the adverse effects of 

these chemicals was not available before they were extensively used 

(Commission of the European Communities, 2001).  
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The global production of chemicals has increased from 1 million tonnes in 

1930 to 400 million tonnes in 2001. In Europe, about 100,000 different 

substances are registered in the EU market, of which 10,000 are marketed in 

volumes of more than 10 tonnes, and a further 20,000 are marketed at 1-10 

tonnes (Commission of the European Communities, 2001). The chemical 

industry is also Europe’s third largest manufacturing industry, employing 1.7 

million people directly and up to 3 million people indirectly (Commission of 

the European Communities, 2001). 

The use of hazardous chemicals (fuels excluded) is about 8 kg per capita per 

day in Sweden (Azar et al., 2002), equivalent to around 2.8 tonnes per capita 

per year. The use of hazardous chemicals per capita in Sweden has been 

roughly constant in recent years. However, the increasing production and 

import of hazardous chemicals in the EU-15 countries is about the same as or 

higher than economic growth (Azar et al., 2002), see Figure 3. 
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Figure 3 Trends in production and import of hazardous chemicals within 

EU-15 countries, 1990-1997 (Azar et al., 2002). GDP: Gross 

Domestic Product. 

The production and use of metals are mainly found in infrastructure, 

buildings, businesses, vehicles, and households (Sörme, 2003). In a case study 

from Stockholm, Sörme (2003) shows lead (Pb), with about 70% of the total 

stock, to be a large part of infrastructure (Table 1). The main goods are power 

cables, telephone cables, and sewer system pipe joints. Principally, copper 

(Cu) is used mainly in heavy electrical equipment such as generators and 
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transformers, followed by power cables and water pipes, the cadmium (Cd) 

stock by stabilizers in plastics and batteries, chromium (Cr) and nickel (Ni) in 

stainless steel in households, such as kitchen sinks and various apparatuses, 

mercury (Hg) in amalgam (households), and zinc (Zn) in brass and galvanized 

steel, both used in buildings. The stock of metals within households (per 

capita) in Stockholm 1995 was about 4 kg Cu, 1 kg Pb, and 2 kg Zn (Sörme, 

2003), represented by, e.g. electrical appliances, electronics, personal 

computers, TV sets, video, and crystal glass. Sörme (2003) reports that, 

historically, the total metal stock has grown from less than 10 kg per 

household in 1820 to over 500 kg per household in 1995.  

Table 1 The inflow and stock of heavy metals (Cd, Cr, Cu, Hg, Ni, Pb, and 

Zn) in Stockholm in 1995, and the sector where most of the stock 

is used (Sörme, 2003). 

Metal Inflow/capita 

(kg year
-1

)

Stock/capita 

(kg)

Dominating sector 

for the metal stock 

Cd 0.01 0.2 Enterprises 

Cr 0.5 8 Households 

Cu 3 170 Infrastructure 

Hg 0.0007 0.01 Households 

Ni 0.3 4 Households 

Pb 2 73 Infrastructure 

Zn 3 40 Buildings 

When trying to increase the sustainability of material usage, it is important to 

note that certain materials are mined as by-products, i.e. an increased use of a 

certain product might render certain scarce and potentially harmful elements 

more available, thereby making them less expensive and used in wasteful 

forms. For this reason, the aim should not be to phase out specific elements, 

but rather their use in specific applications (Azar et al., 2002). 

Furthermore, when analysing the materials flows in society, Azar et al. (2002) 

states that the focus is increasingly on the intake (or extraction) of materials. 

However, if the intake leads to an increase in the valuable stock or materials in 

society, this is not necessarily a problem. It is not the stock of resources in 

society per se that is a problem, it is the leakage of materials to the 

environment from specific uses that is the key cause for concern, e.g. copper 

emissions from brake linings (Azar et al., 2002). Andrén et al. (2004) stress 

that the recycling of material and substances can never be performed with 
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100% precision but will always be accompanied by leakage, mistakes, 

accidents, and quantitative degradation of the resources due to 

thermodynamics, ecological interactions, and results of societal and human 

factors (Andrén et al., 2004). However, the kretslopp principle i.e. recycling is 

a powerful model for the societal metabolism of materials and substances, 

though we need to be aware of its practical shortcomings. Therefore, the use 

of safety margins and the precaution principle become essential. One example 

is the necessity of reverse burden of proof regarding hazardous substances on 

the market to ensure the safety of chemicals, thereby preventing their release 

until facts can prove their harmlessness (proposed in the new EU Chemicals 

Policy REACH) (Commission of the European Communities, 2001). 

Consumption

In view of the diffuse emissions from the societal metabolism of materials and 

substances, consumption is one important factor. Consumption was recognised 

as one of the most central and also one of the most neglected elements in the 

global search for sustainable development by the Worldwatch Institute (2004). 

Consumption is essential to human well-being, but over consuming or 

consuming inappropriately undermines both our personal health and the health 

of the natural environment on which we depend (Worldwatch Institute, 2004). 

New consumption patterns will be required to lift billions of people out of 

poverty in a manner that is consistent with global sustainability, which implies 

consumption being in part a societal challenge that will require effective use 

of government regulation and financial policy to achieve the common good 

(Worldwatch Institute, 2004). Nevertheless, we all make individual important 

daily decisions that affect not only our own communities, but also the world as 

a whole – both its current and its future inhabitants (Worldwatch Institute, 

2004). Andrén et al. (2004) presented a rather pessimistic analysis on the 

driving forces for and the future prospect of consumption: 

 “In consideration of the many different factors that influences modern 
people’s choices of lifestyle and consumption patterns, it is hard to believe 
that information and rational arguments alone noticeably will affect these 
choices. Modern society offers each individual an existential vacuum and 
the imperative to fill it with meanings; as long as consumption remains the 
primary strategy to do this, purchasing power and resource depletion will go 
hand in hand.” 

In view of consumption and the subsequent diffuse emissions – what visions 

are realistic for the management of urban water and wastewater regarding the 

flow of hazardous substances in wastewater systems? Seemingly, the arena is 
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partly driven by players outside the urban water and wastewater sector. 

Accordingly, the flows of hazardous substances in wastewater systems are not 

only a complex issue for wastewater management, but for society as a whole. 

A systems approach 

We live in a systems society – technology, economics, politics, humans, and 

the environment – all interwoven in a system of connections and dependencies 

(Andrén et al., 2004). To understand the societal problems of today, such as 

the issues regarding sustainable development, it may be fruitful to consider the 

foundations for systems theory and systems analysis. According to O R Young 

(in General Systems Yearbook, 1964), “A system is a set of objects together 

with relationships between the objects and between their attributes” 

(Ingelstam, 2002). The fundamental ambition of the systems theory is to adopt 

a comprehensive perspective to understand phenomenon and processes in 

nature and society. According to Ingelstam (2002), there is a need to try and 

understand systems in an overall view – as seen from above and from without, 

rather than from beneath and from within. Ingelstam (2002) stresses, 

furthermore, that the use of interdisciplinary methodologies is important in 

this attempt with theories and methods from different disciplines 

complementing and stimulating each other. 

Systems and sub-systems 

“Everything is interconnected” is not just a popular expression in ecology, but 

reflects upon a basic principle within systems ecology. Societies with their 

technical and economical systems depend and have an influence on the 

surrounding ecosystems (Andrén et al., 2004). Günter and Folke (1993) 

describe the interdependence between subsystems and how these are self-

organising parts in whole: 

We argue that cells, organisms, and ecosystems, even the entire 
ecosphere, are autopoietic, i.e. far-from-equilibrium dissipative systems […] 
They are nested within each other, and from this view inseparable, since 
they, though clearly individual, consist of each other. The nested system 
consists of identifiable, self-organising parts or “holons”. […] It is itself a 
whole composed of parts, but at the same time a part of some greater 
whole. Holons are open sub-systems of systems of higher order, with a 
continuum from the cell to the ecosphere. The hierarchy of holons we prefer 
to call “holarchy”. 
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From a systems perspective, it is easier to discuss mankind and society’s 

systems in relation to the ecosystems. Andrén et al. (2004) stress that we may 

perceive “everything is interconnected”, but question if we truly understand 

the societal system’s fundamental dependence on the ecosystems, denoted 

“life-support ecosystem” by the ecologist Eugene Odum: 

“The life-support environment has been defined as that part of the earth that 
provides the physiological necessities of life, namely food and other 
energies, mineral, nutrients, air, and water. The life-support ecosystem is 
the functional term for the environment, organisms, processes, and 
resources interacting to provide these physical necessities.” 

From this definition, it is obvious that human and societal systems never can 

be entirely self-supporting (Andrén et al., 2004). Most human dominated 

systems such as cities, settlements, and industries depend on areas of natural 

and domesticated systems – often of a larger area than the system supported. 

Societal systems must therefore always be seen as sub-systems of the life-

supporting ecosystems (Andrén et al., 2004). Like the strong interdependence 

between subsystems in the biosphere there are also interdependencies between 

subsystems in society. Many processes and interactions in nature are so 

complex and unpredictable that we can neither fully understand, nor control 

the state of conditions. This feature is an inherent property of self-organising 

systems, which to a high degree is also valid for societal systems (Andrén et 

al., 2004). Accordingly, urban water and wastewater systems are sub-systems 

in the urban society – influencing and being influenced by societal activities to 

varying degrees. 

Objectives

The objective of this thesis is to analyse the interface between the use of 

chemical substances in society and wastewater systems. 

As a part of this objective the aim was to chemically characterise domestic 

wastewater fractions (greywater, urine, and faeces) with respect to a selected 

number of hazardous substances. 

Furthermore, the aim was to suggest a management approach regarding 

hazardous substances in wastewater systems. 
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Methods

The interface between the use of chemical substances in society and 

wastewater systems was mainly analysed by literature studies, presented to 

varying details in this thesis and papers I-VIII. The integration of knowledge 

was also made by attending conferences, workshops, and Internet searches. 

The chemical characterisation of domestic wastewater fractions – greywater, 

urine, and faeces – was done through full-scale field samplings at the source 

separating domestic wastewater systems Vibyåsen and Gebers. Detailed 

information about the field measurements is presented in papers II, III, IV, 

and V.  Most of the analytical work was made by Swedish accredited contract 

laboratories. Data on the characteristics of wastewater fractions for a selected 

number of hazardous substances, attained by the field measurements and from 

the literature, were essential to improve the prerequisites for performing 

substance flow analysis and chemical risk assessment of the wastewater 

systems.  

Assessing substances within a system is called substance flow analysis, SFA. 

In general, the basis of SFA methodology is to obtain knowledge and 

understanding of the regional metabolism of a certain (group of) substance(s) 

within a given system. SFA was applied in papers VI and VII. According to 

Kleijn (2000), the basic principle of SFA is that mass is never lost due to 

physical or chemical processes, but only transferred to a new medium, 

product, or good. The core of the SFA method is therefore also to be found in 

the mass balances of substances within a system. From a perspective of 

municipal environmental management, Burström (1999) claims that SFA can 

provide important quantitative and qualitative knowledge on the regional 

metabolism of different substances that support municipal environmental 

planning and management. SFA in municipal environmental management may 

also help policy-makers in learning about structural inter-relationships 

between different socio-economic activities and the surrounding nature. For 

example, it is not the wastewater treatment plants themselves that cause 

eutrophicating emissions of nitrogen and phosphorus to lakes and coastal 

waters, but the anthropogenic consumption of animal food and other products 

in households (Lindqvist and von Malmborg, 2004). 
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The basic ideas for the management approach of barriers against hazardous 

substances in wastewater systems originate from the area of drinking-water 

safety where the concept of microbial safety barriers is crucial for drinking-

water quality. Raw water sources for drinking-water production are protected, 

and treatment methods at waterworks are designed to function as safety 

barriers against hazardous microorganisms (i.e. bacteria, viruses, and 

parasites). This is regulated by, e.g. the EU Council Directive 98/83/EC and 

World Health Organization (WHO) guidelines, which state that, “Drinking 

water should contain pathogenic microorganisms only in such low numbers 

that the risk for acquiring waterborne infections is below an accepted limit”. 

From these basic ideas the barrier approach evolved by combining knowledge 

from associate areas, mainly via literature studies, dialogues at workshops, 

and conferences. 
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Selecting indicator substances in 

wastewater 

Controlling wastewater quality is difficult due to the complex mixture of 

substances. The key problem for selecting proper indicator substances is the 

large number of chemicals used in society. Moreover, the limited knowledge 

of many of these substances provides a weak base for assessing the chemical 

risks in wastewater systems. The process of selecting hazardous substances as 

pollution indicators in wastewater systems was analysed in paper I. The 

reviewed methodologies from the literature showed one clear commonality: 

the grouping of substances with various characteristics representing hazardous 

properties. From each group, one or several indicator substances were selected 

to represent the hazardous property of that specific group. The selected set of 

indicator substances was meant to represent the chemical risk as a whole 

(paper I).

The process of selecting hazardous substances as pollution indicators turned 

out to be complex. Creating a comprehensive list of indicator substances for 

the measurement or monitoring of chemical risks in wastewater and residues 

meant accepting many simplifications. Several approaches for hazard 

classification and selection processes for indicator substances were found in 

the literature, though, the sets of indicators, or priority pollutants, are still not 

identical on the lists reviewed (paper I). 

It also becomes clear in paper I that much work is needed for the selection 

and classification of hazardous substances. For example, the COMMPS-

method, elaborated by the Commission of the European Communities (2000), 

used 752,000 analytical data concerning 330 substances from environmental 

control programmes all over Europe. After the data was compiled, resulting in 

four lists of substances, a group of experts finished the work by selecting 32 

priority pollutants, while thoroughly motivating their choice for each 

substance. Similar work has also been performed in developing other priority 

pollutants lists, indicating that much work is needed for these issues. 

Currently, the European effluent standards for WWTPs only include 5 

parameters – BOD, COD, SS, N, and P (EU, 1991),  though another 32 groups 

of substances are still to come, as having been suggested for the control of 
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wastewater quality according to the European Water Framework Directive 

(2000). Measuring all potentially present substances is not possible due to the 

cost and practicality involved as well as the creation of monitoring programs 

based on selected indicator substances being a delicate issue. Uncertainties 

exist as to if the selected substances represent the true chemical risk to which 

we are exposed, while in fact possibly consisting of other substances than 

those measured or combinations of substances. This means that there will be 

large, misspent expenditures for chemical analyses if the results render little 

about the true chemical risks. Monitoring programs for substances being 

spread to the surrounding environment also means costs and work for the 

organisation responsible, i.e. the more extensive the monitoring programs, the 

greater the expenditures and workload. Since urban wastewater systems and 

treatment plants are nodes for the large number of chemicals used and emitted 

by society, one may question if it is realistic for the urban water and 

wastewater sector to meet these expenses alone – in costs and workload – for 

controlling wastewater pollution. 
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Characteristics of wastewater fractions 

Complex mixtures of substances appear in domestic wastewater as a result of 

the consumption of numerous goods and products, e.g. household chemicals 

and personal care products, and the wear of interior fittings, e.g. carpets, 

kitchen sinks, and furniture. As many as 30,000 substances regarded as 

everyday chemicals are regularly used in households (Commission of the 

European Communities, 2001).  

To increase knowledge about hazardous flows from households to wastewater 

systems, the characteristics of domestic wastewater fractions urine, faeces, and 

greywater were investigated. The flows, sources, and the fate of the water and 

its major constituents, such as nutrients, pathogens, and harmful chemicals, 

are essential knowledge when assessing different wastewater strategies. 

Qualitative and quantitative data on the characteristics of wastewater fractions 

may be applied for substance flow analysis, thereby serving as a base for risk 

assessment, improvements of the system, and information about hazardous 

substances in wastewater systems. 

The two Swedish housing areas Vibyåsen and Gebers were selected for the 

field measurements, since their wastewater systems have separate flows of 

wastewater fractions. Wastewater systems with separate flows are generally 

quite rare. The sites and methods are thoroughly described in papers II, III, 

IV, and V. Greywater is generally defined as household wastewater without 

any input from toilets, i.e. wastewater produced from bathing, showering, 

hand washing, laundry, and the kitchen sink. At Vibyåsen, urine and faeces 

were collected in water closets and thus combined into blackwater. At Gebers, 

urine and faeces were collected separately in dry toilets.  

Ordinary wastewater parameters 

The distributions of ordinary wastewater constituents in the wastewater 

fractions at Vibyåsen and Gebers are presented in Figure 4. A comparative 

evaluation revealed that the distribution of flow was different in the two 

systems and is likely related to the use of water closets (thus flush water) at 

Vibyåsen, but dry toilets at Gebers. However, the total water consumption was 
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less at Vibyåsen with 66 l p
-1

 d
-1

 of greywater and 28.5 l p
-1

 d
-1

 of blackwater 

(paper II) than at Gebers with 110 l p
-1

 d
-1

 of greywater use (paper IV).

The distribution of total solids (TS) and macronutrients – nitrogen (N), 

phosphorus (P), potassium (K), and sulphur (S) – between the fractions 

appeared to be quite similar in both systems. At Gebers, the N:P:K:S 

relationships of the urine mixture was 15:1:3:1 and 3:1:1:0.3 for the faecal 

matter, corresponding well to the crop uptake of macronutrients. According to 

Hammar et al. (1993), most crops take up 4 to10 times as much nitrogen, 1 to 

8 times as much potassium, and 0.3 to 1 times as much sulphur as the 

phosphorus crop uptake. The contents of macronutrients make the toilet 

fractions, i.e. the blackwater at Vibyåsen as well as the urine mixture and the 

faecal matter at Gebers, potential fertilisers from a plant nutrients point of 

view (paper IV).
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Figure 4 The distribution of ordinary wastewater parameters between the 

wastewater fractions at Vibyåsen and Gebers. COD* (Gebers) 

show calculated values for urine and faeces, but measured 

(CODCr) for the greywater. 
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The analytical procedures of biochemical oxygen demand (BOD7), and 

chemical oxygen demand (CODCr) for the separate fractions of urine and 

faeces (from Gebers) were not reliable. Therefore, COD values were instead 

calculated from the measured values of the volatile suspended solids (VSS) of 

those fractions (denoted COD* in Figure 4). The average VSSurine was 2.6 kg 

p
-1

 year
-1

 and VSSfaeces+TP was 16.2 kg p
-1

 year
-1

, which was converted by the 

COD/VSS ratio 1.6 (Henze et al., 2002) into 4 kg COD* p
-1

 year
-1

 for urine 

and 26 kg COD* p
-1

 year
-1

 for faecal matter (paper V). In the blackwater at 

Vibyåsen the (measured) CODCr averaged 23.5 kg p
-1

 year
-1

 (paper II), see 

Figure 4. 

In greywater, the BOD7 and CODCr were measured and the mass flows 

compared, see Figure 5, showing the BOD7 in greywater to be higher at 

Vibyåsen than at Gebers, though the CODCr value showed the opposite 

pattern. This pattern was most likely related to normal variations of the 

greywater composition, as was shown to be very variable for oxygen 

demanding substances (papers II and V).
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Figure 5 The mass flows of BOD and COD in greywater at Vibyåsen and 

Gebers. 

Selected hazardous substances in wastewater fractions 

Metals 

The content of metals in wastewater is a reflection, or an inevitable effect, of 

the flow of metals in society. During recent years, the content of some rare 

metals such as gold, silver, and wolfram, have been observed in various 

environmental compartments and wastewater sludge (Eriksson, 2001). The 



22

presence of these rare and potentially hazardous elements in wastewater and 

sludge poses chemical risks to arable land and the receiving waters. 

A total of 24 elements were measured in the grey- and blackwater at 

Vibyåsen, of which 22 (92%) and 23 (96%) were detected in each of the 

fractions (paper II). Of the 22 metals measured at Gebers, 19 were detected in 

both the greywater and in the faecal matter (86%) (paper IV), while 15 were 

detected in the urine (68%) (paper IV). In a comparative evaluation of the two 

systems, hazardous metals in wastewater fractions showed the metal flows to 

be generally higher at Gebers, see Figure 6 and 7. However, in the toilet 

fractions, the flows of some metals (e.g. Ag, Cu, Hg, Ni, and Pb) were higher 

at Vibyåsen than at Gebers, see Figure 7. 
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Figure 6 The metals flows in greywater at Vibyåsen and Gebers. Diagram 

(a) shows all the metals investigated, diagram (b) is an extract of 

(a) showing the metals with <0.25 mg p
-1

 d
-1

.
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To analyse the fertilising potential for urine, faeces, and greywater, the ratios 

of 12 hazardous (non-essential) metals to phosphorus and nitrogen were 

presented in paper IV. The hazard/nutrient ratios were lower for urine than for 

faeces, greywater, and municipal wastewater sludge, which were also included 

in the study (paper IV). Basically, the levels of hazardous metals in food equal 

the amount of metals removed from the fields by crop uptake. Metals may also 

be added to food during processing and refinement of food products as well as 

through food packaging and containers. However, to reach a mass balance of 

the metals in the field, the fertiliser should not contain higher hazard/nutrient 

ratios than the food. Since the main contribution of hazardous metals to urine 

and faeces is provided via food, those fractions may be potential fertilisers, 

provided that external metal sources can be restricted. The fertilising potential 

of the wastewater fractions greywater and municipal wastewater sludge was 

questioned in a long term perspective due to higher hazard/nutrient ratios than 

what the plant uptake can counter balance, implying a possible accumulation 

of hazardous metals in the fields (paper IV).

Organic hazardous substances 

More than 900 organic hazardous compounds may potentially appear in 

greywater, though literature data on organic hazardous substances in 

greywater is very scarce (Eriksson et al., 2002). 

A selected number of organic hazardous substances were searched for in both 

the grey- and blackwater at Vibyåsen, but only in the greywater at Gebers. 

The expected very low concentrations of organic hazardous substances in 

separately collected urine and faeces convinced us to use the restricted budget 

for chemical analyses on mainly the greywater, thereby ensuring distinct data 

achievements (paper V). At both sites, around 80 selected hazardous organic 

substances were measured, namely nonylphenol- and octylphenol ethoxylates, 

brominated flame-retardants, organotin compounds, PAH, PCB, phthalates, 

and triclosan. Moreover, monocyclic aromatics were investigated at Vibyåsen 

and linear alkyl benzene sulfonate (LAS) at Gebers. 
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Figure 7 The metals flows of the toilet fractions at Vibyåsen and Gebers. 

Diagram (a) shows all the metals investigated and diagram (b) is 

an extract of (a) showing the metals with <0.2 mg p
-1

 d
-1

.

At Vibyåsen, 46 of the 81 measured substances were found in greywater 

(57%) and 26 of the 72 measured substances were found in the blackwater 

(36%) (paper II). At Vibyåsen, none of the PCBs was detected in either of the 

fractions. At Gebers, 41 of the 81 selected organic hazardous substances were 

found in the greywater, representing all of the investigated substance groups 

(paper V). In Figures 8a to 8e the mass flows of the selected organic 

hazardous substances in greywater at Vibyåsen and Gebers are presented. 



25

0

2

4

6

8

10

12

14

16

18

na
ph

th
al
en

e

ac
en

aph
th

yle
ne

ac
en

ap
ht

he
ne

flu
or

ene

ph
en

an
th
re

ne

an
th
ra

ce
ne

flu
or

ant
hen

e

py
re

ne 

be
nz

o(a
)a

nt
hr

ac
en

e

ch
ry

se
ne

be
nz

o(
b)

 fl
uo

ra
nt
hen

e

be
nz

o(k
) f

lu
or

an
th

en
e

be
nz

o(
a)

py
re

ne

in
de

no
(1

23
cd

) p
yr

en
e

be
nz

o(g
hi
) p

er
yle

ne

di
be

nz
o(a

h)
 a

nt
hr

ac
en

e 

m
g/

p
,d

Vibyåsen Gebers

Figure 8a The mass flows of PAHs in the greywater at Vibyåsen and Gebers.  
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Figure 8b The flows of phthalates in the greywater at Vibyåsen and Gebers. 
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Figure 8c The flows of nonylphenol- and octylphenol ethoxylates in the 

greywater at Vibyåsen and Gebers. Note the different scales in the 

diagrams.  
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Figure 8d The flows of brominated flame-retarding agents in the greywater at 

Vibyåsen and Gebers. 
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Figure 8e The flows of organotin compounds (to the left) and triclosan (to 

the right) in the greywater at Vibyåsen and Gebers.  

A comparative evaluation of organic hazardous substance flows in the 

greywater between the two systems revealed generally larger mass flows at 

Vibyåsen (Figures 8a to 8e). 
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The contribution of organic hazardous substances with toilet fractions occurs 

mainly via excretions of, e.g. pharmaceuticals, pesticides, and food additives 

into urine and faeces. Such compounds are not completely eliminated in the 

human body but they are often excreted only slightly transformed or even 

unchanged as conjugated polar molecules e.g. as glucoronides (Heberer, 

2002). For example, 3.5 µg p
-1

 d
-1

 of the antibacterial agent triclosan was 

found in the urine at Gebers. Regarding the blackwater at Vibyåsen, the 

possibilities of adding polluted residues into the blackwater via the water 

closet, e.g. when emptying a scouring pail and throwing in cigarette butts, 

snuff, etc., are other relevant pathways (see paper II). 

Sources of hazardous substances in wastewater fractions 

Both two sites revealed differences regarding mass flows of the selected 

hazardous substances in wastewater fractions, while the flows of some 

substances were higher at Vibyåsen, others were higher at Gebers. This 

random pattern is most likely related to which household activities occurred 

during the actual sampling occasions. 

The different designs of the systems, i.e. the use of water closets at Vibyåsen 

and source separating dry toilets at Gebers, may account for some of the 

differences. Repeating these investigations would probably lead to 

comparable, though still unique data sets since the use of consumer goods 

alters over time. 

The input flows of hazardous metals from households to wastewater were 

rather similar in the greywater and toilet fractions (see Figures 6 and 7). The 

flows of organic hazardous substances from households to wastewater, 

however, seem mainly to emerge in the greywater and derive from many 

diffuse household sources, including everyday activities, the wear of, for 

example, pipe material and interior fittings, and airborne deposition. 

Due to the complex mixture of substances found in separate wastewater 

fractions, it is not possible to exactly distinguish their specific sources; many 

of these substances are used as chemical additives in a wide array of consumer 

goods, e.g. food and drinking containers, household cleaning products, 

furniture, shampoos, cosmetics, and household and agricultural pesticides. An 

inventory of household chemicals (presented in paper V) revealed on average 

10 different product types being used in each household at Gebers, with each 
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product type representing several brands, e.g. 20 brands of washing powder, 

11 brands of hair styling products, and 31 brands of shampoo. Since each 

brand of the product types has its unique formula, the total number of 

substances became substantial. 

Design values for wastewater fractions 

Present Swedish design values (DV) for the quantities and composition of 

domestic wastewater fractions urine, faeces, and greywater were presented by 

the Swedish Environmental Protection Agency (Swedish EPA, 1995). As 

discussed in paper III, there was a need for this data to be scrutinized, as 

substance flows in society change over time, e.g. some heavy metals in society 

are decreasing (Lohm et al., 1997) and food consumption patterns are 

changing. An important weakness of the existing Swedish design values was 

the often inappropriate origins of the data. 

The DVs for urine and faeces were based upon Swedish food consumption 

data from the early 1990s combined with literature data on human excretion of 

urine and faeces (Swedish EPA, 1995). The excretion studies were based on a 

small number of people, almost always fewer than 20 and often fewer than 10, 

over a short period of time – normally 1 to 10 days. The DVs for greywater 

were mainly based on samples from 16 apartments in an eco-village during 7 

days of sampling. Therefore, a number of recent measurements (including 

Vibyåsen and Gebers) for the characteristics of household wastewater 

fractions were combined in paper III and a proposal for new design values 

was put forward, see Table 2. 

Applying design values, such as the ones proposed in Table 2, in substance 

flow analysis may serve as a base for systems analysis and decision support in 

wastewater management. However, design values are a delicate issue, as they 

always represent a selection of substances, people, time, geographical context, 

and technical systems. A huge number of measurements may overcome these 

problems. Once published, the DVs will be very useful in various kinds of 

studies. However, society’s consumption patterns and lifestyles change over 

time, along with wastewater characteristics changing with it. Therefore, design 

values should be used with good judgement and need regular updating, 

assumingly each 5
th
 to 10

th
 year. 
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Table 2 Proposed DV for the compositions of different household fractions 

of wastewater per person and year (paper III). 

Unit Urine Faeces Greywater 

Wet mass kg 550 51 36500 

Dry mass kg 21 11 20 

BOD7 kg - - 9.5 

CODCr kg - - 19 

N g 4000 550 500 

P g 365 183 190 

K g 1000 365 365 

Cu mg 37 400 2500 

Cr mg 3.7 7.3 365 

Ni mg 2.6 27 450 

Zn mg 16.4 3900 3650 

Pb mg 0.73 7.3 350 

Cd mg 0.25 3.7 12 

Hg mg 0.30 3.0 1.5 
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Hazardous substances in wastewater 

management

Systems for sustainable urban water services require tools to assess and 

control various risks related to urban water and wastewater flows. Throughout 

the development of centralised wastewater systems, great trust has been 

appointed to wastewater treatment plants (Kroiss, 2004) to remove 

environmentally hazardous substances and make the effluent harmless to the 

receiving waters. However, complex mixtures of substances appear in the 

wastewater due to diffuse emissions from the societal metabolism of materials 

and substances. Today’s operating WWTPs indeed provide different types of 

technical treatment processes; however, their capacity cannot manage the 

entire flow of hazardous substances through the wastewater system alone 

(Byrns, 2001; Palmquist, 2001). 

The flow of hazardous substances from society to the surrounding nature is a 

consequence of industrialisation, urbanisation, and welfare, built into society’s 

physical infrastructure as well as our social behaviour. Since wastewater 

systems are sub-systems of urban infrastructure, hazardous substances are 

channelled via wastewater flows. Existing waterborne sanitary systems signal 

to their users the removal of their (unwanted) waste by just opening the tap or 

flushing the toilet. Therefore, it seems relevant to search for wastewater 

management tools that support a shift in perspectives by combining a 

traditional end-of-pipe perspective with more systems-oriented perspectives, 

thereby linking the use of resources and the spreading of hazardous substances 

to their underlying causes and driving forces (i.e. consumption and lifestyle) 

rather than only focusing on the emissions. 

The flows and sources of wastewater fractions and their constituents, such as 

nutrients and hazardous substances, are essential knowledge when assessing 

alternative wastewater strategies that render the SFA methodology a useful 

tool. To compare two different wastewater management scenarios in the 

Swedish town of Surahammar regarding hazardous flows, 16 selected 

hazardous substances were assessed in a comparative SFA – a conventional 

scenario vs. a separating scenario, see Figure 9 (paper VI).
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Figure 9 System boundaries for and the design of the two wastewater 

management scenarios studied in comparative SFAs in both the 

papers VI and VII.

The comparative SFA in paper VI revealed the conventional scenario to cause 

an overall higher flow of the selected hazardous substances to the receiving 

environment, i.e. the receiving water and the arable land, than the separating 

scenario. In the separating scenario parts of the hazardous flow were directed 

to the landfill. In the separating scenario the studied substances predominantly 

emerged in the greywater with the exceptions of Ag and Sn that subsisted to 

about 80% in blackwater, and Hg, Zn, and 4-NP that occurred between 40-

60% in the blackwater. The remaining 12 substances subsisted 0-20% in the 

blackwater (paper VI).

A barriers approach 

A barriers approach for the assessment of hazardous flows in municipal 

wastewater systems was suggested. The Oxford English Dictionary (2004) 

defines a barrier as “a fence or material obstruction of any kind erected (or 

serving) to bar the advance of persons or things, or to prevent access to a 

place”. In wastewater management, the barriers approach was intended to be 

used to interpret and compare different wastewater systems, and to serve to 

find out if and how much the flow of hazardous substances can be stopped, 

diverged, or transformed at the source or during transport throughout the 

system (papers VI and VII). Five kinds of barriers were suggested (see Figure 

10): 
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Figure 10 A schematic outline of the barriers concept illustrating four of the 

suggested barriers embraced by the organisational barrier (the 

tube), which by legislative and administrative measures directly or 

indirect can affect all other barriers (paper VII).

Organisational Barriers 

Organisational barriers with the aim to prevent risks from the flow of 

hazardous substances in society represent a wide spectrum of legislative and 

administrative measures at global, national, and local levels. In Europe, 

general large scale regulatory and organisational changes are preferably 

governed by the EU; the field of water policy by, e.g. the Water Framework 

Directive (WFD), that specifies objectives of achieving a ’good status’ for all 

European waters by 2015 with sustainable water use throughout Europe (EU 

WFD, 2000). The WFD will affect the institutional arrangements and 

incentives of the urban water and wastewater sector within all EU Member 

States, including the monitoring and management of hazardous substances in 

wastewater. Nationally, central governments may establish various kinds of 

organisational barriers for hazardous flows in society as part of the ambitions 

to change course towards sustainable development. In these ambitions, 

municipalities must be supported by carefully prepared incentive structures to 

act as the prime movers in the transformation towards sustainable 

development, since leaving the responsibility for such comprehensive changes 

to the municipalities has shown to imply only minor changes in practice 

(Söderberg, 1999). 
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Potential organisational barriers for hazardous flows in society are: 

− Chemicals policy, e.g. REACH based on the “White Paper – Strategy for a 

future chemicals policy” (Commission of the European Community, 2001) 

− Emission regulation, e.g. IPPC directive (Integrated Pollution Prevention 

and Control) (Council Directive 96/91/EC) 

− Technical regulations, regarding the technical design and function of 

wastewater systems 

− Fertilising policies, e.g. the approach of the farming and food industries to 

the use of wastewater residues (e.g. sewage sludge) on arable land 

− Eco-labelling regulation (Regulations European Commission No. 

1980/2000) 

Phasing out or substituting hazardous substances is a possible legal measure 

and an example of implementing an organisational barrier, e.g. the current 

objective is to heavily regulate or even phase out the use of cadmium (Azar et 

al., 2002). But cadmium is mined as a by-product of zinc, and if OECD 

(Organisation for Economic Co-operation and Development) countries phase 

out cadmium, the price will drop, possibly resulting in dissipative uses in non-

OECD countries. However, if cadmium is extensively used in solar cells made 

of cadmium telluride or in large nickel-cadmium batteries or both, its value 

would increase and more wasteful uses would decrease (Azar et al., 2002). 

Referred to as a soak-up strategy, this could also be applied to other flows. It 

could be beneficial from an environmental perspective, since it could provide 

an incentive to reduce the leakage to nature of toxic metals (Azar et al., 2002).  

Bans on detergents containing phosphate are another example on the phase-

out strategy. Banning was successful in reducing the phosphate flows to the 

receiving water bodies, but as the tenside compounds that often replaced the 

phosphate turned out to be persistent (and thus relatively resistant to 

degradation in the WWTPs), the phasing out of phosphate (done legally, i.e. 

an organisational barrier) replaced one environmental hazard with another. 

These examples highlight the importance of studying how material flows are 

nested. For this reason, the aim should not always be to phase out specific 

substances, but to phase out their use in specific applications (Azar et al., 

2002) and thoroughly assess which scenarios may arise by substituting 

substances.
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Behavioural Barriers 

Behavioural barriers include the users’ perspective. Which barriers for 

hazardous flows are to be set up in the households? Which products are 

consumed? What effects on hazardous flows can be expected of information 

campaigns? A straightforward example is the information campaign about 

cadmium in artist paint, performed by the Stockholm Water Company. Artist 

paint may contain up to 45% Cd, which is the pigment in these paints. 

According to the Stockholm Water Company, their municipal WWTPs receive 

more than 30 kg of Cd per year originating from artist paints (Stockholm 

Vatten, 2004). They recommend the use of alternative paints, and instruct how 

to handle the cleaning of brushes and waste. The barrier effect of such 

measures is very difficult to assess and one should probably not be 

overconfident in the response. As a consequence, it becomes essential to phase 

out or replace hazardous substances in consumer goods and products (paper 

VII).

System Barriers 

System barriers relate to the infrastructural and technical design of urban 

water and wastewater systems. The extremes vary with separation of urine, 

faeces, greywater, and stormwater occurring at the source, while combined 

flows that mix wastewater occur from numerous other sources. For example, 

one-fourth of domestic wastewater phosphorus emerged in the greywater and 

three-fourths in the blackwater (paper VII). For cadmium and triclosan the 

result was almost the opposite, i.e. 80% in the greywater and 20% in the 

blackwater (paper VII). This relevant information about the system barrier is 

needed to decide on the design of the system. 

Technical or Process Barriers 

Technical or process barriers include process units in wastewater treatment 

plants. These are concrete physical barriers, based on mechanical, biological, 

and chemical treatment processes supplying separation or decomposition or 

both of the constituents in the wastewater. Complete mineralization of 

xenobiotic compounds in treatment systems is rare; the term biotransformation 

more accurately describes the potential changes to the composition and 

molecular structure of such a compound (Byrns, 2001). As presented in Figure 

11 the biodegradation of xenobiotic substances vary with the operating 

conditions in the WWTP and between substances (from paper VI).
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Figure 11 The biodegradation of organic hazardous substances in the aerobic 

activated sludge step, and in the anaerobic digestion step in the 

WWTP. For PentaBDE and 4-NP, no biodegradation was expected 

under anaerobic conditions (see paper VI). 

The fate and distribution of hydrophobic chemicals in treatment systems is 

largely controlled by the physico-chemical properties and, according to Byrns 

(2001), biodegradation mostly influences compounds with moderate 

hydrophobic properties (log Kow values in the range 1.5-4). The long solids 

retention times (SRT) in biological treatment processes that are typically 

practiced with biological nutrient removal seem to favour the biodegradation 

of many, but not all potentially hazardous organic substances (Byrns, 2001; 

Clara et al., 2004; Jacobsen et al., 2004; Kroiss, 2004). 

Sedimentation, flocculation, chemical precipitation, sand filtration, and 

membrane processes are all separation processes in wastewater treatment. 

Membrane processes (micro-, ultra-, and nanofiltration, as well as reverse 

osmosis) are wide applied in the treatment of aqueous based systems 

involving material recovery, reuse, and pollution prevention. As a stand-alone 

process, a membrane will separate wastewater into two streams, a purified 

stream and a concentrated stream that set requirements for further 

management of the concentrated residues. 

A nanofiltration (NF) membrane was modelled as an additional process barrier 

in the WWTP in paper VII.  This additional process barrier considerably 

reduced the substance flow to the receiving water body in both the 

conventional and separating scenarios, see Table 3. Data for this modelling 



37

was gathered from Visvanathan and Roy (1997), who reported a phosphorus 

separation efficiency for NF as tertiary treatment of wastewater to > 95%, 

resulting in an effluent concentration of less than 0.1 mg L
-1

 P. For cadmium 

the NF of synthetic wastewater reduced Cd
2+

 from 500 ppm to 15 ppm, 

corresponding to 97% separation efficiency, as reported by Qdais and Moussa 

(2004). The NF separation of triclosan was assumed to be 80% (from 

experiences in paper VIII). The principal disadvantages in membrane 

filtration are higher costs and the operation and maintenance requirements 

compared to conventional treatment methods (Clara et al., 2004). Operating 

membrane filtration directly on wastewater may often be problematic due to 

the variable composition and high fouling potential of most wastewater (Côté 

and Thompson, 2000). 

Table 3 A NF membrane as an additional process barrier in the WWTP (in 

paper VII) would considerably reduce the substance flow to the 

receiving water body. The figures in brackets represent the 

substance flow without nanofiltration modelling. 

Conventional 

scenario 

Separating 

scenario 

P kg year
-1

 11 (221) 3 (57) 

Cd g year
-1

 2.6 (76) 2.2 (60) 

Triclosan g year
-1

 7 (37) 6 (30) 

The separation of pharmaceuticals from nutrients in human urine by 

nanofiltration was investigated in paper VIII as an example of a process 

barrier. Several nanofiltration membranes were tested for the separation of 

pharmaceutical and estrogenic compounds from urine to generate a 

micropollutant-free nutrient solution to be used as fertiliser. A fresh urine 

solution containing most nitrogen in the form of urea and a synthetic urine 

solution with a similar inorganic composition were tested at different pH 

values to investigate the separation behaviour. These solutions were spiked 

with the pharmaceutical and estrogenic compounds propranolol, 

ethinylestradiol, ibuprofen, diclofenac, and in some cases, carbamazepine. The 

retention of both pharmaceuticals and inorganic ions was influenced by pH. In 

general, with increasing pH the acidic compounds (ibuprofen and diclofenac) 

had an increased retention, while the basic (propranolol) and neutral 

(ethinylestradiol) compounds had a decreased retention (paper VIII).
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Among the membranes tested, the NF270 membrane showed the best 

performance in retaining the pharmaceutical compounds (Figure 12). 

Optimum retention of the pharmaceutical compounds was obtained at pH 

values around 5. At this point, the retention of all the pharmaceuticals in 

human urine was above 92%, while the retention in the synthetic urine 

solution was above 75%. The differences in retention behaviour could be 

partly explained by the influence of organic matrix substances in human urine. 

These substances (such as oxalic acid, uric acid, amino acids, and the like) can 

form complexes with Ca
2+

 and Mg
2+

. Organic compounds or their complexes 

can essentially adsorb to the membrane by electrostatic or unspecific 

interactions (van der Waals), perhaps functioning as a secondary membrane, 

and thereby increasing the retention of the organic compounds (paper VIII). 
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Figure 12 Retention of pharmaceuticals as a function of pH in fresh urine 

using a NF 270 nanofiltration membrane (paper VIII).

The NF separation of ions is largely based on electrostatic interactions, as 

displayed by the much higher retention of multivalent ions (phosphate and 

sulphate) than single valent ions (Na
+
, K

+
, Cl

-
, NH4

+
) (Figure 13). 

Furthermore, non-charged compounds such as urea had a much smaller 

rejection, meaning that the multivalent ions (phosphate and sulphate) were 

retained together with the pharmaceutical compounds in the concentrate while 

urea was permeated, thus forming a nitrogen rich solution largely free from 

pharmaceuticals. 
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Figure 13 Retention of inorganic ions as a function of pH in fresh urine using 

a NF270 nanofiltration membrane (paper VIII). 

The results in paper VIII show that membrane filtration is a potentially 

promising process barrier, though membrane processes need thorough 

optimization, i.e. inaccurate operating conditions and operating failures result 

in poor process performance, thereby implying weak barrier function. 

Optional Recipients 

Assessing optional recipients is a way to protect sensitive recipients. By 

selecting another recipient for wastewater residues, sensitive recipients may be 

protected by redirecting the hazardous flow elsewhere to a less sensitive 

recipient. Optional recipients are highly dependent on the geographical 

context, which could be lakes, rivers, seas, or soils. The SFA in paper VII

shows the barrier effect for Cd to be moderate in both tested wastewater 

management scenarios. An additional NF membrane would protect the 

receiving water body, but to protect the arable land, additional measures are 

required. Here, optional recipients could be a matter of discussion. For 

example, the wastewater sludge from the combined wastewater system might 

be applied in soil applications other than as fertiliser for food production, to 

safeguard clean food production. As claimed in paper IV the fertilising 

potential of wastewater sludge must be questioned in a long term perspective, 

since the metal/nitrogen ratios of 12 hazardous metals (including Cd) showed 

higher ratios in sludge than what the plant uptake can counter balance, thus 

implying metal accumulation in the soils. LeBlanc et al., (2004) propose 
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various ways to use wastewater sludge – composting, mine site reclamation, 

landfill cover, tree farming, sod farm base as soil enrichment, and topsoil 

manufacturing. 

Combined barrier effect 

It is not only important to identify each barrier within a defined system, but 

also assess the combined effects from all existing barriers. Evaluating the 

combined barrier effect implies considering the whole chain of barriers 

backwards from the actual receivers of the hazardous substances (the end-

points), e.g. the receiving water, arable land, and landfill. To obtain the 

combined barrier effect, the reduced amounts of each substance at each barrier 

are multiplied at the end-points of the system. Figure 14 shows the combined 

barrier effects (counting systems and process barriers) for the case of 

Surahammar, issued from the end-points (A) emission to water and (B) 

emission to arable land (paper VI). 

An evaluation of the combined barrier effect implied that a change from a 

conventional wastewater system to a source separating system in Surahammar 

would have a greater impact for the management of solid residues (i.e. the 

emissions to arable land) than for the effects in the receiving waters, see 

Figure 14 (paper VI). The flow of hazardous substances to the receiving water 

would not be greatly affected by such a systems change, shown by the small 

difference in the combined barrier effects for emissions to water (Figure 14). 

However, high levels of barrier protection do not guarantee chemical safety. 

Substances passing through the barriers, even in very small amounts, but 

which are very toxic to the receiving environment, may cause more severe 

ecotoxicological effects than high volume substances with low toxicity. 
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COMBINED BARRIERS EFFECT 
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Figure 14 With regards to the system barrier and process barriers, the 

combined barriers effects were presented for the end-points: (A) 

the receiving water and (B) the arable land. The average combined 

barrier effects for these substances are marked in the diagrams by a 

vertical solid black line for the conventional scenario (——) and a 

vertical dotted line for the separating scenario (- - - -). The 

combined barrier effects for emissions to arable land could not be 

evaluated for the two PAHs due to a lack of data (paper VI).

The barriers approach was proposed as a tool on a conceptual level (a way of 

thinking) as an attempt to develop a basis for systems analysis, risk 

assessment, improvements of the system, and for communication regarding 

hazardous substances in the wastewater systems. Barriers depend on the 

context, implying that a barriers model developed for the wastewater system 

in one municipality may not be fully applicable on the wastewater system in 

another municipality due to differences in physical structures, the inherited 

infrastructure, the number of citizens, environmental ambitions, etc. 

Furthermore, the different barriers need to be developed and managed on 

different levels. For instance, organisational barriers require measures from, 
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e.g. national and international legislation, while system barriers are rather 

decided upon and managed by urban planners and engineers at the regional 

and municipal levels. Behavioural barriers are, however, influenced by 

individual choices (consumption) as well as by the market for goods and 

products. Accordingly, the flows of hazardous substances in wastewater 

systems is a complex issue, not only for wastewater management, but for 

society as a whole, i.e. various kinds of measures are needed to achieve a 

change in direction towards sustainable development. 
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Conclusions

The extensive use of materials and substances in society causes diffuse source 

emissions that lead to uncontrolled spreading of hazardous substances within 

the technosphere and to the surrounding nature. Hazardous substances are 

largely channelled from society via wastewater flows to surrounding nature. 

The complex and unpredictable flow of hazardous substances in wastewater 

systems raises increasing concern, especially in view of the negative effects in 

the water and soil ecosystems as well as for the potential risks to human 

health. Since urban wastewater systems are nodes for the numerous substances 

used and emitted by society, one may question if it is realistic for wastewater 

management to meet these expenses alone – in costs and workload – to control 

wastewater pollution. 

Two Swedish housing areas, Vibyåsen and Gebers, were selected for field 

measurements, since their wastewater systems have separate flows of 

wastewater fractions. The mass flows of TS, oxygen demanding substances, 

and macronutrients in greywater and toilet fractions appeared to be quite 

similar in the two systems, and summarised, those values corresponded well to 

the mass flows in ordinary combined domestic wastewater. 

The mass flows of hazardous metals from households emerged in similar 

quantities in the greywater and toilet fractions. However, ratios of hazardous 

metals to phosphorus and nitrogen were significantly lower in the urine than in 

the faecal matter and greywater. 

The mass flows of organic hazardous substances from households were 

mainly searched for in the greywater, resulting in 50-60% of the 81 measured 

substances being found, with representatives from all of the substance groups 

investigated. However, it was not possible to exactly identify their specific 

sources as the mass flows of organic hazardous substances derive from diffuse 

household sources like everyday activities (laundry, cleaning, etc.), the wear 

of goods such as pipe material and interior fittings, and from airborne 

deposition. 

The input of organic hazardous substances to urine and faeces occurs mainly 

via the excretion of, for instance, pharmaceuticals, pesticides, and food 

additives. For example, 3.5 µg p
-1

 d
-1

 of triclosan was found in the urine at 
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Gebers. Other examples of relevant pathways are when emptying a scouring 

pail and throwing in cigarette butts, snuff, etc., into the blackwater via the 

water closet. Of the 72 measured organic hazardous substances, 36% were 

found in the blackwater at Vibyåsen. 

Based on a number of recent measurements (including Vibyåsen and Gebers) 

a proposal for new Swedish design values for the characteristics of household 

wastewater fractions (including ordinary wastewater parameters and seven 

metals) was put forward. However, the consumption patterns of society 

changes over time, and with it, so do the wastewater characteristics. 

Therefore, design values should be used with good judgement and require 

regular updating, assumingly each 5
th

 to 10
th
 year. 

A possible management approach was suggested to interpret and compare 

different wastewater systems, and to serve to find out if and how much the 

flow of hazardous substances can be stopped, diverged, or transformed at the 

source or during transport throughout the wastewater system. Organisational 

and behavioural barriers, system design, process barriers, and optional 

recipients were suggested. 

Accordingly, the flows of hazardous substances in wastewater systems is a 

complex issue, not only for wastewater management, but for society as a 

whole, i.e. various kinds of measures are needed to achieve a change in 

direction towards sustainable development. 
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Abstract The objective was to outline a process for selecting hazardous substances as pollution
indicators that imply a chemical risk for the recycling of wastewater residues on arable land and for
wastewater discharge into receiving waters. The reviewed methodologies showed one commonality:
grouping of various characteristics that symbolise hazardous properties. From each group, one or
several indicator substances were selected to represent the hazardous property of that speci®c
group. The selected set of indicator substances represented the chemical risk characteristics as a
whole. One conclusion is that it is dif®cult to create a comprehensive list of indicator substances for
the monitoring of chemical risks in wastewater and residues. Due to the insuf®ciency of knowledge
about the chemical risks from complex systems such as a wastewater system and the methodology
for selecting indicator substances, many simpli®cations have to be accepted. The 100,000
substances present in the technosphere, of which 30,000 are regarded as ªeverydayº chemicals,
may end up in wastewater systems. We have a limited knowledge of many of these substances,
thereby providing a weak base for assessing the true chemical risks in wastewater and residues for
reuse on arable land. Although the pollution situation will not entirely be understood by measuring
the status of only a few substances (important substances may be overlooked), detected substances
indicate a speci®c pollution situation in wastewater or sludge, thus increasing our knowledge about
the current concentrations.

Introduction
Wastewater sludge is contaminated by organic and inorganic pollutants to
varying degrees, as a result of domestic and industrial wastewater discharges
to municipal wastewater treatment plants (Schnaak et al., 1997; PaxeÂus, 1999;
Litz, 2000). This makes using wastewater nutrients as fertiliser a controversial
issue in many countries. According to Lee et al. (2002), the management of
wastewater sludge, economically and environmentally, has become a critical
issue for modern society. This follows a dramatic increase in sludge production
resulting from extended sewerage, new network installations, and the
upgrading of existing facilities in many countries (Lee et al., 2002). At the same
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time, Lee et al. (2002) claim that outlet routes for wastewater sludge are
increasingly restricted due to public health and environmental concerns that
leave sludge managers to deal with more complex questions and less technical
options. Advocates maintain that the use of wastewater sludge as fertiliser on
arable land is a desirable way to recycle biosolids and nutrients (VAV, 1999),
though if not recycled, these substances must be replaced by mineral fertilisers.
However, opponents call attention to the potential risks, hygienic and
environmental, connected to the application of sludge to arable land. Bengtsson
(2000) claims that due to the design of the wastewater system, an effective
transportation by water, allows a concentration of substances from all kinds of
activities in urban areas into wastewater and sludge.

Nevertheless, chemicals play an important role in our society. The
development of chemical substances and preparations has contributed to our
current material prosperity. We presently use chemicals in many contexts, such
as cars, pharmaceuticals, plastics, preservatives, detergents, cleaning agents,
paints, clothing, building materials, food production, and fuels. But the use of
chemicals has also contributed to the drawbacks of prosperity. Dangerous
substances may cause harm to man and the environment with the number of
substances on the market being very large. Today, approximately 20 million
substances are known by science and every year almost 500,000 new
substances are being synthesised (Platt McGinn, 2000). Of these, more than
100,000 chemical compounds are globally present in the technosphere while
30,000 of these are regarded as ªeverydayº chemicals that are regularly used in
households and industry (Commission of the European Communities, 2001).
The large scale manufacturing of chemicals started in the 1930s, and has
increased from 150,000 tonnes in 1935 to 150 million tonnes in 1995 (Platt
McGinn, 2000). This large ¯ow of hazardous products and chemicals makes
keeping track of all the substances ¯ows dif®cult (Swedish Committee on New
Guidelines on Chemical Policy, 2000).

Since October 1999, the Federation of Swedish Farmers recommends their
members to not use wastewater sludge as fertiliser for agricultural purposes
due to recently observed contents of, for example, silver and brominated ¯ame
retarding agents in sludge (EksvaÈrd, 2002). The Federation of Swedish Farmers
and several members of the Swedish Food Federation fear that the potential
chemical risks from wastewater sludge on arable land may have consequences
for food security and food reliability at the market (Swedish Food Federation,
1998; Swedish Environmental Protection Agency and Swedish Chemicals
Inspectorate, 1999; Arla Foods, 2003). Suf®cient quality control of wastewater
and sludge at wastewater treatment plants is unfeasible because of the large
number of chemicals and their metabolites present in the wastewater system.
Extensive monitoring programmes bring with them large costs and
considerable workload to the wastewater management sector. Therefore, the
selection of hazardous substances as pollution indicators of wastewater ¯ows
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and end products is of high importance and a challenge in managing
wastewater.

Objectives and scope
The objective of this paper was to ®nd and de®ne a process for selecting
hazardous substances as pollution indicators of wastewater ¯ows and end
products. The selected pollution indicators should imply chemical risks for the
recycling of wastewater nutrients on arable land and discharge of treated
wastewater into receiving waters. Is it possible to select only a few indicator
substances despite the extensive use of chemicals and, subsequently, the
complex web of substances circulating in our society and wastewater systems?

Due to the very large number of substances, it would be practically
impossible to read all the literature concerning hazardous substances and their
effects to the environment. To survey the process of selecting hazardous
substances, the following items were studied:

. Lists and criteria from several governmental and international
organisations: methods for identi®cation of priority pollutants.

. Properties and criteria to identify a substance as: being considered
hazardous; possible to become enriched in wastewater products; and
present in society in substantial quantities and ¯ows.

. What were the relevance and objectives for the studied lists? The
pollution indicators in this study should imply chemical risks for the
recycling of wastewater nutrients on arable land and for the discharge of
treated wastewater into receiving waters.

. Studies concerning the environmental effects from the use of wastewater
sludge on arable land.

Methodological background
A brief survey of the procedures for selecting hazardous substances was
performed. The following six examples illustrate the different methods
elaborated by six governmental-, international-, and scienti®c organisations
with slightly varying starting-points and objectives for their identi®cation of
priority pollutants.

Example 1. Swedish Committee on New Guidelines on Chemicals Policy
The Swedish Committee on New Guidelines on Chemical Policy (2000) has
proposed several phase-out criteria for some substances that require regulation
so as to achieve the environmental quality objective of a non-toxic
environment. The consequence of the proposal will be that new products
introduced to the market must generally be free from:

. persistent and bioaccumulative substances;

. carcinogenic, mutagenic, and reproduction-toxic substances;
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. endocrine-disruptive substances; and

. metals (mercury, cadmium, lead, and their compounds).

Moreover, metals should be used without being released into the environment
to a degree that causes harm to either the environment or human health.
Persistent and bioaccumulative anthropogenic organic substances may be used
in production processes only if the producer can show that human health and
the environment will be unaffected.

Example 2. The Observation List
The Swedish National Chemicals Inspectorate (2000), in collaboration with the
Swedish Environmental Protection Agency and the Swedish National Board of
Occupational Safety and Health, has established the Observation List. The
purpose of the Observation List is to provide information concerning certain
substances with particularly serious properties regarding human health and
the environment. Substances on the Observation List are selected because they
meet at least one of the list’s selection criteria of danger to human health or to
the environment (see Table I). In addition to the selection criteria the
substances should have also been used in chemical products in quantities
exceeding 1 tonne (registered in Sweden 1996), according to the Chemicals
Inspectorate’s Products Register. All substances included on the list follow
these criteria that originate from the IUCLID database (International and
Uniform Chemicals Information Database).

Example 3. Commission of the European Communities
The Commission of the European Communities (2000) has proposed the
establishment of ªa list of priority substances in the ®eld of water policyº. This
list was based on risks to the aquatic ecosystem and to human health via the
aquatic environment. The methodology for hazard classi®cation should ful®l
the requirements of a ªsimpli®ed risk-based assessment procedure based on
scienti®c principlesº. This considers the intrinsic hazards to substances and of
the exposure to ecosystems based on monitoring and on modelling data.
Therefore, the Commission of the European Communities (2000) presented a
procedure called COMMPS (combined monitoring-based and modelling-based
priority setting), which has been elaborated in collaboration with the German
consultant institute Fraunhofer Institute for Environmental Chemistry and
Ecotoxicology. The basic ideas were to rank substances, for which suf®cient
data were available according to their relative risk to the aquatic environment,
and to expertly judge priority substances for the ®nal selection.

The substances subjected to the COMMPS procedure were selected from
various of®cial lists and monitoring programmes. The basic idea of this
list-based approach was to ensure that the chosen substances were previously
identi®ed as being of concern and for which suf®cient information is normally
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available. Substances from the following lists are included in the COMMPS
procedure:

. Lists 1 and 2 of Council Directive 76/464/EEC;

. Annexes 1A and 1D of the Third North Sea Conference;

. Priority lists 1-3 identi®ed under Council Regulation No 793/93;

. OSPAR (the Oslo and Paris Commissions) list of candidate substances;

Properties Criteria

Danger to human health
a Very high acute toxicity Substances with very high acute toxicitya with or

without danger of very serious irreversible effects
b Sensitising properties Substances which may cause sensitisation by

inhalation and/or by skin contact
c High chronic toxicity Substances which may cause serious damage to

health by prolonged exposure and which are
classi®ed with the indication of danger toxicb

d Properties impairing reproduction Substances which may impair fertility and/or may
cause harm to the unborn child (categories 1 and 2)

e Carcinogenic properties Substances which may cause cancer (high or
medium-high carcinogenic ability)

f Mutagenic properties Substances which may cause heritable genetic
damage (categories 1 and 2)

Danger for the environment
g High potential for bioaccumulation

combined with low degradability
Bioconcentration factor (BCF) .1,000c and low
degradability in biodegradation testsd

High potential for bioaccumulation
combined with very high toxicity to
aquatic organisms

Bioconcentration factor (BCF) .1,000c and EC50 in
short-term tests ,1mg/l for aquatic organisms

Low degradability combined with
very high toxicity to aquatic
organisms

Low degradability in biodegradation testsd and
EC50 in short-term tests ,1mg/l for aquatic
organisms

h Very high toxicity to aquatic
organisms

EC50 in short-term tests ,0.1mg/l for aquatic
organisms

i Dangerous for the ozone layer Ozone depletion potential (ODP) .0 or
ozone-depleting substances regulated within EU

Notes: LD50: lethal dose (mg/kg body weight) ± 50 per cent of the test organisms are killed after
exposition. LC50: median lethal concentration ± 50 per cent of the test organisms are killed or
immobilised after inhalation of the substance at predetermined time. EC50: median effect
concentration ± 50 per cent of the test organisms are affected after exposition to the substance at
predetermined time. Kow: octanol-water partition coef®cient. a LD50, orally, rat: #25mg/kg; LD50,
dermally, rat or rabbit: #50mg/kg; LC50, inhalation, rat #0.5mg/l 4 hrs (gases, vapours). b Orally,
rat: #5mg/kg body weight and day; dermally, rat or rabbit: #10mg/kg body weight and day;
inhalation, rat: #0.025mg/l, 6 hrs/day (the above doses are based on subchronic (90-day) toxicity
tests). c The substance also ful®ls this criterion if its log Kow.4, unless experimentally decided
bioconcentration factor (BCF) ,1,000. d For example: ,20 per cent degradation in test for ready
biodegradability (OECD 301 A-F) or in test for inherent biodegradability (OECD 302 A-C)
Source: Swedish National Chemicals Inspectorate (2000)

Table I.
Selection criteria used
for identi®cation of
hazardous substances in
the Observation List
(Swedish National
Chemicals Inspectorate,
2000)
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. HELCOM (the Helsinki Commission) list of priority substances;

. Priority lists under Council Directive 91/414/EEC.

Two major sources of exposure data were exploited in COMMPS, namely
monitoring and modelling data. However, modelling data were only used if the
monitoring data were inadequate or non-existent. In summary, the following
risk-based ranking lists were established in COMMPS:

. List A. A list of aquatic organic pollutants based on aquatic monitoring
data. Approximately 752,000 single data comprising of 330 substances
(including metals) were provided and assessed. In total, a ranking list of
86 substances was compiled.

. List B. A list of aquatic organic pollutants based on modelling results for
the aquatic compartment. The European Chemicals Bureau provided
exposure data for 318 of the candidate substances. The ®nal
modelling-based ranking list included 123 substances.

. List C. A list of organic pollutants adsorbed by sediments based on
monitoring data in sediments or suspended solids. Data for 60 substances
were ®nally available for the ranking procedure.

. List D. Several lists for metals based on aquatic monitoring data were
established under the assumption of various exposure and effect
scenarios.

In the second step of the COMMPS procedure, priority substances were selected
from the four risk-based ranking lists. For this purpose, a subset of substances
with the highest scores was identi®ed as candidate priority substances. The
technical details of the COMMPS procedure and arguments for the selection
process were described in the Commission working document M0498WD1.

The revised COMMPS study was presented and discussed at an expert
meeting on April 19, 1999, when there was general agreement that the proposed
list was based on the best scienti®c evidence possible within the given time
frame. Two highlighted statements in the proposal may summarise the work:

(6) A ®rst list of 32 priority substances or groups of substances was
identi®ed on the basis of the COMMPS procedure, following a publicly
open and transparent discussion with the interested parties.

(10) The COMMPS procedure, designed as a dynamic instrument for the
prioritisation of dangerous substances, is open to continuous
improvements and modi®cations with a view of possible revision
and adaptation of the ®rst priority list within six years of its adoption.

Example 4. OSPAR strategy with regards to hazardous substances
The Oslo and Paris Commissions (OSPAR) have formed a strategy with
regards to hazardous substances. The objectives are to develop programmes
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and measures to identify, prioritise, monitor, and control (i.e. to prevent or
reduce or eliminate or a combination of all three) the emissions, discharges, and
losses of hazardous substances that reach, or could reach, the marine
environment (OSPAR Commission, 1998). The OSPAR Commission intends to
complete the development of a dynamic selection and prioritisation mechanism
(already in progress in OSPAR’s Diffuse Sources Working Group) to select
which hazardous substances are to be given priority in its work.

Criteria to be used in this selection and prioritisation mechanism include
substances or groups of substances that:

. due to their highly hazardous properties, are a general threat to the
aquatic environment;

. indicate strong risks for the marine environment;

. have been found to be widespread in one or more compartments of the
maritime area, or may endanger human health via consumption of food
from the marine environment; and

. will reach, or are likely to reach, the marine environment from a diversity
of sources through various pathways.

The OSPAR Commission (1998) states that they intend to stimulate further
development of the criteria for hazardous substances, i.e. toxicity, persistency,
and potential for bioaccumulation with respect to the marine environment, and
to improve their operation to implement this strategy. The application of these
criteria should both re¯ect the hazardous characteristics of the substances or
groups of substances and give priority to their actual or potential occurrence
and effects in the maritime area.

Example 5. Potential and problems related to reuse of non-potable water in
households
Eriksson (2002) presented a methodology for identifying compounds, notably
xneonbiotic organic compounds (XOCs) that might pose a threat when using
non-potable water in domestic applications or discharge in the environment.
The method was tested for non-potable reuse and discharge of greywater and
collected rainwater for the domestic applications toilet ¯ushing, washing
laundry, cars, and windows, as well as discharge into receiving waters or soil
by, e.g. in®ltration or irrigation.

The methodology (identifying hazardous substances) was a merge of several
sub-methods: literature and empirical data, analytical methods, inventory
studies in households (quantities of and constituents in personal care products,
pharmaceuticals, etc.), toxicity measurements, and risk assessments. The
methodology aimed at establishing if XOCs in greywater and collected
rainwater posed a risk in non-potable water reuse (see Figure 1) (Eriksson,
2002).
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A total of 900 XOCs were presented as potentially present in greywater
based on product information, consumption statistics, and knowledge on the
presence of speci®c XOCs in domestic wastewater. A total of 201 XOCs were
identi®ed in greywater from bathrooms, out of which 39 were listed as
potentially problematic substances according to an environmental hazard
identi®cation procedure based on persistence, bioaccumulation, and toxicity.
An environmental risk characterisation of the 201 organic compounds
revealed that ®ve compounds (dibutyl phthalate, LAS, malathion, triclosan,
and hexyl cinnamic aldehyde) constitute a risk if discharged into surface
water or a soil bed for in®ltration (Eriksson, 2002). Eriksson (2002)
concluded that the methodology was found to be promising, and could be
extended towards a realistic risk assessment, though the health and hazard
identi®cation procedures were hampered by the lack of data on the identi®ed
constituents.

Figure 1.
The ¯ow chart shows the

methodology used to
establish if XOCs

represent a risk in
non-potable domestic

water reuse
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Example 6. German Federal Environmental Agency
Litz (2000) developed an evaluation concept based on human toxicity,
ecotoxicity, and soil related data to assess pollutants in sewage sludge.
Applicable for different compounds, the assessment concept uses evaluation
steps that are based on a comparable and transparent classi®cation system. A
total of 44 compounds and groups of compounds were assessed and allocated
to one of three groups: pollutants of primary relevance; pollutants of secondary
relevance; and pollutants that require more information for evaluation (see
Table II). The assessment concept was based on gathered data on each
substance. For each criterion the levels low, medium, and high represented a
data span. Examples are the levels of persistence (90 per cent degradation in
soil), which were de®ned as: low ,10d., medium 10-100d., and high .100d.
Data reported for the concentration levels in sewage sludge (intended for
agricultural use) were the following: minimum; median; average; 90 percentile;
maximum; and number and year of analyses (Litz, 2000).

Methodological discussion
The reviewed methodologies used for identifying indicator substances or
priority pollutants or both showed some common features. Grouping of various
criteria, often the substances’ inherent properties, was one main similarity. The
groups represent different characteristics that in one way or another symbolise
hazardous properties. From each group, one or several indicator substances
should be selected to represent the hazardous property of that speci®c group
(see Figure 2). Examples of criteria used for hazard identi®cation, such as
persistence, bioaccumulation, toxicity, etc., are presented in the list below:

(1) Persistence.A chemical’s ability to persist ± i.e. it resists the physical,
chemical, and biological processes that lead to degradation ± in the
environment is an important criterion in determining whether concern is
warranted. The Swedish Committee on New Guidelines on Chemical Policy
(2000) has identi®ed persistence as a hazardous property since persistent
substance may accumulate in both the environment and organisms since
its input will be higher than its output due to the low degradation rate.

The persistence of a compound in an environmental compartment (air,
water, sediment or soil) can be evaluated based on the substance’s half-life
(T1/2) that is the time for the concentration of a substance in a certain
compartment to fall by 50 per cent. Gillett (1983) distinguished priority
pollutants on the basis of their soil half-life as follows:
. Class A: half-life ,10 days ± chemicals would most likely be lost

from the soil-plant system before they could be taken up.
. Class B: half-life between 10-50 days.
. Class C: half-life .50 days ± might be expected to be even more

recalcitrant when sludge-borne or adsorbed onto soil particles.
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(2) Bioaccumulation. A substance has a bioaccumulative property if it is
readily available for uptake by organisms, but is only metabolised or
secreted slowly. Hence, the substance can accumulate in organisms at
higher concentrations than in their surrounding environment or food.

According to Bernes (1998) mercury and a few other toxic metals have
a great potential to bind to protein molecules in organisms. For organic
compounds it is instead the substances’ lipophilic property that decides
the potential for bioaccumulation. Lipophilic substances have low
solubility in water since they have a strong tendency to accumulate in
organic containing environmental compartments. The contents of
lipophilic substances are thus many times higher in sediments,
organisms, and suspended solids than in the water itself.

(3) Toxicity in water and in soil. Substances that can cause harm to living
organisms are classi®ed as toxic, and toxicity is both dose and time
dependent (Bernes, 1998). A number of toxic effects are possible:
. Carcinogenic, mutagenic, and reproduction-toxic. The EC’s dangerous

substances directive (67/548/EEC) contains de®nitions of what is
meant by carcinogenic, mutagenic, and toxic for reproduction (CMR
substances):Substances and preparations shall be classi®ed in the
hazard class (a) carcinogenic, (b) mutagenic, (c) toxic for reproduction
if ± when inhaled, ingested, or penetrated into the skin ± they may
induce (a) cancer or increase its incidence (b) heritable genetic defects
or increase its incidence (c) they may produce, or increase the
incidence of, non-heritable adverse effects in the progeny and/or an
impairment of male or female fertility.

. Endocrine-disruptive. Chemical substances that damage or disrupt the
function of a body’s or organism’s endocrine glands, affect the

Figure 2.
A general outlines of the
criteria grouping
procedure, which
precedes the selection of
hazardous indicator
substances
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metabolism of hormones, or disrupt the impact of the hormones on the
target organs can give rise to so-called endocrine-disruptive effects
(Swedish Committee on New Guidelines on Chemical Policy, 2000).
Since endocrine-disruptive effects can cause a number of consequences
(reproductive impairments, birth defects, cancer, diabetes, effects on the
immune system, cardiovascular disease, osteoporosis, and effects on
the nervous system that can lead to behavioural disturbances) they are
to be regarded more as mechanisms, which can cause damage to
organisms, populations, or ecosystems rather than as health and
environmental effects in themselves.

(4) Consumption patterns and substances pathways through society. From
society and its infrastructure, large amounts of hazardous substances are
accumulated and continually spread from different compartments and
activities. Sewage systems and WWTPs constitute a connection between
the technosphere and the environment. Bengtsson (2000) claims that the
quantities of substances used in society are most likely re¯ected in the
wastewater composition. The 30,000 ªeverydayº chemical compounds
that are regularly used in households and industry make this ¯ow
considerable with substances being merged into a complex mixture.

Certain types of substances have more obvious pathways into sewage
systems than others. Cu for example is a common pipe material found in
tap water systems and is, according to BergbaÈck et al. (2001), emitted into
the wastewater. Other examples are an assortment of surfactants used in
detergents and washing powders, various kinds of personal care
products, and pharmaceuticals. To select indicator substances it is
important to consider in what quantities the substances are used and
their particular ¯ow patterns through the technosphere.

(5) Physical and chemical properties ± phase distribution. A substance’s
inherent properties are essential when estimating the phase distribution
of the substance during transport in the sewage system and treatment in
the WWTP. Properties such as octanol-water partition coef®cient (Kow ±
a measure of the substance’s lipophilicity), water solubility, vapour
pressure, and molecular weight are critical in determining the
destination of a substance in wastewater and sludge.

Possible destinations for hazardous substances in wastewater are (a)
adsorption to suspended particles and sludge, (b) retention in the water
phase, or (c) transformation into a gaseous phase.

The dilemmas of grouping substances
The grouping of substances was performed by several organisations (e.g. the
Committee on New Guidelines on Chemicals Policy, the Commission of the
European Communities, and OSPAR) as the ®rst step in identifying hazardous
substances. Doubts to this approach are, for example, that relevant groups or
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criteria in identifying hazardous properties and substances can be overlooked.
Another controversy is if the substances’ inherent properties should be as
in¯uential as they are in many of the hazard classi®cation methods. The
Association of Swedish Chemical Industries states that the control of
hazardous substances must be built on a judgement of real and potential risks
during the production and handling, not only based on the substances’ inherent
properties (Karlsson, 2001). Conversely, the Swedish Committee on New
Guidelines on Chemical Policy (2000) proposes that all substances being used,
regardless of whether they are new or not, shall be subject to the same
requirements regarding data on the inherent properties of the substance, so
that those substances lacking data may not be allowed onto the market after a
certain date. The data requirements from the EC’s dangerous substances
directive (67/548/EEC) should be followed and even extended regarding the
persistent and bioaccumulative properties of the substances, and as soon as
testing methods are available, to their endocrine-disruptive properties as well.

A common trait of the reviewed methodologies was that only well-known
substances were examined since comprehensive knowledge about the
substances’ inherent properties or mass ¯ows are necessary for making the
classi®cation possible. This kind of data is lacking for many new substances.

Selecting substances from groupings
Choosing a set of indicator substances from the criteria groups completes the
selection procedure in most of the studied methodologies (see Figure 3). The
indicator substances should represent the quality given by the actual criterion.
Often the selected indicator substances represent more than one of the criterion,
e.g. benzo(a)pyrene being a PBT substance that can also cause cancer and
genetic disruptions. In the reviewed hazard classi®cation methods each
identi®ed criterion was represented by at least one indicator substance, though
quite often the criterion was represented by a group of substances.

Figure 3.
The selection of
hazardous substances as
pollution indicators: the
criteria are gathered in
groups, of which each
represents certain
properties
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The dilemmas of selecting substances from groupings
The key problem for selecting the proper indicator substances is the 30,000
ªeverydayº chemicals that society uses. Suf®cient control of wastewater and
sludge quality is unfeasible due to this large number of chemicals and their
metabolites present in the sewage system. Another obstacle in selecting the right
indicator substances is the lack of data, making ®ltering of all available data
dif®cult to manage. To assess the risk of chemical substances, knowledge of both
the substances’ fate in various compartments, and their effects on humans and
ecosystems are required (Strandberg et al., 2001). Substantial knowledge and
data concerning the well-known environmental pollutants are available, for
example PCBs and PCDD/Fs. As they have been restricted or banned over the
last 20 to 30 years, new groups of hazardous substances have been recognized.
Many of these new chemicals are, however, not new in terms of production and
use; rather they are considered new because they have not yet received the same
attention as other more traditional chemicals regarding their potential effects on
human health and the environment (Alcock and Jones, 1999). As an example,
pharmaceutical drugs have received comparatively little attention until recently,
though they are used extensively throughout the world. Most of these products
are continually disposed of or discharged into the environment via domestic and
industrial sewage systems (Daughton and Ternes, 1999). Generally, knowledge
concerning the substances’ physico-chemical properties needs to be increased,
since the current lack of knowledge hinders well-founded chemical risk
assessments (Strandberg et al., 2001).

Controlling wastewater quality is a dif®cult assignment since the composition
of raw wastewater is a complex mixture of substances. Several decades ago, only a
few compounds were being monitored from wastewater. Today, around ten
compounds are regularly being measured. In the new European Water Framework
Directive, 32 groups of substances have been suggested for the control of
wastewater quality (Commission of the European Communities, 2000). The
Swedish Committee on New Guidelines on Chemical Policy (2000) has suggested a
list of approximately 100 substances to be controlled in the environment.
Monitoring programs for environmental pollution means costs and work for the
responsible organisation; the more extensive the monitoring programs, the higher
the costs and workload. Is there a limit (costs and work load) for controlling
environmental pollution? Creating environmental monitoring programs based on
indicator substances is a delicate issue. Today, we are uncertain that these
substances represent the true chemical risk to which we are exposed. We can never
measure all substances due to cost and practicality. Moreover, the true chemical
risk may consist of other substances than those measured or their combinations
thereof. This means that there will be large, misspent expenditures for chemical
analysis if the results render nothing about the true chemical risks.

Selected indicator substances should never be classi®ed as the de®nitive
ones. A set of indicator substances should instead be looked upon as the most
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reasonable choice at that time. As well, new substances may show up and
become more apparent in the debate at any time, changing the priority order of
the selected indicator substances.

The pros and cons using indicator substances for assessment of pollution in
wastewater are as follows:

(1) Pros:
. Possibility to practically accomplish measurements and chemical

analysis of speci®c substances in wastewater as well as in the
receiving environment

. Detected substances indicate a speci®c pollution situation in the
wastewater or sludge. Accordingly, this increases our knowledge
about the current concentrations

. Detected indicator substances may be interpreted in a broader context
and may denote a more general pollution situation in the wastewater

(2) Cons:
. The pollution situation is not entirely understood by knowing the

status of only a few substances. Other important substances may be
overlooked

. Dif®culties in identifying the correct indicator substances, thereby
concealing the actual pollution situation

. The unknown substances may pose severe chemical threats, and may
be overlooked when only the indicator substances are being measured

Discussion
The process of selecting hazardous substances as pollution indicators turned
out to be quite complex. Different approaches for hazard classi®cation and the
selection of indicator substances were found in literature, but the set of
indicators, or priority pollutants, is still not identical on the reviewed lists. The
objectives of the selection process varied in the studied cases ± most of them
were intended for the protection of the aquatic environment. However, the
objective of this particular study was to ®nd a method for selecting indicator
substances that should indicate chemical risks for the recycling of wastewater
residues (e.g. sewage sludge, human urine, etc.) on arable land or for
wastewater discharge into receiving waters. Substances’ toxic,
bioaccumulative, and persistent properties are somewhat veri®ed for aquatic
systems, but this information is often lacking for soil-based systems. Of note is
that toxicity is often less signi®cant or has different characteristics in
terrestrial systems than in aquatic systems (Linusson, 1992). Finding the toxic
properties in a mix of chemicals, such as wastewater and sludge, is dif®cult but
still very important so as to cover all the various toxic effects. In the Swedish
National Chemicals Inspectorate (2000, p. 2) recommendations for the testing of
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new chemicals several toxicity tests are proposed: genetic toxicity, carcinogenic
proportions, speci®c toxicity, neurotoxicity, toxicity for ®sh and plankton,
reproduction disturbing proportions such as the capacity for reproduction,
development of the foetus, teratogenicity, etc.

It becomes clear from the literature that much work is needed for the selection
and classi®cation of hazardous substances. For example, the COMMPS-method,
elaborated by the Commission of the European Communities (2000), used 752,000
analytical data concerning 330 substances from environmental control
programmes all over Europe. After the compilation of data, resulting in four
lists of substances, a group of experts ®nished the work by selecting 32 priority
pollutants while thoroughly motivating their choice for each substance. Similar
work has also been performed for the development of other priority pollutants
lists, indicating that much work is needed for these issues.

The development of methods or tools for chemical risk assessment is
important in the management and achievement of an ecological sustainable
development. A fundamental issue is how much of our chemical society are we
willing to give up. De facto chemicals do play an important role in our society,
which more or less traps us. One way to deal with the chemical risks is to align
the precaution principle. To attain the Swedish national environmental quality
objectives of ªa non-toxic environmentº, the Swedish Committee on New
Guidelines on Chemical Policy (2000) and Swedish Environmental Protection
Agency and Swedish Chemicals Inspectorate (1999) have stated that the
discharge, leakage, and diffuse spreading of hazardous substances must stop
or become exceedingly diminished. This is a comprehensive challenge, not only
for the urban wastewater sector, but also for society in general.

Conclusions
The reviewed methodologies used for selecting hazardous substances as
pollution indicators showed some common features. Grouping of various
criteria, when the substances’ inherent properties was often one main
similarity. The groups represent different characteristics that in some way
symbolise hazardous properties. From each group, one or several indicator
substances were to be selected to represent the hazardous property of that
speci®c group. A set of indicator substances selected from the groups
represented the chemical risks characteristics as a whole.

The objectives for the selection process varied in the studied cases ± most of
them were intended for the protection of the aquatic environment. However, the
objective of this particular study was to ®nd a method for selecting indicator
substances that should indicate chemical risks for the recycling of wastewater
nutrients on arable land or for wastewater discharge into receiving waters.
Substances’ toxic, bioaccumulative, and persistent properties are often veri®ed
for aquatic systems and information about the mentioned properties is
generally de®cient for soil-based systems.
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One conclusion is that it is dif®cult to create a comprehensive list of indicator
substances for the monitoring of chemical risks in wastewater and residues. Due
to the insuf®ciency of knowledge about the chemical risks from complex systems
such as a wastewater system and the methodology for selecting indicator
substances, many simpli®cations have to be accepted.. The 100,000 substances
present in the technosphere, of which 30,000 are being regarded as ªeverydayº
chemicals, may end up in wastewater systems. Little is known about many of
these substances, thereby providing a weak base for assessing the chemical risks
on wastewater and end products for reuse on arable land.

Since it is impossible to measure all hazardous substances that contribute to
the chemical risks and, in so doing, assure that the recycling of wastewater
nutrients on arable land and for discharge in receiving waters will be safe,
selected indicator substances permit the monitoring of speci®c substances in
wastewater as well as in the receiving environment. Although the pollution
situation will not be entirely understood by measuring the status of only a few
substances (important substances may be overlooked), the detected substances
indicate a speci®c pollution situation in wastewater or sludge, increasing our
knowledge about the current concentrations accordingly.
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ABSTRACT 

The objective of this paper is to present the mass flows of a number of selected 
hazardous substances in raw, separate grey- and blackwater from ordinary Swedish 
households. The Vibyasen housing area was selected for the investigation since its 
wastewater system has separate flows for grey- and blackwater. Due to the high 
analytical costs, a limited number of hazardous substances had to be selected and 
the number of samples restricted. The greywater flow was manually measured and 
the samples were collected at set time intervals. The blackwater samples were 
randomly collected from a blackwater tank. A total of 105 selected hazardous 
substances were measured, of which 71 were detected. Of the 24 elements 
measured (mostly metals), 22 were detected in the greywater (92%) and 23 in the 
blackwater (96%). Concerning the 81 selected organic substances (nonylphenol- and 
octylphenol ethoxylates, brominated flame-retardants, organotin compounds, PAH, 
PCB, phthalates, monocyclic aromatics, and triclosan), 46 of the 81 measured 
substances were found in greywater (57%) and 26 of the 72 measured substances 
were found in blackwater (26%). PCB was the only group found in neither grey- nor 
blackwater. The greywater flow fluctuated, with a specific average flow of 66 L per 
person and day. The composition of blackwater also fluctuated, with shifting 
proportions of urine, faeces, and flush water. The specific average blackwater flow 
was 28.5 L per person and day. The mixture of substances in separate wastewater 
fractions from Swedish households is still too complex to exactly distinguish the 
specific sources of the substances. 

KEYWORDS: hazardous substances, households, greywater, blackwater, metals, 
organic compounds, mass flow. 
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1. Introduction 

For many of the numerous substances present in our society, known and unknown 
paths to the municipal wastewater system exist. Due to efforts to reduce point 
sources (especially industrial discharges), diffuse sources presently account for the 
majority of wastewater pollution, indicating that the role of households as wastewater 
polluters has become more significant. To deal with this situation, instruments for 
wastewater planning and management need to be developed. One approach is to 
search for possible up-stream sources in conventional wastewater systems i.e. 
separate wastewater fractions like urine, faeces, greywater, and stormwater. The 
qualitative and quantitative characteristics of separate wastewater fractions may 
serve as a base for various wastewater management approaches, such as systems 
analysis, risk assessment, substance flow analysis, and communication.
According to Jefferson et al. (1999) and Eriksson et al. (2002), there is a lack of 
reliable information with respect to both the composition of greywater and the 
treatment and recycling technologies available for greywater. Increasing the 
knowledge of grey- and blackwater characteristics is important to fill the information 
gap regarding the contribution of pollutants to wastewater from households. This 
information is useful for the management of both traditional and alternative 
wastewater systems. Greywater is generally defined as household wastewater 
without any input from toilets, corresponding to wastewater from bathing, showering, 
hand washing, laundry, and the kitchen sink. Greywater has been estimated to 
account for about 70-75 volume-% of domestic wastewater (Hansen and Kjellerup, 
1994). Blackwater is characterised as toilet waste from water closets - faeces, urine, 
toilet paper, and flush-water. 

This article focuses on the characteristics of grey- and blackwater, emphasizing the 
flow of hazardous substances from households. Field measurements were performed 
on-site at a wastewater system with separate flows for grey- and blackwater. 
Wastewater systems with separate wastewater flows are quite rare.  In this case, the 
samples were collected from the Vibyasen housing area, located in the municipality 
of Sollentuna near Stockholm, Sweden. The sampling of greywater was performed in 
a block of 47 small one-family houses consisting of 169 persons – 112 adults and 57 
children (Vibyasen North). Greywater is transported from these houses by gravity 
pipes to an on-site treatment plant that includes a sedimentation unit, a biological 
treatment step based on an attached biofilm (Puracomb©), and finally, filtration in 
filter beds before being discharged into a pond system, see Figure 1. 
Blackwater samples were collected from a nearby block of 44 similar small houses 
consisting of 141 persons – 92 adults and 49 children (Vibyasen South). The 
collecting system for blackwater comprised of low flushing toilets from where the 
blackwater was transported by a Low Pressure pumping System (LPS) to a common 
tank (volume: 18 m3). 
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Figure 1 A schematic figure of the separate grey- and blackwater system at the housing area 
Vibyasen. (1) Separate pipes for grey- and blackwater are installed in the houses. The 
blackwater is collected in a common tank (2). The samples were taken from a well (3) in 
the greywater system connected to all of the houses, before the greywater reached the 
treatment plant where it passes a settling tank (4) before entering the biological 
treatment step (5). The grey water passes filter beds (6) before it is released into a 
pond system (7). 

2. Objectives and scope 

The objective of this paper was to present the mass flows of a number of selected 
hazardous substances and macro nutrients from raw separate grey- and blackwater 
of ordinary Swedish households. A total of 24 elements (mostly metals) and 81 
organic compounds (nonylphenol- and octylphenol ethoxylates, brominated flame-
retardants, organotin compounds, PAH, PCB, phthalates, monocyclic aromatics, and 
triclosan) were investigated, as well as biochemical oxygen demand (BOD7), 
chemical oxygen demand (CODCr), total nitrogen (Ntot), total phosphorus (Ptot), total 
solids (TS), and volatile solids (VS). 

The Vibyasen housing area was selected for this investigation since its wastewater 
system has separate flows of grey- and blackwater, generally considered quite rare. 
A limited budget allowed measurements at only one site, and due to the high 
analytical costs, a limited number of hazardous substances had to be selected and 
the number of samples restricted. The design and tiny dimensions of the sampling 
well did not allow automatic measurements of the greywater flow, which instead was 
measured manually using a bucket and a stopwatch. Consequently, the greywater 
samples could not be collected proportional to the flow, but rather at set time 
intervals. The blackwater samples were collected from the blackwater tank randomly 
during mixing.
Raw greywater is very reactive and significant chemical changes may occur over 
time periods of only a few hours (Jefferson et al., 1999). Hence, the time period for 
collecting the greywater samples in this investigation was restricted to three hours. 
The total number of samples was restricted to four for greywater and three for 
blackwater. Sampling of the greywater was performed during (a) high flow periods 
(two samples) and (b) low flow periods (two samples). The three blackwater samples 
were collected on different occasions, when the farmer emptied the blackwater tank. 
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3. Method 

3.1 Selected hazardous substances 

Today, more than 102,800 chemical compounds are present in the technosphere, 
with 30,000 of these being regarded as everyday chemicals regularly used in 
households (Commission of the European Communities, 2001). Due to this vast 
number it is impossible to measure all hazardous substances possibly contributing to 
the chemical risks associated with wastewater systems. The selection of hazardous 
substances was primarily conducted from the following criteria (Palmquist and 
Hanæus, 2004): 
− the substances being potential hazardous, 
− the high analytical costs for organic and inorganic substances, and a limited 

budget for the analytical costs, 
− the analytical methods and packages of those substances offered by the contract 

laboratories,
− possibilities that the substances appear in wastewater and that they are used in 

households. 
According to Palmquist and Hanæus (2004), the selection of hazardous substances 
in wastewater investigations is very complex and creating a short comprehensive list 
of selected substances implies that many simplifications have to be accepted. A total 
of 9 groups of hazardous substances were finally selected (Table 1), of which the 
group brominated flame-retardants included an analytical package of 13 single 
substances, increasing the total number to 105 (Table 1). 

Table 1 Groups of selected hazardous substances for the study. The analyses were 

performed by the accredited contract laboratory SGAB Analytica 

(www.sgab.com). 

Selected groups of substances No. in each 

package 

Analytical method 

Metals 24 ICP-AES/ICP-SMS 
Nonylphenol- and 
octylphenol ethoxylates 

19 GC-MS 

Brominated flame-retardants 13 GC-MSD 
Organotin compounds 10 GC-AED 
PAH 16 HPLC 
PCB 7 GC-ECD 
Phthalates 10 GC-MS 
Monocyclic aromatics 5 GC-MS 
Triclosan 1 GC-MS 

105

3.2 Sampling of greywater 

The samples were taken from a well in the greywater system where all of the houses 
were connected, before the greywater reached the treatment plant (Figure 1). The 
outlet was dammed to collect the samples and each sampling event lasted three 
hours. Samples were collected every 6th minute and subsequently blended to create 
a 3-hour mixed sample (Figure 2).  Each sub sample of 600 ml was divided into 
4×150 ml and stored in 3×5 L glass flasks (for analyses of the organic compounds) 
and one plastic container (5 L) for the elemental analyses (Figure 2). Each sample 
was comprised of 13.5 L for analyses of organic compounds and 4.5 L for elemental 
analysis.
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Figure 2 The sampling procedure of greywater at Vibyasen: (A) A sample of 600 ml was 
collected every 6th minute during a 3-hour period. (B) Distributing 150 ml of the 600 ml 
into each of the 3 glass flasks and in the one plastic container. Each sample comprised 
13.5 L for analyses of organic compounds and 4.5 L for elemental analysis. 

The greywater in Vibyasen North flows by gravity pipes from the houses to the 
treatment plant. Thus, flow measurements had to be performed manually. The flow 
was measured 20-30 times during the 3-hour sampling period (Figure 3). A 1.5 L 
beaker was placed at the inlet to the well, and was filled while gauging the time with a 
stopwatch. This procedure provided an average flow during the 3-hour sampling 
period. According to staff at the Sollentuna Water Company, high flow periods 
occurred weekdays 7-8 a.m. and 5-8 p.m., and during weekends (B. Gutfelt, personal 
comm.). Low flow periods were particularly obvious weekdays between 10 a.m. and 4 
p.m. Variations in flow depended on factors such as how long residents were at 
home and, while at home, their various uses of water. Factors governing their time at 
home were, for example, work hours, normally Monday to Friday, 8 a.m. to 5 p.m. 
Generally, people spend more time at home at the weekends. 
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Figure 3 Variations in the greywater flow measured during the 4 3 h sampling occasions. 
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3.4 Sampling of blackwater 

The samples of blackwater were collected when the farmer emptied the blackwater 
tank. The blackwater was sucked up by a pump into a manure wagon of 10 m3, which 
lasted about 15 minutes. For mixing reasons, the blackwater was then gravity fed 
back into the tank. The samples were collected from the hose as the blackwater was 
being poured back down into the tank. Three glass beakers (5 L) were filled one after 
the other; the entire sampling process lasted about one hour. 
The blackwater flow was estimated from the liquid level in the 18-m3 tank, which was 
documented on every emptying occasion. 

3.6 Analytical methods 

All analytical work was carried out on raw grey- and blackwater samples that were 
transported to the laboratory 1-3 hours after each of the completed sampling events. 
The analyses of hazardous indicator substances were performed by the accredited 
contract laboratory SGAB Analytica, using the methods mentioned in Table 1. The 
analytical work of the macro nutrients, such as biochemical oxygen demand (BOD7),
chemical oxygen demand (CODCr), total nitrogen (Ntot), total phosphorus (Ptot), total 
solids (TS), and volatile solids (VS), was conducted at the Dept. of Environmental 
Engineering, Luleå University of Technology, in accordance to Swedish Standard 
methods (Table 2). Grey- and blackwater pH were measured in the field during the 
sampling.

Table 2 Analytical methods for the macro nutrients conducted in accordance to the 

Swedish Standard methods (www.sis.se). 

Variable Analytical method Apparatus 

pH SS 02 81 22-2 Mettler-Toledo 
BOD7 SS 02 81 43 - 
CODCr SS 02 81 42 - 
Ntot SS 02 81 31 TRAACS 800 
Ptot SS 02 81 27 TRAACS 800 
TS, VS SS 02 81 13 - 

4. Results 

4.1 Greywater flow 

The flow measurement procedure provided average flows at each of the four 3-hour 
sampling events. The fluctuating greywater flow (Figure 3) had an average flow of 15 
L/min (12.9-17 L/min) during high flow periods (evenings and weekends) and 3 L/min 
(2.6-3.4 L/min) during low flow periods (weekdays between 10 a.m. and 4 p.m.). 
From the flowcharts in Figure 4, it was interpreted that the daily greywater 
fluctuations consisted of 60% low flow periods and 40% high flow periods (B. Gutfelt, 
personal comm.). From these observations the specific average daily flow was 
approximated to 66 L/p,d. 
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Figure 4 Variations of the greywater flow at Vibyasen North in November 1997. Observed 
accumulated flows were 11.5 m3 on the Wednesday (1997-11-25), corresponding to 68 
L/p,d, and 12 m3 on the Sunday (1997-11-30), corresponding to 71 L/p,d, for the 169 
residents (B. Gutfelt, personal comm.). 

To conduct operation and maintenance of the greywater system at Vibyasen, flow 
measurements were performed on two other occasions (independently). B. Gutfelt 
(personal comm.) first noted the average daily flow of 68-71 L/p,d (Vibyasen North, 
November 1997) see Figure 4, while consultant K. Hedman (personal comm.) 
reported a weighted average flow of 64.4 L/p,d (Vibyasen South, September 2001), 
see Figure 5. In a drinking water and corrosion study, a dozen of Swedish 
households noted all their water consumption during a two week period. Elfstrom 
Broo et al. (2000) reported that the drinking water consumption, excluding water for 
toilet flushing, was 60 L/p,d. 
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Figure 5 Variations of the greywater flow at Vibyasen South in September 2001. The 
measurements were performed by Aqua Consultants and showed that the average flow 
was 64.4 litres per person per day during the studied period (K. Hedman, personal 
comm.). 
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4.3 Blackwater flow 

During each of the three sampling events, the blackwater volume in the tank was 
observed as 8.48 (2 days), 7.97 (2 days), and 11.45 (3 days) m3. These volumes 
corresponded to the daily blackwater production of 4.2, 4.0, and 3.8 m3/d, with a 
weighted average flow of 28.5 L/p,d for the 141 residents connected to the 
blackwater tank. 
According to B. Gutfelt (personal comm.), 2,200 m3 of blackwater were emptied 
during a 12-month period (year 2000) and 1,489 m3 for a 7-month period (Jan-July 
2001). These figures represent 266 residents in Vibyasen South, meaning that 23.0 
L/p,d of blackwater were produced during 2000 and 26.7 L/p,d were produced during 
the 7-month period in 2001. 

4.4 Measured substances 

The concentrations of the selected substances are presented in Tables 3 to 9. The 
average ratio of BOD/COD for greywater was 0.71 and 0.45 for blackwater (Table 3). 
The ratio of BOD/COD for untreated municipal wastewater typically range from 0.3 to 
0.8 (Tchobanoglous et al., 2003). If the BOD/COD ratio for untreated wastewater is 
0.5 or greater, the waste is considered to be easily treatable by biological means. 
Total solids (TS) of the 3 blackwater samples were 4,290, 4,320, and 920 mg/L 
(Table 3). Like the significantly lower TS value in the third sample, decreased 
concentrations were observed for BOD7, CODCr, and P-tot in this sample (Table 3). 
However, the total nitrogen concentrations were similar in all three samples (180, 
140, and 130 mg/L), indicating that the third blackwater sample contained a larger 
proportion of urine. The increased portion of urine was already suspected during the 
sampling event, since the third sample was visibly different from the two others – 
more liquid and with a distinct smell of ammonia. It is assumed that the observed 
variations of the blackwater composition (proportions of urine, faeces, and flush 
water) fluctuate with certain regularity. 
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Table 3 Flows and concentrations of the macro nutrients and ordinary wastewater 

parameters. As for comparison typical concentrations of domestic wastewater 

were presented. 

Number of samples: GW 4, BW 3. 

Greywater (GW) Blackwater (BW) Domestic 

    Range   Range wastewater* 

  Ave- 
rage 

Std
dev

min max Ave- 
rage 

Std
dev

min max 

Q m3/h 0.54 0.4 0.16 1.02 0.17 0.01 0.16 0.18 
Ptot mg/L 7.53 2.7 4.6 11 42.7 19 21 58 4-12 
Ntot mg/L 9.68 1.2 8.0 11 150 26 130 180 20-70
BOD7 mg/L 418 62 350 500 1037 545 410 1400 160-300** 
CODCr mg/L 588 82 495 682 2260 1268 806 3138 250-800 
TS mg/L 630 50 570 700 3180 2000 920 4320 390-1230 
VS mg/L 330 20 300 360 2560 1900 420 3660 95-315
pH - 7.50 1.0 6.06 8.38 8.94 0.1 8.87 9.08 

* Tchobanoglous et al. (2003)  ** BOD5

Altogether, 4 greywater and 3 blackwater samples were analysed for the 24 elements 
(Table 4), of which tellurium (Te) was not detected in any of the samples (<0.55 
µg/L). In the greywater, arsenic (As) was not detected at all (<0.99 µg/L), along with 
mercury (Hg), detected in only one of the four samples (detection limit: <0.02 µg/L). 
An analysis of silver (Ag) revealed an improved detection limit (<0.55 µg/L) that was 
lower in one grey- and one blackwater sample each, explaining why 0.12 µg/L (in 
greywater) and 0.30 µg/L (in blackwater) could be observed. Platinum (Pt) occurred 
in greywater concentrations above the detection limit (<0.01 µg/L) in three of the four 
samples. Except for Te, all twenty-four monitored elements were detected in the 
three blackwater samples while chromium (Cr) was below the detection limit (<0.90 
µg/L) in one of the samples (Table 4). 
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Table 4 Observed concentrations of the 24 elements analysed. No. of samples: GW 4, BW 

3.

  Greywater (GW) Blackwater (BW)  
  Range    Range Det.

Ave-
rage 

Std
dev

min max Ave- 
rage 

Std
dev

min max limit 

Ca mg/L 33.8 3.0 31.6 38.0 68.6 26 38.3 85.1 0.2 
Fe mg/L 0.36 0.2 0.18 0.57 1.28 1.1 0.24 2.40 0.02 
K mg/L 8.10 0.5 7.69 8.85 75.0 9.6 65.7 84.8 0.4 
Mg mg/L 5.74 0.4 5.30 6.22 17.0 9.4 6.13 22.8 0.14 
Na mg/L 77.6 13 61.4 92.4 97.7 10 87.0 107 0.5 
S mg/L 23.7 1.4 22.4 25.7 35.2 3.9 30.9 38.5 0.2 
Al mg/L 2.44 0.8 1.48 3.39 0.54 0.4 0.12 0.90 0.002
Ag µg/L - - < 0.12 5.73 7.3 0.3 14 (0.55)*
As µg/L - - < < 2.00 0.2 1.83 2.14 0.99 
Ba µg/L 18.2 2.8 15.5 21.8 34.9 18 13.7 45.8 1.0 
Bi µg/L 0.33 0.2 0.06 0.57 0.51 0.1 0.44 0.61 0.005
Cd µg/L 0.10 0.0 0.06 0.16 0.40 0.2 0.17 0.51 0.05 
Co µg/L 1.36 0.1 1.19 1.51 0.86 0.4 0.48 1.20 0.2 
Cr µg/L 3.70 1.5 2.06 5.46 3.09 0.9 < 3.70 0.9 
Cu µg/L 61.8 10 47.0 70.2 126 55 61.9 162 1.0 
Hg µg/L - - 0.022 < 0.70 0.5 0.13 1.00 0.020
Mn µg/L 12.1 2.0 9.55 14.3 130 71 47.5 175 0.9 
Ni µg/L 11.0 11 4.45 28.1 9.18 3.2 5.76 12.1 0.6 
Pb µg/L 2.52 0.4 2.14 3.14 2.26 1.5 0.71 3.67 0.6 
Pt µg/L 0.03 0.02 < 0.05 0.02 0.01 0.01 0.03 0.011
Sb µg/L 0.44 0.2 0.28 0.68 0.26 0.1 0.22 0.33 0.01 
Sn µg/L 2.40 1.4 1.01 4.39 21.3 11 8.35 30.1 0.05 
Te µg/L - - < < - - < < 0.05 
Zn µg/L 64.4 11 55.3 77.8 525.3 283.7 213 767 4.0 
< The concentration was below the detection limit 

- If average or std. dev.  the values could not be calculated due to missing data 
If range  the variable was not measured 

* The detection limit (<0.55 µg/L) was improved and thus lowered in one each of the 4 grey- and 3 
blackwater samples, why 0.12 µg/L (in greywater) and 0.30 µg/L (in blackwater) could be observed. 

In the two greywater samples analysed, seven out of sixteen PAHs were detected 
(Table 5).  In the three blackwater samples, fluoranthene was the only PAH detected 
(Table 5). The PAHs not detected in any of the fractions were acenaphthylene, 
anthracene, benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, 
dibenzo(ah)anthracene, fluorine, indeno(123cd)pyrene, and naphthalene.
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Table 5 Observed concentrations of the 16 PAHs analysed.  The PAHs not detected in 

any of the fractions were acenaphthylene, anthracene, benzo(a)anthracene, 

benzo(b)fluoranthene, benzo(k)fluoranthene, dibenzo(ah)anthracene, fluorine, 

indeno(123cd)pyrene, and naphthalene. No. of samples: GW 2, BW 3. 

  Greywater (GW) Blackwater (BW) Det. 
  Range    Range limit

Ave-
rage 

Std
dev

min max Ave-
rage

Std
dev

min max  

acenaphthene  µg/L - - < 0.26 - - < < 0.05 
benzo(a)pyrene µg/L 0.03 - 0.02 0.04 - - < < 0.01 
benzo(ghi) 
perylene 

µg/L - - < 0.04 - - < < 0.03 

chrysene µg/L 0.015 - 0.01 0.02 - - < < 0.01 
fluoranthene µg/L 0.03 - 0.03 0.03 - - < 0.02 0.01 
phenanthrene µg/L - - < 0.04 - - < < 0.03 
pyrene µg/L 0.045 - 0.04 0.05 - - < 0.02 0.01 
sum of 16 PAHs µg/L 0.30 0.19 0.16 0.43 0.32 0.50 0.02 0.89  
< The concentration was below the detection limit 

- If average or std. dev.  the values could not be calculated due to missing data 
If range  the variable was not measured 

PCBs were analysed in two greywater samples and three blackwater samples. 
However, none of the seven PCBs sought after (PCB #101, #118, #138, #153, #180, 
#28, #52) were detected in any of the samples (<0.02 µg/L). The monocyclic 
aromatics, i.e. benzene, ethylbenzene, toluene, total xylenes, and naphthalene, were 
measured in greywater (four samples) and blackwater (three samples), of which only 
toluene was detected in the greywater (1.47±0.4 µg/L, range <1.0-1.9 µg/L). Although 
precautionary measures were taken during sampling (minimized air contact time, 
special sample bottles), the volatile monocyclic aromatics may be difficult to preserve 
in a sampling procedure like this (Figure 2).

Phthalates were analysed in all seven samples resulting in higher concentrations in 
the greywater than in blackwater (Table 6). Phthalates analysed, but not detected in 
any of the samples were di-cyklohexyl phthalate, di-n-octyl phthalate, di-n-propyl 
phthalate, dipentyl phthalate, and dimethyl phthalate (Table 6). 
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Table 6 Observed concentrations of the 10 phthalates analysed. Under the detection limit 

in both of the fractions: di-cyklohexyl phthalate, di-n-octyl phthalate, di-n-propyl 

phthalate, dipentyl phthalate, and dimethyl phthalate. No. of samples: GW 4, BW 

3.

  Greywater (GW) Blackwater (BW) Det. 
  Range    Range limit

Ave-
rage 

Std
dev

min max Ave-
rage

Std
dev

min max  

butylbenzyl 
phthalate

µg/L 7.00 1.91 < 9.0 - - < < 1.0 

di-(2-ethylhexyl) 
phthalate
(DEHP) 

µg/L 57.6 69.1 8.4 160 - - < 4.4 1.0 

di-isobutyl 
phthalate

µg/L 7.40 1.04 < 8.0 - - < 1.4 1.0 

di-n-butyl 
phthalate

µg/L 6.85 3.54 1.8 9.4 - - < 1.3 1.0 

diethyl
phthalate

µg/L 21.3 14.8 4.2 38 2.15 1.48 1.1 3.2 1.0 

< The concentration was below the detection limit 

- If average or std. dev.  the values could not be calculated due to missing data 
If range  the variable was not measured 

Organotin compounds were analysed in two greywater- and two blackwater samples 
(Table 7). Monophenyl tin, diphenyl tin, triphenyl tin, tetrabutyl tin, and tricyclohexyl 
tin were not detected in any of the fractions.  

Table 7 Observed concentrations of the 10 organotin compounds analysed. Substances 

not detected in any of the fractions: monophenyl tin, diphenyl tin, triphenyl tin, 

tetrabutyl tin, and tricyclohexyl tin. No. of samples: GW 2, BW 2. 

  Greywater (GW) Blackwater (BW)  
  Range    Range Det.

Ave-
rage 

Std dev min max Aver- 
age

Std
dev

min max limit 

dibutyl tin ng/L 1626 1943 252 3000 58.7 53.0 21.1 96.2 1.0 
dioctyl tin ng/L 20 0.3 20 21 - - < < 1.0 
monobutyl tin ng/L 711 395 431 990 26.0 13.5 16.4 35.5 1.0 
monooctyl tin ng/L 64 50 29 100 - - < 8.4 1.0 
tributyl tin 
(TBT)

ng/L 248 55 209 287 - - < 3.8 1.0 

< The concentration was below the detection limit 

- If average or std. dev.  the values could not be calculated due to missing data 
If range  the variable was not measured 

Analyses of 4-nonyphenol- (NP) and 4-octylphenol (OP) ethoxylates were performed 
in all seven samples, which occurred in greater numbers in the greywater than in 
blackwater (Table 8). However, NP, OP, NP- and OP monoethoxylates, and NP 
diethoxylates that were actually detected in blackwater occurred at similar 
concentration levels as in the greywater (Table 8).  NP- and OP ethoxylates are non-
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charged tensides used mainly in detergents. The long chained NP-octaethoxylate 
and NP-nonaethoxylate were not detected in any of the fractions.

Table 8 Observed concentrations of the 19 nonylphenol- (NP) and octylphenol (OP) 

ethoxylates. NP-octaethoxylate and NP-nonaethoxylate was not detected in any 

of the fractions. No. of samples: GW 4, BW 3. 

  Greywater (GW) Blackwater (BW)  
  Range    Range Det.

Ave-
rage 

Std
dev

min max Ave- 
rage 

Std
dev

min max limit 

4-NP µg/L 3.80 1.46 2.82 5.95 3.91 1.49 2.30 5.23 0.01
4-NP mono- 
ethoxylate µg/L 4.28 1.85 2.75 6.73 2.58 1.53 0.91 3.91 0.05
4-NP di- 
ethoxylate µg/L 8.79 5.13 4.02 15.9 4.60 - < 7.49 0.05
4-NP tri- 
ethoxylate µg/L 22.6 10.8 11.8 36.2 - - < 10.60 0.05
4-NP tetra- 
ethoxylate µg/L 41.3 21.7 21.1 61.4 - - < < 0.05
4-NP penta- 
ethoxylate µg/L 29.8 15.2 15.5 49.7 - - - - 0.05
4-NP hexa- 
ethoxylate µg/L 28.2 10.5 18.9 40.9 - - - - 0.05
4-NP hepta- 
ethoxylate µg/L 13.6 7.06 9.14 24.1 - - - - 0.05
           
4-OP µg/L 0.11 0.03 0.08 0.16 0.19 0.10 0.09 0.28 0.001
4-OP mono- 
ethoxylate µg/L 0.12 0.06 0.08 0.21 0.10 0.03 0.08 0.14 0.001
4-OP di- 
ethoxylate µg/L 0.42 0.21 0.24 0.60 - - < 0.27 0.001
4-OF tri- 
ethoxylate µg/L 1.63 2.08 0.37 4.74 0.08 - < 0.08 0.001
4-OP tetra- 
ethoxylate µg/L 1.26 1.24 0.40 3.10 - - - - 0.001
4-OP penta- 
ethoxylate µg/L 1.17 0.97 0.41 2.60  - - - - 0.001
4-OP hexa- 
ethoxylate µg/L 0.49 0.23 0.26 0.81  - - - - 0.001
4-OP hepta- 
ethoxylate µg/L 0.26 0.12 0.17 0.44  - - - - 0.001
4-OP octa- 
ethoxylate µg/L 0.11 0.02 < 0.14  - - - - 0.001
< The concentration was below the detection limit 

- If average or std. dev.  the values could not be calculated due to missing data 
If range  the variable was not measured 

Four greywater and two blackwater samples were analysed for brominated flame-
retardants (Table 9). Those below the analytical detection limits in all samples were 
decabromo biphenyl (DeBB) (<0.01 µg/L), hexabromo cyclodecane (HBCD) (<0.001 
µg/L), tetrabromobisphenol-A (TBBP-A) (<0.001 µg/L), heptaBDE (<0.002 µg/L), 
octaBDE (<0.002 µg/L), nonaBDE (<0.002 µg/L), and decaBDE (<0.01 µg/L). The 
extensively used biocide Triclosan was identified in both grey- and blackwater (Table 
9).
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Table 9 Observed concentrations of the 13 analysed brominated flame-retardants. 

Substances not detected in any of the fractions: Decabromo biphenyl (DeBB), 

hexabromo cyclodecane (HBCD), tetrabromobis phenol-A (TBBP-A), heptaBDE, 

octaBDE, nonaBDE, decaBDE. No. of samples: GW 4, BW 3. 

Greywater (GW) Blackwater (BW) 

  Range    Range Det.
Ave-
rage 

Std
dev

min max Ave- 
rage 

Std
dev

min max limit 

tetra
BDE

µg/L 0.126 0.077 0.066 0.24 0.0435 0.013 0.034 0.053 0.001 

tetra
BDE 47 

µg/L 0.112 0.075 0.049 0.22 0.036 0.02 0.022 0.05 0.0001

penta
BDE

µg/L 0.330 0.287 0.170 0.76 0.103 0.02 0.086 0.12 0.001 

penta
BDE 99 

µg/L 0.265 0.251 0.120 0.64 0.077 0.03 0.059 0.095 0.0001

penta
BDE 100 

µg/L 0.050 0.040 0.026 0.11 0.0175 0.005 0.014 0.021 0.0001

hexa
BDE

µg/L 0.004 0.002 0.002 0.007 - - < 0.0012 0.001 

           
Triclosan µg/L 3.43 2.19 0.56 5.9 2.48 - < 3.6 0.5 
< The concentration was below the detection limit 

- If average or std. dev.  the values could not be calculated due to missing data 
If range  the variable was not measured 

4.5 Specific mass flows

Specific mass flows were exemplified for some of the selected substances, viz. TS, 
tot-P, Ag, Cd, Cu, Sb, DEHP, 4-NP, and Triclosan (Table 10). The specific mass 
flows were calculated based on the substances concentrations (Tables 3-9), along 
with the average specific greywater flow of 66 L/p,d, and the average specific 
blackwater flow of 28.5 L/p,d. 

Table 10 The specific mass flows for some of the selected substances, based on the 

concentrations and the specific average flows 66 L/p,d (greywater) and 28.5 L/p,d 

(blackwater). The specific mass flows were compared to an analogous data set 

for separate grey- and blackwater from a comparable Swedish housing area 

called Gebers (Palmquist and Jönsson, 2003). 

  GREYWATER BLACKWATER 

  Vibyasen Gebers Vibyasen Gebers 

TS kg/p,yr 15.2 14.6 44.8 18.9 

tot-P g/p,yr 182 219 557 503 

Ag mg/p,yr 2.9 11 59.5 0.03 

Cd mg/p,yr 2.3 5.5 4.0 3.7 

Cu mg/p,yr 1498 2373 1307 422 

Sb mg/p,yr 11.0 7.7 2.6 0.8 

DEHP mg/p,yr 1396 621 46.0 - 

4-NP mg/p,yr 92.0 29 41.0 - 

Triclosan mg/p,yr 83.0 7.7 26.0 - 
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5. Discussion 

Hazardous substances in separate grey- and blackwater fractions are investigated to 
reveal the contributions of household pollution to the wastewater system. Complex 
mixtures of substances appear in domestic wastewater (i.e. grey- and blackwater) as 
a result of the consumption of numerous goods and products (e.g. household 
chemicals and personal care products), and the wear and tear of interior fittings and 
building materials. Qualitative and quantitative data on the characteristics of separate 
wastewater fractions may serve as a base for systems analysis, risk assessment, 
improvements to the system, and to inform about hazardous substances in 
wastewater systems. 

In this investigation, substances were measured in separate raw grey- and 
blackwater from a number of households. A total of 105 substances were 
investigated, of which 71 were detected in either the grey- or blackwater or in both. 
Mass flows were based on concentrations of the selected substances in the four 3-
hour mixed greywater samples and the three randomly taken blackwater samples, 
indicating why the results should be interpreted with care since they do not fully 
represent 24-hour mass flows. The concentrations of the selected hazardous 
substances were presented per se with the intention to fill an identified data gap for 
such substances in separate household wastewater fractions (Jefferson et al., 1999; 
Eriksson et al., 2002; Palmquist and Hanæus, 2004). 

In Table 10, the yearly mass flows for grey- and blackwater were presented for TS, 
tot-P, Ag, Cd, Cu, Sb, DEHP, 4-NP, and Triclosan. A comparison of mass flows for 
some selected substances was made for the two Swedish housing estates Vibyasen 
and Gebers (Table 10). Gebers is a residential block of 32 apartments with 
approximately 80 residents, situated in the suburb of Skarpnack near Stockholm, 
Sweden (Palmquist and Jönsson, 2003). Household wastewater at Gebers is 
separated into the three wastewater fractions of a urine mixture (urine + small 
amounts of flush water), faeces (faeces + toilet paper collected dry), and greywater. 
In greywater the mass flow of TS and P-tot were similar at both sites, though for Sb, 
DEHP, 4-NP, and Triclosan the mass flows were higher at Vibyasen (Table 10). 
However, the mass flows of Ag, Cd, and Cu in greywater were higher at Gebers 
(Palmquist and Jönsson, 2003). Since the collection system for faecal matter and 
urine were different in Vibyasen and Gebers, the substances’ mass flows in urine and 
faeces were combined in the Gebers data (faecal mix) to attain comparable matrixes. 
In the Vibyasen blackwater, the mass flows of hazardous substances were 
consistently higher than in the Gebers faecal mix (Table 10), possibly due to the use 
of water closets at the Vibyasen housing estate. Hazardous substances end up in 
urine and faeces mainly via secretions of, e.g. pharmaceutical drugs, pesticides, and 
food additives. The use of flush water is also accompanied by trace amounts of 
metals which are added to the blackwater. Perhaps even more relevant are the 
possibilities of adding polluted residues into the blackwater via the water closet, e.g. 
when emptying a scouring pail and throwing in cigarette butts, snuff, etc. Less 
amount of hazardous substances accidentally end up in urine and faeces in a source 
separating, dry collection system. Accordingly, the disparity in systems designs 
account for some of the mass flow discrepancies of the two systems. 

Moreover, mass flows in grey- and blackwater are directly related to which household 
activities occurred during the actual sampling occasions – results from wastewater 
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measurements close to the source have a tendency to show “on-the-spot accounts”. 
Repeating these investigations would probably give rise to comparable, but still 
unique data sets since the use of consumer goods alters over time. Due to the 
complex mixture of different substances found in the separate wastewater fractions, it 
is not possible to exactly distinguish their specific sources – many of these 
substances are used as chemical additives in a wide array of consumer goods, e.g. 
food and drinking containers, household cleaning products, furniture, shampoos, 
cosmetics, and household and agricultural pesticides. 

The interface between the user and the technology seems most relevant for the flow 
of hazardous substances to wastewater from households. The numerous 
constituents in consumer goods are beyond the knowledge and control of the 
average consumer. Moreover, the sanitary installations (water-closets, showers, 
kitchen sinks etc.) allows us to add assorted substances into the wastewater. To 
prevent hazardous flows to wastewater systems, measures need to be taken at a 
number of areas – at the market for consumer goods, at the area of technical 
development of sanitary installations, as well as assessing the design of wastewater 
systems.

6. Conclusions 

A total of 71 of 105 selected hazardous substances were detected in raw separate 
grey- and blackwater from ordinary Swedish households. Of the 24 elements 
measured, 22 were detected in the greywater (92%) and 23 in the blackwater (96%). 
Concerning the 81 selected hazardous organic substances (nonylphenol- and 
octylphenol ethoxylates, brominated flame-retardants, organotin compounds, PAH, 
PCB, phthalates, monocyclic aromatics, and triclosan), 46 of the 81 measured 
substances were found in greywater (57%) and 26 of the 72 measured substances 
were found in blackwater (26%). PCB was the only group found in neither grey- nor 
blackwater.

The average ratio of BOD7/CODCr in greywater was 0.71 and 0.45 for blackwater, 
considered typical values for untreated municipal wastewater (0.3-0.8). 
At the Vibyasen housing area, the greywater flow fluctuated, with a specific average 
flow of 66 L per person and day (169 persons). The composition of blackwater also 
fluctuated, with shifting proportions of urine, faeces, and flush water. The specific 
average blackwater flow was 28.5 L per person and day (141 persons). 
Specific mass flows (kg per person and year) were presented for TS, tot-P, Ag, Cd, 
Cu, Sb, DEHP, 4-NP, and Triclosan, and compared to an analogous data set for 
separate grey- and blackwater from a similar Swedish housing area called Gebers 
(Table 10). Differences were revealed between the two sites in mass flows of the 
selected hazardous substances. In the greywater, TS and P-tot were similar at both 
sites, though Sb, DEHP, 4-NP, and Triclosan were higher at Vibyasen, and Ag, Cd, 
and Cu were higher at Gebers. This arbitrary pattern is most likely related to which 
household activities occurred during the actual sampling occasions. In blackwater the 
mass flows of hazardous substances were consistently higher at Vibyasen, possibly 
due to the disparity in systems designs – the use of water closets (Vibyasen) or a dry 
source separating collection system for urine and faeces (Gebers). 
Yet, the mixture of substances in separate wastewater fractions from Swedish 
households is still too complex to exactly distinguish the specific sources for the 
substances. 
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Abstract

The present Swedish design values (DV) for urine, faeces, greywater and biodegradable 

solid waste were scrutinised and compared to the composition of these fractions in two 

blocks of flats, Gebers and Ekoporten. For evaluation of the greywater composition, two 

additional areas were included, the housing area Vibyåsen and a calculation based upon 

the composition of the sewage sludge in Ryaverken sewage treatment plant in 

Gothenburg. The parameters scrutinised were dry mass, wet mass, BOD
7
, COD, N, P, 

K, Cu, Cr, Ni, Zn, Cd, Hg and Pb. Based on the results, new updated Swedish DV were 

proposed for these parameters in the fractions urine, faeces, greywater and 

biodegradable solid waste. 

Key words biodegradable household waste, faeces, greywater, heavy metal, nutrient, 

urine

Introduction 

To evaluate the environmental impacts and to compare different treatment 

alternatives for household wastewater, the quantities and composition of household 

wastewater and biodegradable solid household waste need to be known. In 

conventional wastewater systems, the composition and mass flows of the mixed 

wastewater are of interest. For source separating wastewater systems, the focus is 

instead the characteristics of the wastewater fractions; urine, faeces, greywater and 

biodegradable solid waste. 

The present Swedish design values (DV) for the quantities and composition of 

urine, faeces and greywater were laid down by the Swedish Environmental 

Protection Agency (SEPA, 1995). The design values for characteristics of urine and 

faeces were based upon Swedish food consumption data from the early 1990s 

combined with literature data on human excretion of urine and faeces (SEPA, 

1995). In most of the excretion studies, only one fraction at a time was studied. 

Moreover the measurements only included a small number of people, in most cases 

below 20 and often below 10, over a short period of time – normally one to ten 

days. These circumstances make the comparison between different fractions 



2

difficult and complicate the task of setting up mass balances for the human body 

(Blatherwick & Long, 1922; Robinson, 1922; Kehoe et al., 1940; Johnston et al., 

1949; Johnston& McMillan, 1952; Trémolières et al., 1961; Lentner et al., 1981).

Most of the excretion studies are presented in Lentner et al. (1981), which is an 

amalgamation of measurements performed mainly between the 1920s and the 

1960s. Since the excretion studies were quite old, the values were adapted to the 

food consumption data from the early 1990s, which made the design values more 

reliable (SEPA, 1995). However, there was still a need for scrutiny of the data, as 

the flows of substances change over time – some heavy metals in society are 

decreasing (Lohm et al., 1997) and patterns of food consumption behaviour are 

changing. Another drawback with the existing Swedish design values is that no 

extensive studies have been performed in which all wastewater fractions were 

included. During recent years, several measurements performed on diverted urine 

indicated a need for upgrading of the Swedish DV regarding the characteristics of 

human urine (Jönsson et al., 1997, 2000). 

The present Swedish DV for greywater is mainly based on samples from 16 

apartments in an eco-village during seven days, complemented with flow analyses 

in a few other separated wastewater systems (SEPA, 1995). According to Palmquist 

(2001) and Eriksson et al. (2002), there is an urgent need for more information 

about greywater characteristics in order to evaluate environmental effects and to 

enable appropriate treatment to be established. 

For biodegradable solid waste, a design value for the quantity and composition 

was proposed by Sonesson and Jönsson (1996) based on several analyses of 

collected biodegradable solid waste collected in different parts of Sweden.

Objectives

The main objective of this paper was to scrutinise the present Swedish design 

values for the characteristics of household wastewater fractions (urine, faeces and 

greywater) and biodegradable solid waste and compare those to more recent 

measurements on these fractions. The investigation included the parameters: wet 

and dry mass (WM, DM), biochemical oxygen demand during seven days (BOD7),

chemical oxygen demand (CODCr) and concentrations of the elements of nitrogen 

(N), phosphorous (P), potassium (K), copper (Cu), chromium (Cr), nickel (Ni), zinc 

(Zn), lead (Pb), cadmium (Cd) and mercury (Hg). 

Methods 

Several investigations of fractionated wastewater were performed to determine the 

characteristics of the different fractions. Where large discrepancies were revealed, 

new design values were proposed for the characteristics of household wastewater 
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fractions and biodegradable solid waste. Data on the characteristics of wastewater 

fractions were collected from four different sources (Table 1). Field measurements 

were performed at three locations in Sweden: (I) Ekoporten in the city of 

Norrköping: a block of flats with 35 inhabitants, corresponding to 1225 person 

days; (II) Gebers in the suburban area Skarpnäck near Stockholm: a block of flats 

with 81 inhabitants, corresponding to 1701 person days; and (III) the Vibyåsen 

housing area in Sollentuna with 169 inhabitants, corresponding to 85 person days. 

The field measurements corresponded to a total amount of 3095 person days. 

Furthermore, data on greywater characteristics were calculated backwards from 

sewage sludge from several wastewater treatment plants in the western part of 

Sweden during several years in the late 1990s (Balmér, 2001). All the chemical 

analyses were performed at certified laboratories according to authorised Swedish 

standard methods. 

Table 1. Person days investigated at the different sites plus the different fractions 

analysed or calculated at the sites 

Site Person 

days

Urine Faeces Greywater Biodegradable 

Solid Waste 

Ekoporten 1225 x x x x 

Gebers 1701 x x x x 

Vibyåsen 85   x  

Gothenburg -   x  

Ekoporten

The Ekoporten block of flats consists of 18 flats equipped with double flushed 

urine-diverting toilets. The sewage system is divided into three sub-systems with 

separate pipes; one for greywater, one for faecal water (faeces, toilet paper and 

flushwater) and one for the urine mixture (urine and flushwater). The study was 

carried out during 35 consecutive days in the spring of 1999, divided into three 

periods of 11, 12 and 12 days, respectively. The amount of water used for toilet 

flushing was recorded and the number of flushes was measured by using electronic 

counters according to the method described by Jönsson et al. (1997). During the 

study periods, the residents recorded the time they spent at home on recording 

sheets.

During the study, the urine mixture from all of the inhabitants was collected in a 

1 m
3
 plastic tank and mixed and sampled at the end of each period following the 

method described by Höglund et al. (2000). The faecal fraction consisted of faeces, 

toilet paper and flushwater. The sampling of the faecal fraction was performed 

every day, which is more exhaustively described in Vinnerås & Jönsson (2002).

The samples of greywater were collected proportionally to the flow. The 

greywater was conveyed to a 1 m
3
 plastic tank. When the volume exceeded 0.700 
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m
3
, 0.60±0.01 m

3
 was automatically pumped out of the tank, regulated by two 

inductive switches sensitive to the water level. From a mixed sample of a bleed 

stream at the outlet, 10 grams of sample were collected per 0.60 m
3
.

The solid biodegradable waste was collected in a plastic bin placed in front of the 

normal disposal point and emptied once every second day. After weighing, the 

material was emptied onto a tarpaulin, mixed and made into a pile. The pile was 

then divided into eight equal portions, from which two opposite portions were 

removed. The procedure of making a pile and removing two eighths was repeated 

until only 10% of the waste was left. The remaining biodegradable waste was then 

stored at -20°C until it was ground in a mincer with 12 mm holes. After grinding, 

the period samples were mixed and triplicate sub-samples were taken for analysis.

Gebers

Gebers is a converted hospital that now consists of 32 flats with 81 residents and is 

situated in the suburban area Skarpnäck nearby Stockholm, Sweden. The feature of 

the wastewater system is source separation into the four fractions urine (sparse use 

of flushwater), faeces (dry toilets), greywater, and biodegradable solid waste. The 

sampling of source separated urine, faeces, greywater and biodegradable solid 

waste from households in Gebers was performed during three weeks in October 

2001, divided into three periods of one week each. All collected samples were 

stored at -20°C until analysis.

The urine was collected in three 25-litre plastic containers, which were emptied 

manually twice a day and the urine was subsequently mixed to a weekly mixture in 

a 1 m
3
 tank. The sampling of the urine was performed according to Höglund et al. 

(2000).

The faeces, which were collected in separate bins for each apartment, were 

emptied after each of the three sampling weeks. The faecal matter and the used 

toilet paper were mixed to a homogeneous paste after addition of deionised water 

and the samples were then extracted.  

The samples of greywater were collected proportionally to the flow by equipment 

for automatic sampling. For every 100 litres of greywater passing a ski board, 160 

ml of sample was collected. Every day the collected greywater from the two 

sampling points was pooled into daily samples. After 7 days, weekly samples were 

pooled from the daily samples.  

The biodegradable solid waste was collected in plastic bins located next to the 

communal compost reactor. The bin was sampled twice a week, and after weighing 

the biodegradable waste was emptied onto a tarpaulin where it was mixed and 

made into a pile. The pile was then divided into eight equally sized portions, from 

which two opposite portions were collected. The collected biodegradable waste was 

then treated as the samples in Ekoporten (above). 
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Vibyåsen (greywater only) 

The sampling was performed in the housing area Vibyåsen in Sollentuna, Sweden. 

The housing area consists of one-family houses comprising 47 households. Each of 

the four sampling occasions lasted for three hours. Two of the samplings occurred 

at low flow periods (two weekdays between 10:10-13:10 and 12:30-15:30, 

respectively) and two at high flow periods (one Wednesday 17:00-20:00 and one 

Sunday 11:40-14:40).

The samples were taken in a well where the greywater from all of the houses 

passed through. At sampling, the well outlet was dammed up and the samples were 

collected. Samples were collected every 6 minutes and subsequently pooled to a 3-

hour mixed sample. The greywater flow in Vibyåsen was measured manually in 

conjunction with the sampling. The greywater was collected in a 1500 ml beaker 

while measuring the time with a stopwatch. The collected greywater was decanted 

into a larger beaker (5000 ml). When almost full, the total volume was read off for 

the total time. This procedure of flow measurements provided the average flow 

during the 3-hour sampling occasions.  

Calculation from sewage sludge to greywater 

The wastewater arriving at a municipal sewage treatment plant has its origins in 

different types of sources; households, stormwater, landfill leachate and industrial 

wastewater. At the Gothenburg regional wastewater treatment plant (Sweden), the 

sources of heavy metals have been studied for several years (Balmér, 2001). The 

per capita contribution of heavy metals from households was calculated from the 

sludge of the 10-percentile treatment plants with no assumed stormwater or 

industrial discharges. The per capita amount of sludge was assumed to be 60 g DM 

p
-1

 d
-1

 and the distribution of heavy metals ending up in the sludge at the 

wastewater treatment plant was calculated according to Balmér (2001). The heavy 

metal contributions to wastewater from households obtained this way agree with 

the data found in the household wastewater fractions described above. If the heavy 

metals in urine and faeces are deducted, the difference represents the greywater 

contribution.  

Results and Discussion 

All of the field studies are first presented and discussed separately; thereafter the 

composition of the wastewater fractions is discussed and compared to the present 

Swedish design values. Where significant discrepancies were revealed, new design 

values for household wastewater fractions and solid biodegradable waste were 

proposed. The values for urine and faeces were presented so that the excreted 

amounts corresponded to the amounts expected if 24 hours a day were spent at one 
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place. This assumption was possible since the distribution of urine and faeces 

appears to occur consistently distributed throughout the day (Hellström & Kärrman, 

1996; Pharmacia, 2000). However, the amounts of greywater and solid 

biodegradable waste were assumed to be produced to 100% at home since those 

fractions arise from everyday household activities that mainly occur at home. In the 

attempt to present generally applicable data, the composition of the tapwater was 

deducted from all the results.  

The flow of substances in society is reflected in the wastewater and the solid 

wastes. As the habits and consumption patterns change over time, the composition 

of waste fractions will be affected, and therefore such design values have to be 

updated in the course of time.

Ekoporten

The average time spent at home in Ekoporten was 13.9 hours per day (58%) during 

the sampling periods. In the double flushed urine diverting toilets, some of the 

urine is misplaced and collected in the faecal bowl, giving lower amounts of 

nutrients collected in the urine and larger amounts in the faeces. This is also 

reported in several other studies on urine-diverting toilets (Jönsson et al., 1997, 

2000).

To correct for the amount of misplaced urine, a mathematical revision of the 

measured values from Ekoporten was made. Approximately 32% (Vinnerås & 

Jönsson, 2002) of the urine nutrients was therefore deducted from the faecal 

fraction and added to the urine fraction. Both the adjusted values (AV) and the 

measured values (MV) are presented (Table 2). The N:P-ratio of the urine mixture 

was 9 instead of the expected 11-12 according to Höglund et al. (2000), possibly 

due to nitrogen losses when handling the samples.

Compared to earlier measurements and present DV, high amounts of heavy 

metals were detected in the urine (Table 2) and the faeces (Table 3) in Ekoporten. 

The main source was most likely heavy metals in misplaced domestic cleaning 

water that the residents poured into the toilet due to the lack of a suitable sink in the 

households. Heavy metals are found in dust from households, which consequently 

end up in the domestic cleaning water (Koch & Rotard, 2000). In the adjusted 

values the surplus amounts of heavy metals in the two toilet fractions were added to 

the greywater as a precaution to make sure that the collected metals were charged 

to the right fraction. Due to uncertainties in the exact pollution sources, these 

surplus metal concentrations were also retained in the toilet fractions and thereby 

included both in the toilet fractions and in the greywater. However the surplus of 

copper in the urine was not added to the greywater since the major copper source 

was identified as being the half metre of copper pipe connecting the toilet to the 

urine soil pipe in the house (Vinnerås et al., 1999).
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Gebers

The average time spent at home in Gebers was around 15 h p
-1

 d
-1

 (63%) during the 

sampling period. The mass flows of urine and urine mixture (urine + flushwater) 

were on average 1.39 and 1.77 l p
-1

 d
-1

. The N:P ratio of the urine was on average 

15, which was higher than the expected 11 (Höglund et al., 2000). This may be a 

result of phosphate precipitation, e.g. calcium phosphate, in the pipes (Vinnerås et 

al., 1999). The metal concentrations in the urine were adjusted for the flushwater to 

avoid local influence from the tapwater. The largest metal influence from 

flushwater was for Ni (12%). The others ranged from 0-5%. 

The load of Cr, Ni and Zn in the faeces was quite high; this may be a result of the 

galvanized soil pipes connecting the toilets to the faecal collection bins. The DM of 

the faeces was 13% (10.0 kg p
-1

 y
-1

), which was only one third of the design value. 

The total amount of DM in faecal matter (faeces and toilet paper) was 18.5 kg p
-1

y
-1

with a water content of 77%. These figures were in general agreement with other 

investigations presenting 23% DM for faeces and toilet paper (Vinnerås & Jönsson, 

2002). The comparatively high wet mass of the faecal fraction may originate from 

misplaced urine. The total mass flow of greywater, 40 m
3
 p

-1
 y

-1
, was measured by 

the tapwater consumption, minus the flushwater (for urine). The greywater dry 

mass (DM) was 14.6 kg p
-1

 y
-1

 of which 99% was volatile solids i.e. organic matter. 

At Gebers the average greywater BOD/COD ratio was 0.45.

Vibyåsen (greywater only) 

As expected, large variations in the greywater flow during the different sampling 

periods were observed, as a consequence of the residents being at home or not and 

due to different activities over the day, e.g. morning showers and dishwashing after 

dinner. At the high flow periods, the average flow was about 15 l min
-1

 and at the 

low flow periods about 3 l min
-1

. An approximated average daily greywater flow at 

Vibyåsen was 66 l p
-1

 d
-1

, based upon 60% high flow periods and 40% low flow 

periods daily. At Vibyåsen the average greywater BOD/COD ratio was 0.71 

corresponding to the average concentrations 418 mg l
-1

 (BOD7) and 588 mg l
-1 

(CODCr) which were about 50% and 25% higher, respectively, than in the Gebers 

greywater. Large variations in oxygen demanding substances occur in greywater 

(Eriksson et al., 2002) and the Vibyåsen and Gebers values were on a par with the 

greywater concentrations of BOD (90-360 mg l
-1

) and COD (13-8,000 mg l
-1

)

reported by Eriksson et al. (2002). The ratios of BOD/COD for untreated municipal 

wastewater typically range from 0.3 to 0.8 (Tchobanoglous et al., 2003). The 

measurements at Vibyåsen are reported in Palmquist (2001) in more detail. 
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Urine

The collected amounts of urine were 554 kg p
-1

 y
-1

 at Ekoporten and 510 kg p
-1

 y
-1

at Gebers, deducting the flushwater volumes (Table 2). Hellström and Kärrman 

(1996) reported the collected urine amounts from 30 persons during 24 hours to 

550 kg p
-1 

y
-1

. In several studies by Jönsson et al. (2000) where urine mixture was 

collected during four to six weeks for 8 to 60 persons, with a total of 6500 person 

days, the average urine amounts were reported to 550±75 kg p
-1

 y
-1

. The current 

Swedish design value (DV) of urine wet mass is 365 kg p
-1

 y
-1

. We propose an 

increase of the DV for the urine wet mass to 550 kg p
-1

y
-1

.

Although discrepancies between measured values and the existing DV were 

revealed, no change of the DV for dry matter content in urine was proposed. The 

present DV of the urine dry mass was based upon excretion data – i.e. the urine 

characteristics directly after release. Since the Ekoporten and Gebers urine had 

been transported in pipes and stored before sampling, biochemical degradation of 

the urine dry matter (mainly urea) occurred during collection. The urea is degraded 

to ammonia and carbon dioxide (Vinnerås et al., 1999), leaving one third of the dry 

matter in the urine. The DV indicates what leaves the human body, so no 

suggestion was made to change the existing DV. 

Table 2. Amounts of urine collected in terms of mass, nutrients and heavy metals in the 

studies at Ekoporten and Gebers. Both measured (MV) and adjusted values (AV) for 

misplaced urine (per person and year) are given and compared to the Swedish DV 

(SEPA, 1995). Where appropriate, a new DV is proposed. 

Parameter  Ekoporten Gebers Swedish Proposed 

  MV AV MV DV new DV 

Wet mass kg 376 554 510 365 550

Dry mass kg 7 10 7.0 21 21 

BOD
7

g - - 1829 - - 

COD
Cr

 g - - 3723 - - 

N  g 2100 3700 3830 4000 4000 

P g 230 340 250 365 365 

K g 800 1190 820 910 1000

Cu  mg 1490 - 17.2 37 37 

Cr  mg 10.3 - 0.16 3.7 3.7 

Ni  mg 32.7 - 3.65 2.6 2.6 

Zn mg 150 - 102 16.4 16.4 

Pb mg 15.3 - 4.2 0.73 0.73 

Cd mg 0.48 - 0.08 0.37 0.25

Hg mg 0.30 - 0.16 1.1 0.30
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Nutrients

Regarding the contents of nitrogen and phosphorus in urine, no significant 

differences were revealed, either in Gebers or in Ekoporten, compared to the 

present DV. However, the amount of potassium in the Ekoporten urine mixture was 

30% above the existing DV. Jönsson et al. (1997; 2000) also showed higher 

amounts of potassium in urine compared to the Swedish DV. The main reason for 

increased K values may be a larger consumption of potassium, e.g. increased use of 

potassium-supplemented salt. Thus there are several indications for increasing the 

design value for potassium to 1000 g p
-1

 y
-1

 (Table 2). The increased DV was also 

supported by the physiological distribution of K, with >70% in urine and <30% in 

faeces (Berger, 1960). 

Heavy metals 

The heavy metals can be divided into two separate groups, essential and non-

essential elements. In this case Cu, Cr, Ni and Zn are essential whilst Pb, Cd and 

Hg are not. The essential elements are present in the diet as well as in mineral 

supplements and their presence in urine and faeces is thereby influenced by the 

diet. At Ekoporten, the amounts of the essential heavy metals were considerably 

higher compared to the design values, while the amounts in Gebers were 

comparable to the DV (Table 2). The elevated amounts at Ekoporten were most 

likely due to misplaced domestic cleaning water (poured into the toilets) and 

corrosion of pipes (Vinnerås, 2001). At both sites investigated, the detected 

amounts of zinc were almost ten times higher than the design value. This is 

probably partly caused by contamination from various building materials, e.g. 

pipework.

Decreasing amounts of the investigated non-essential heavy metals in Swedish 

society (Lohm et al., 1997; Balmér, 2001) have probably also affected the dietary 

intake of these metals. However, the detected amount of lead in the urine in 

Ekoporten was considerably higher than the DV. On the other hand, the levels of 

lead in all of the wastewater fractions analysed in Ekoporten were higher than 

expected. This may be caused by deposition of lead from a nearby airfield. The 

level of lead in the Gebers urine was comparable to the DV (Table 2). The 

cadmium amount in the urine at Gebers was only one fifth of the DV, while the 

amount at Ekoporten was comparable to the DV (Table 2). For mercury, the results 

from both sites rendered values considerably lower than the DV, which may be 

interpreted as a decreased flow of mercury in society.

Even though elevated concentrations were revealed at Ekoporten, no increases of 

the DV were proposed for Cu, Cr, Ni, Zn, and Pb in urine. The reason for these 

high levels is not known, and some levels were even too high to be related to the 

urine alone (WHO, 1995). The high values were assumed to be mainly caused by 
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pollution after the excretion. However, the measured levels lower than the DV of 

certain metals were interpreted as a decrease in the urine flow of the specific 

metals. Therefore DV for Cd and Hg are proposed to be lowered to 0.25 mg p
-1

 y
-1

and 0.30 mg p
-1

 y
-1

, respectively (Table 2).  

Faeces

The dry matter (DM) of faeces and toilet paper collected at Ekoporten was 12.5 kg 

p
-1

 y
-1

 (Table 3). This was significantly lower compared to the present DV of 12.8 

kg p
-1

 y
-1

 of faeces and 8.5 kg p
-1

 y
-1

 of toilet paper (Anonymous, 1994). At Gebers, 

the DM of the faecal fraction was 10.0 kg plus 8.5 kg of toilet paper (Table 3). In a 

24 h collection of faecal matter from seven males, Trémolières et al. (1961) 

collected 7.7 kg p
-1

y
-1

of dry matter, which is significantly less than the Swedish 

DV based upon 24 persons (12.8 kg p
-1

y
-1

) (Pimparkar et al., 1961). The DV for 

DM of faeces was proposed to be decreased to 11.0 kg per person and year (Table 

3). The wet mass of the faecal fraction at Gebers (72 kg p
-1

y
-1

) was twice the 

present DV, which corresponds to a water content of 88%. The existing DV for 

faecal wet mass corresponds to a water content of 63%. Lentner et al. (1981) 

reported a water content of 77% in faeces of 20 adults. An adjustment of the DV 

was proposed to 51 kg p
-1

y
-1

.

Nutrients

The content of N, P, K collected in faeces at Ekoporten and Gebers did not 

significantly differ from the DV (Table 3), so no changes were proposed. The only 

significant divergent value was the elevated amount of potassium at Ekoporten.  

Heavy metals

The amounts of essential heavy metals in faeces at Ekoporten were somewhat 

above the present DV (Table 3), which was most probably explained by external 

sources such as e.g. domestic cleaning water. At Gebers the content of essential 

heavy metals in the faeces was comparable to the DV, except for zinc, which was 

significantly elevated (Table 3). A probable source was the zinc galvanised soil 

pipes between the toilets and the collection bins.

The amounts of lead in faeces at both Ekoporten and Gebers were significantly 

above the present design value (Table 3). The reason for these high levels is not 

known, but the levels are too high to be related to the faeces alone (WHO, 1995). 

As the faecal fraction passes through a sewer before collection, the possibility of 

external contamination cannot be excluded. Therefore, it is proposed that the 

present design values should be kept unchanged for Cu, Cr, Ni, Zn, Pb and Cd. 

However, more thorough investigations of the flow of these elements in urine and 

faeces is needed to confirm more reliable design values. In spite of this, the levels 
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of mercury in the faeces at both sites were significantly lower than the present 

design value (Table 3), which was based upon a measurement from 10 persons 

(Skare & Engqvist, 1992). A change of the DV for mercury in the faeces to 3.0 mg 

p
-1

 y
-1

 was proposed (Table 3).

Table 3. Amounts of faeces collected in terms of mass, nutrients and heavy metals in 

the studies at Ekoporten and Gebers. Both measured (MV) and adjusted (AV) values 

(per person and year) are given for Ekoporten. For Gebers AV and the amount of toilet 

paper (TP) used are given. The values are compared to the Swedish DV for faeces 

(SEPA, 1995) flushwater and toilet paper (Anonymous, 1994). Where appropriate, a new 

DV is proposed 

Parameter Ekoporten Gebers Swedish 

DV

Flush

water

Toilet

paper

Proposed

new DV 

 MV AV AV TP     

Wet

mass

kg 18700

a

18700

a

72

b

 8.9 36.5 18300 8.9 51

Dry

mass

kg 12.6 12.6 10.0

b

 8.5 12.8 - 8.5 11

BOD
7

g - - 1223

c

 - - - -  

COD
Cr

 g - - 1668

c

 - - - -  

N  g 1800 630 710 - 550 - - 550 

P g 234 126 250 - 183 - - 183 

K g 920 540 280 <0.9 365 - - 365 

Cu mg 1060 - 628 - 400 - - 400 

Cr mg 68 - 47 - 7.3 - - 7.3 

Ni mg 110 - 81 - 27 - - 27 

Zn mg 4860 - 16900 - 3900 - - 3900 

Pb mg 460 - 13 - 7.3 - - 7.3 

Cd mg 6.4 - 5.7 - 3.7 - - 3.7 

Hg mg 2.8 - 3.2 - 23 - - 3.0
a

 flushwater included;

b

 faeces only, toilet paper (TP) excluded;

c

 including TP 

Greywater 

The greywater embodies the largest volume and the highest amount of dry matter 

when the urine, faeces and greywater are compared. The greywater flows at the 

three sites were 38 m
3
 p

-1
 y

-1
 at Ekoporten, 40 m

3
 p

-1
 y

-1
 at Gebers and 24 m

3
 p

-1
 y

-1

at Vibyåsen. These flows were all considerably lower than the present Swedish DV 

of 55 m
3
 p

-1
y

-1
 (SEPA, 1995). The proposed new design value for the greywater 

flow was 36.5 m
3
 p

-1
 y

-1
. The DV for dry matter, BOD7 and CODCr were proposed 

to be changed according to Table 4. 
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Table 4. Amounts of greywater collected in terms of mass, oxygen demand, nutrients 

and heavy metals per person and year at the four sites compared to the present 

Swedish DV (SEPA, 1995). Where appropriate, a new DV is proposed 

EkoportenParameter

MV   AV 

Gebers Viby-

åsen

Gothen-

burg

Swedish 

DV

Proposed

DV

Wet

mass

kg 3800

0

- 40150 24236  55000 36500

Dry mass kg 21.6 - 14.6 15.1  29.2 20

BOD
7

g - - 7700 10100  10220 9500

COD
Cr

 g - - 17500 14250  26280 19000

N  g 613 - 510 230  365 500

P g 162 - 220 180  110 190

K g 1450 - 350 200  180 365

Cu  mg 3010 3650 2365 1497 2740 2190 2500

Cr  mg 360 430 149 91 400 1830 365

Ni  mg 300 430 87 266 590 1100 450

Zn mg 4800 6500 2252 1570 3290 18250 3650

Pb mg 515 990 87 62 390 1095 365

Cd mg 11 14 5.1 2.2 17 219 12

Hg mg 3.8 3.8 1.1 0.4 <1 22 1.5

Nutrients

At Ekoporten and Gebers the nitrogen amounts in greywater were higher than the 

present design value, but lower at Vibyåsen. No pertinent explanation for the 

difference between the sites and the present design value was found. The DV for 

nitrogen and phosphorus were proposed to be changed to 500 g p
-1

 y
-1

 and 190 g p
-1

y
-1

, respectively. The content of potassium in greywater at the three sites was also 

higher compared to the design value (Table 4). The reason for this was probably an 

increased use of potassium, for example in liquid detergents and as a mineral 

supplement in table salt. Therefore we proposed an increased design value for 

potassium of 365 g per person and year (Table 4). 

Heavy metals 

The major proportion of the heavy metal load to household wastewater was found 

in the greywater fraction. However all heavy metal values measured (in the 

investigations presented in this paper) in greywater were significantly lower than 

the present Swedish design value, except for copper (Table 4). The metals present 

in tapwater were deducted from the greywater concentrations for two main reasons 

(1) to isolate the contribution of metals from household activities and (2) to avoid 

the local influence of the tapwater. This operation showed that the tapwater was the 

source of 60% of the Ni, 10% of the Zn and 0-7% of the other metals investigated. 

The present Swedish design values for greywater were mainly based upon field 

measurements of sixteen apartments at the eco-village Tuggelite in Sweden during 
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seven days (SEPA, 1995), corresponding to approximately 400 person days. Data 

presented on greywater characteristics in this paper correspond to approximately 

3050 person days. Moreover the calculated data from municipal sewage sludge 

were based upon 605,000 persons connected to the wastewater treatment plant 

Ryaverket in Gothenburg, Sweden, for ten years. Since discrepancies were revealed 

between the present design values and the new greywater data for all of the metals 

studied, changes of the design values for metals were proposed according to Table 

4.

Copper was the only metal proposed to be increased. The concentration of Cu in 

greywater is most sensitive to local conditions such as corrosion of the water 

distribution pipes and service pipes. However the new greywater data indicate a 

higher level of Cu (2500 mg p
-1

y
-1

) than the present Swedish DV. Data from our 

studies show that chromium, nickel and zinc values were significantly below the 

present DV. The new proposed design values for Cr, Ni and Zn were 365, 450, and 

3650 mg p
-1

 y
-1

, respectively (Table 4).

The levels of lead were in all cases except for Ekoporten considerably lower than 

the present DV. A possible reason for the high levels of lead in the wastewater at 

Ekoporten was the nearby propeller plane airfield, which still uses leaded fuel. The 

new DV for lead was proposed to be 365 mg p
-1

 y
-1

 (Table 4). The levels of 

cadmium and mercury were significantly below the present design value in all of 

the new greywater data. For cadmium, the proposed DV was 12 mg p
-1

 y
-1

 and for 

mercury 1.5 mg p
-1

 y
-1

 (Table 4).  

Biodegradable solids 

As a nutrient-containing organic fraction from households, biodegradable solid 

waste was also included in the study. During recent years there has been a growing 

interest in Sweden in introducing the biodegradable solid waste into the wastewater 

by implementing solid waste disposal units into household kitchens (Kärrman et al., 

2001). At Ekoporten and Gebers, some significant differences in the composition of 

the collected biodegradable solids were observed compared to the expected 

amounts. The Swedish DV for biodegradable solid waste was based upon several 

studies where the biodegradable solid wastes were collected at different kinds of 

Swedish housing areas (large scale collection). This means that the present design 

values were based on a larger data quantity than was presented on biodegradable 

solid waste in these studies. Moreover, the collection strategy for biodegradable 

solid waste has effects on the composition of the collected material since e.g. local 

composting gives a less contaminated quality of biodegradable solid waste 

(Sonesson & Jönsson, 1996).

The analysed levels of cadmium and mercury were considerably lower than the 

design values (Table 5). This was probably due to the local recycling of the 
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biodegradable solid waste and a general decreasing flow of Cd and Hg in Swedish 

society. The proposed changes of the DV were for Zn (700 mg p
-1

 y
-1

), Cd (2.7 mg 

p
-1

 y
-1

) and Hg (0.25mg p
-1

 y
-1

) (Table 5). 

Table 5. Amounts of biodegradable solid waste collected in terms of wet mass, dry 

mass, nitrogen, phosphorus and potassium in the studies in Ekoporten and Gebers (per 

person and year) compared to the Swedish design values (Sonesson & Jönsson, 1996). 

Where appropriate, a new DV is proposed 

Parameter Ekoporten Gebers Swedish 

DV

Proposed new 

DV

Wet

mass

kg 82.5 66.5 80.3 80.3 

Dry

mass

kg 21.5 16.5 27.5 27.5 

N g 570 324 550 550 

P g 90 57 104 104 

K g 200 182 82 82 

Cu  mg 306 162 549 549 

Cr  mg 263 182 137 137 

Ni  mg 33.4 89.4 82.3 82.3 

Zn mg 660 675 3570 700

Pb mg 203 40.2 275 275 

Cd mg 2.7 2.48 8.2 2.7

Hg mg 0.21 0.24 2.7 0.25

The proposal for new design values 

After scrutinising the present Swedish design values for the characteristics of 

household wastewater fractions by comparing them to a number of recent 

measurements, a new proposal for the design values of wastewater fractions and 

biodegradable solids was put forward (Table 6). The values proposed to be changed 

are written in bold; the Swedish design values from 1995 are presented in Tables 2 

to 5.
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Table 6. Proposed DV for composition of the different fractions of household wastewater 

and biodegradable solid waste per person and year, proposed changes are given in bold 

text  

 Unit Urine Faeces Toilet 

paper

Greywater Biodeg waste 

Wet mass kg 550 51 8.9 36500 80.3

Dry mass kg 21 11 8.5 20 27.5

BOD
7

g - - - 9500 -

COD
Cr

g - - - 19000 -

N g 4000 550 - 500 550

P g 365 183 - 190 104

K g 1000 365 - 365 82

Cu mg 37 400 - 2500 549

Cr mg 3.7 7.3 - 365 137

Ni mg 2.6 27 - 450 82.3

Zn mg 16.4 3900 - 3650 700 

Pb mg 0.73 7.3 - 350 275

Cd mg 0.25 3.7 - 12 2.7 

Hg mg 0.30 3.0 - 1.5 0.25 
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Abstract

To increase the knowledge concerning the flows and co mpositions of wastewater fractions, field 

measurements were performed on the Gebers wastewater system (80 residents), which source 

separates the flow into four fractions of urine, dry collected faeces, greywater, and solid

biodegradable waste. The flows were 1.77; 0.22; 110 and 0.18 kg per person and day

respectively. The chemical compositions were reported for the following compounds: TS, COD, 

BOD
7
, N-tot, P-tot, K, S, Ag, B, Bi, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Pd, Pt, Rh, Sb, Se, Sn, 

Sr, Te, W, and Zn. The NPKS relationships of urine mixture, faeces, and biodegradable solid 

waste at Gebers corresponded well to the crop uptake of macronutrients, which make them to 

potential fertilisers from a plant nutrients point of view.

A ratio of hazardous elements vs. nutrients was calculated to evaluate the potential for nutrient 

recycling. The lower the quotient, the better quality of the fertiliser. Obtained ratios were

compared to the analogous ratios for wastewater sludge and a chemical fertiliser. The ratios of

12 non-essential elements to phosphorus and nitrogen were lower in the urine than in all of the 

other fractions The fertilising potential for the sludge, greywater and biodegradable solid waste

was questioned in the long term perspective due to higher ratios of hazardous elements contra 

nutrients than the plant uptake, which implies that an accumulation of these metals may occur in 

the fields. To reach a mass balance on the field the fertiliser should contain lower or the same 

ratios than the food. Since the food is the main source of the discussed metals in urine and

faeces these fractions could be potential fertilisers, provided that external sources can be

restricted.

Introduction

A water and wastewater system accounts for a large portion of the flows o f both water and plant 

nutrients in an urban society. Most plant nutrients in wastewater originate from arable land and 

their flow is via food and human excreta into the wastewater system. To preserve its fertility,

arable land needs to be compensated for the plant nutrients removed. Today, chemical

fertilisers produced by fossil resources do mostly this. In the long -term perspective we cannot 

securely rely on fossil resources, while the recycling of plant nutrients from human excreta to 

*
This paper has been peer reviewed by the symposium scientific committee
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arable land could be another way of compensating soil fertility. Another important issue is that 

treated wastewater should be pure enough when it is returned to nature to not influence the 

ecosystem.

Stormwater, industrial discharges, and greywater are considered to be the main sources of 

pollution in conventional wastewater systems. Greywater is generally defined as household

wastewater without any input from toilets, which corresponds to wastewater produced from

bathing, showering, laundry, and the kitchen sink. While much information is available on the 

flow and composition, including hazardous substances, of mixed wastewater, reliable

information is lacking concerning the flow and composition of its different fractions, urine,

faeces, and greywater. According to Jefferson et al. (1999), Palmquist (2001), and Eriksson et 

al. (2002), published and reviewed literature focusing on the characterisation of greywater is 

very limited. The same applies to urine and faecal matter (Jönsson et al., 2000; Vinnerås,

2002). For the development and evaluation of source separating wastewater systems, reliable 

information is needed on the composition of the wastewater fractions. Increased knowledge

concerning flows and composition, of both nutrients and hazar dous substances, is necessary 

for assessing the quality of the fractions and the potential for nutrient recycling on arable land.

To increase the knowledge concerning the flows and compositions of wastewater fractions, field 

measurements were performed on the Gebers wastewater system. Gebers is a house

consisting of 32 apartments, communal recreational facilities, kitchen, and dining hall, and is 

situated in the suburb of Skarpnäck nearby Stockholm, Sweden. Gebers has approximately 80 

residents, many of them with environmental concerns, including their housing. The wastewater 

system of Gebers source separates the flow into three fractions of urine mixture (urine + small 

amounts of flush water), faeces (faeces + toilet paper collected dry), and greywater. The  solid 

biodegradable waste is also source separated.

Objectives

This paper has two main objectives. The first is to analyse and describe the flow and chemical 

composition of the following four waste and wastewater fractions; urine, faeces, greywater, and 

solid biodegradable waste at Gebers. The four fractions cover the output waste streams from 

households. The second objective is to consider the potential of these fractions for nutrient

recycling based on their ratios between hazardous substances and plant nutrients.

Methods

Selection of indicator substances

Today, more than 75,000 chemical compounds are present in the technosphere, with 30,000 of 

these being regarded as everyday chemicals that are regularly used in households (Palmquist,

2001). Due to the vast number of chemicals used in households, the high analytical costs of

both organic and inorganic substances, and a limited analyses budget, a restricted number of 

indicator substances had to be selected for the investigation at Gebers. The choice of indicator 

substances was made by a group of experts. The base of the selection was ordinary

wastewater variables supplemented by some hazardous organic and inorganic substances.

Urine, faeces, greywater, and solid biodegradable waste were ana lysed for 29 metals

(elements). The greywater was additionally investigated for the following organic compounds; 

polycyclic aromatic hydrocarbons (PAHs), poly chlorinated biphenyls (PCBs), phthalates,

alkylphenol etoxilates, organotin compounds, brominated flame-retarding agents, and linear

alkylbenzene sulphonate (LAS). A total number of 80 organic compounds were investigated but

they will not be considered in this paper due to the restricted space.

The plant nutrients of most interest, when evaluating the  recycling potential of the four fractions, 

are nitrogen, phosphorus, potassium, and sulphur (Swedish EPA, 2002). The four of these
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nutrients were measured.

Sampling

The sampling of source separated urine, faeces, greywater, and biodegradable solid waste f rom

the households at Gebers was performed during three weeks in October 2001, divided into

three periods of one week each. During this period samples of all four fractions were taken and 

their total mass flows were measured. In addition, during the whole period, the residents noted 

on a questionnaire how much time they spent at home each day. During the whole

measurement period, residents were supplied with toilet paper. All samples were collected as 

weekly mixed samples, and were stored at -20°C until they were analysed. The solid

biodegradable waste samples were ground and homogenised before they were sent for

analysis.

The samples of greywater were collected proportionally to the flow. Equipment for automatic 

sampling was installed on the two outgoing sewage pipes from the house. For every 100 litres 

of greywater passing a ski board, 160 ml of sample was collected and stored in a refrigerator. 

The collected greywater from the two sampling points was mixed into daily samples, which were 

placed into -20°C. After 7 days, weekly samples were mixed from the daily mixed samples.

At Gebers, the urine is normally collected in 3 - 6 m

3

 tanks in the basement of the house. During 

the sampling period the urine was instead piped into 3 - 25-litres plastic containers that were 

emptied manually twice daily into a 1 m

3

 tank.  At the end of each weekly measurement period, 

the urine was thoroughly mixed in a closed system before the samples were collected. Faeces 

were collected in separate bins for each of the 32 apartments;  the bins were also emptied after 

each of the three sampling weeks. The faecal matter and the used toilet paper were mixed into 

a homogeneous slurry after an addition of deionised water, and then the samples were

extracted. All solid biodegradable waste was collected and divided into representative samples 

twice weekly. These samples were later ground and homogenised before being divided into

smaller samples submitted for analysis.

Analyses

Accredited contract laboratories were engaged for all the analysis work (SGAB Analytica,

AnalyCen, ALcontrol). Two weekly mixed samples per fraction were analysed for TS, ash, COD, 

BOD
7
, TOC, nitrate, and nitrite, and four weekly mixed samples per fraction for ammonia and 

Kjeldal-nitrogen. There were no accredited methods  available for BOD
7
 and COD for faeces and 

the biodegradable solid waste. Furthermore, two weekly mixed samples were analysed for each 

fraction during the first two weeks, and three samples during the last week for the total

phosphorus (P
tot

) and the elements K, Ca, Fe, Mg, Na, S, Ag, Al, B, Bi, Cd, Co, Cr, Cu, Hg, Mn, 

Mo, Ni, Pb, Pd, Pt, Rh, Sb, Se, Sn, Sr, Te, W, and Zn. The element analyses were performed by 

SGAB Analytica using ICP-AES/ICP-SMS. Accredited methods for the following element

analyses were not available in urine; Ag, B, Bi, Fe, Hg, Pd, Pt, S, Sb, Se, Sr, and W (SGAB 

Analytica, 2002). For urine and greywater, the pH and conductivity was measured daily.

Suspended solids (SS) and phosphate were measured on urine and greywater twice weekly (on 

fresh daily mixed samples).

Results

During the measurement period, residents were at home on average 15.3 hours per day. Thus, 

the measured flows of urine and faecal matter have been linearly extrapolated to the estimated 

flow during the whole day, i.e. dur ing 24 hours. No extrapolation has been made for the flow of 

greywater or solid biodegradable waste. The reason for this is that the amount of showering, 

laundry, and cooking will only slightly be affected by the time spent at home, while the residents 

will most likely use other toilets when not at home.
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Data for urine was denoted urine mixture, meaning that urine samples with flush water were 

included. The results from the faeces measurements are presented with toilet paper included. 

Table 1 gives the flows of ordinary wastewater variables, including seven heavy metals, in

Gebers put forward as mass flows per person and year.

Unit Urine mixture Faeces + toilet paper Greywater Biodegradable solid waste

Wet mass kg 646 81

a

40150 67

TS kg 7.0 18.6

a

14.6 16.5

BOD
7

g 1829 1223 7700 1051

COD g 3720 1668 17500 2931

N g 3830 710 510 324

P g 250 250 220 57

K g 820 280 350 182

S g 230 78 584 33

Cu mg 17.2 635 2370 162

Cr mg 0.16 49 149 182

Ni mg 4.2 82 241 89

Zn mg 107 16940

b

2255 675

Pb mg 4.2 13.5 88 40

Cd mg 0.08 5.7 5.5 2.5

Hg mg 0.16 3.2
1.1

2.7

a) The use of toilet paper was: 8.5 kg TS per person and year

b) This value is probably partly due to corrosion from the galvanised pipes which were a part of the system

Table 1: Results from measurements of source separated wastewater fractions at Gebers. The results 

are given as a mass flow per person and year. Urine mixture means urine with flush water 

included. The faeces measurements are presented with toilet paper included.

Urine mixture Faeces + TP Greywater Biodegr. solid waste

Unit µg l

-1

Std. dev. mg (kg TS)

-1

Std. dev. µg l

-1

Std. dev. mg (kg TS)

-1

Std. dev.

Ag 0.03 0.01 0.64 0.40 0.265 0.007 0.022 0.011

B 969 9 7.8 0.7 49.7 11.7 10.6 2.2

Bi <0.050 - 0.014 0.004 <0.050 - 0.017 0.010

Co 0.25 0.04 0.518 0.005 0.394 0.009 0.58 0.49

Mn 1.5

a

- 100 3 33 3 63.4 24.1

Mo 44.4 1.4 2.24 0.04 1.10 0.03 0.83 0.18

Pd <0.020 - <0.020 - <0.020 - <0.020 -

Pt <0.003 - 0.003 0.002 0.014 0.002 <0.020 -

Rh <0.010 - <0.020 - <0.010 - <0.020 -

Sb 0.17 0.05 0.060 0.002 0.189 0.025 0.045 0.025

Se <20 - 0.60 0.03 0.177 0.011 <0.40 -

Sn 0.917 0.138 16 6 1.65 0.31 1.33 1.44

Sr 42.7 1.1 33.6 1.9 60.3 2.0 40.0 14.4

Te 0.02 0.01 <0.005 - 0.019 0.003 <0.09 -

W 0.099 0.012 0.062 0.017 0.079 0.002 0.005 0.000

a

 Based on two values only

Table 2: Rare elements in source separated wastewater fractions and biodegradable solid waste at 

Gebers. The results originate from the average values from the three (weekly mixed) samples 

for each fraction. 

Additional metals, many of the m considered as hazardous, were analysed in source separated 



2

nd

 international symposium on ecological sanitation, april 2003

Palmquist 591

S
e

s
s

io
n

 F

wastewater fractions and biodegradable solid waste at Gebers (see Table 2).

Samples of urine were analysed for antibiotics resulting in concentrations below the detection 

limit 0.25 µg per litre (Johansson, 2002). 43 out of the 80 investigated organic substances were 

detected in the greywater. Substances from all the seven groups were found. Significant

variations in the presence and concentrations of the investigated substances were observed

over the three sampling weeks. These results are presented in greater detail in Andersson & 

Jenssen (2002).

Discussion

Ratios between hazardous substances and plant nutrients

For some of the substances, the relation between hazardous elements and the plant nutrients 

phosphorus and nitrogen were studied in the four fractions (Tables 3a and 3b). A ratio of

hazardous substances contra nutrients is one way of evaluating the potential for nutrient

recycling. The lower the quotient, the better quality of the fertiliser. Obtained ratios for the waste 

and wastewater fractions were compared to the analogous ratios for sludge from municipal

wastewater treatment plants (WWTP) and a chemical fertiliser (Eriksson, 2001). The sludge

ratios were calculated from the median values of selected metals vs. phosphorus and nitrogen 

from 32 Swedish WWTPs with less than 20,000 people connected (Eriksson, 2001). The reason 

for selecting these WWTPs was that mainly households are connected to those small WWTPs, 

making the comparison between the sludge ratios and the ratios for waste and wastewater

fractions more adequate.

[mg / kg P]

Urine Faeces Greywater Biodegr. solid

waste

WW sludge

a

Chemical

fertiliser

Ag 0.08 48 52 6.2 141 <

Cd 0.31 23 27 44 37 0.24

Co 0.64 39 77 158 144 4.5

Cr 0.66 196 739 3220 926 37

Cu 68.6 2530 11550 2865 11520 6.9

Hg 0.65 13 5.3 4.2 29 0.04

Ni 16.6 330 1170 1581 480 22

Pb 16.9 54 425 710 963 2

Pt < 0.2 2.8 < 5 0.03

Sb 0.45 4.5 37 12.4 48 0.2

Sn 2.4 1200 324 386 593 0.4

Sr 110 2520 11820 11090 3500 270

Te 0.05 < 3.7 < 5 <

W 0.26 4.7 15.5 25.4 89 0.2

Zn 426 67700

b

12370 11940 16440 76

a)

Values from Eriksson (2001). WW sludge refers to median values for WWTP with less than 20,000 persons connected. The 

chemical fertiliser refers to NPK-S 21-4-7

b)

This high value was probably partly due to corrosion from the galvanised pipes, which were a part of the system

Table 3a: The flow of metals per kg phosphorus in the wastewater fractions urine, faeces, greywater, 

and biodegradable solid waste at Gebers compared to analogous ratios of WW sludge and a 

chemical fertiliser.

The total uptake of macronutrients of the crop is approximately 100 times larger than the total 

uptake of micronutrients (Hammar et al., 1993). The macronutrients are nitrogen,  phosphorus, 

potassium, sulphur, magnesium and calcium. Of these, yearly additions are normally not

needed of calcium and magnesium, since soils with acceptable pH values normally contain

enough calcium and magnesium. When the pH value of the soil is too low, it is raised by

additions of lime, which often also contains magnesium (Hammar et al., 1993).
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In most cultivation areas yearly additions are needed of nitrogen, phosphorus, potassium and 

sulphur. Thus, these four elements are of high significance when waste and wastewater

products are discussed as potential fertilisers. The mass ratios between the four elements are 

also of importance, since different kinds of crops have different uptake of these substances.

Compared to phosphorus, most crops take up 4-10 times as much nitrogen, 1-8 times as much 

potassium while the uptake of sulphur is 0.3-1 times the phosphorus (Hammar et al., 1993).

The composition of the waste and wastewater fractions, which are derived from food, matches 

these ratios well. Compared to phosphorus, the N:P:K:S relationships of urine mixture, faeces, 

greywater, and biodegradable solid waste at Gebers were 15:1:3:1, 3:1:1:0.3, 2:1:2:3 and

6:1:3:0.6. These ratios show that the urine mixture is a very nitrogen rich fraction, which makes 

it a potential fertiliser. It is also seen that the sulphur/phosphorus ratio falls within the range, 0.3 -

1, for urine, faeces and biodegradable solid waste, which correspond to the plant uptake of the 

S:P ratio (Hammar et al., 1993). For greywater though the S:P ratio is 3, which means that

sulphur would be added in excess if greywater would be used for P-fertilising purposes. Surplus 

amounts of sulphur may have acidifying effects in the soil.

[mg / kg N]

Urine Faeces Greywater Biodegr. solid 

waste

WW sludge

a

Chemical

fertiliser

a

Ag 0.01 16.7 20.5 1.1 100 <

Cd 0.02 8.1 10.6 7.7 27 0.08

Co 0.04 13.7 30.5 27.6 103 1.5

Cr 0.04 69 292 562 658 12

Cu 4.5 889 4566 500 8184 2.3

Hg 0.04 4.6 2.1 0.74 20 0.01

Ni 1.1 117 462 276 342 7

Pb 1.1 19 168 124 684 0.7

Pt < 0.08 1.1 < 4 0.01

Sb 0.03 1.6 14.6 2.2 34 0.07

Sn 0.16 417 128 67 421 0.13

Sr 7.2 892 4674 1936 2487 90

Te 0.003 < 1.5 < 3 <

W 0.02 1.6 6.1 4.4 63 0.07

Zn
28 24

b

4891 2083 11684
25

a)

 Values from Eriksson (2001). WW sludge refers to median values for WWTP with less than 20,000 persons connected. The 

chemical fertiliser refers to NPK-S 21-4-7

b)

 This high value was probably partly due to corrosion from the galvanised pipes, which were a part of the system

Table 3b: The flow of metals per kg nitrogen in the wastewater fractions urine, faeces, greywater, and 

biodegradable solid waste at Gebers compared to analogous ratios of WW sludge and a 

chemical fertiliser.

The plants also require micronutrients such as boron, cobalt, copper, iron, manganese and zi nc

(Hammar et al., 1993). Ratios for cobalt, copper and zinc in the waste and wastewater fractions 

are given in the Tables 3a and 3b. The mass flows of micronutrients in the urine and the faeces 

are likely to correspond to the mass flows of these substances in the food, due to the mass 

balance of the human body. Increased zinc values in the faeces indicate that they might have 

been contaminated by zinc from the galvanised pipes in the collecting system. The

copper/phosphorus ratios for greywater and sludge, show that contamination of copper probably 

occur due to e.g. corrosion of the copper pipes for drinking water.

The other 12 elements in the Tables 3a and 3b are not needed by the plants and most of them 

can be toxic to soil microbes, plants, and animals i ncluding humans. Therefore, accumulation of 

these elements in the soil might be harmful in a long term perspective. Furthermore, the natural 

concentration of some of these substances, e.g. Ag, in the soil is very low, which means that 

also small additions rapidly increase the concentration in the soil. Table 3a and 3b show that the 
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ratios were lower for urine than in the other waste and wastewater fractions. Several studies 

have furthermore shown that the fertilising effect of human urine is good (Kirchmann  &

Pettersson, 1995; Kvarmo, 1998; Richert-Stintzing, et al., 2001).

The ratios of the 12 non-essential elements to phosphorus and nitrogen are higher in the faeces 

than in the urine (Table 3a and 3b). If bound to particles or low solubility in the intesti nes liquids 

the elements, taken via the food, goes directly into the faeces, while the nutrients are

metabolised and excreted via the urine (Birgersson et al.,1983). Normally the pollution level of 

the food equals the pollution that is removed from the fields, and to reach a mass balance on 

the field of these substances the fertiliser should not contain higher ratios than the food. Since 

the food is the main source of the discussed metals in urine and faeces these fractions could be 

potential fertilisers, provided that external sources of hazardous elements can be restricted.

According to the Tables 3a and 3b the ratios of WW sludge in general are higher than for urine 

and faeces. The same applies for the greywater, which makes them to difficult fractions when it 

comes to their fertilising potentials. Receiving a lot of chemicals and residues from our daily 

activities e.g. personal care products, washing powders etc. makes them doubtful from a

chemical risk point of view. The ratios for the solid biodegradable waste were also generally 

higher than for urine and faeces, which partly might be due to pollution from peels and

contamination form surfaces e.g. some chromium might come from stainless steel surfaces. All 

in all the potential as fertiliser for food production for the fractions WW sludge, greywater and 

biodegradable solid waste must be questioned in the long term perspective due to higher ratios 

of hazardous elements contra nutrients than what the plant uptake can counter balance.

Conclusions

The flows of source separated urine, faeces, greywater, and biodegradable solid waste from the 

households at Gebers were 1.77; 0.22; 110 and 0.18 kg per person and day during the three 

weeks of measurements. The chemical compositions were reported for the following

compounds: TS, COD, BOD
7
, N-tot, P-tot, K, S, Ag, B, Bi, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, 

Pd, Pt, Rh, Sb, Se, Sn, Sr, Te, W, and Zn in the Tables 1 and 2.

The NPKS relationships of urine mixture, faeces, greywater, and biodegradable solid waste at 

Gebers were 15:1:3:1, 3:1:1:0.3, 2:1:2:3 and 6:1:3:0.6.  Except for greywater this corresponded 

well to the crop uptake of macronutrients, which make them to potential fertilisers from a plant 

nutrients point of view.

The ratios of the 12 non-essential elements to phosphorus and nitrogen were lower in the urine 

than in all of the other waste and wastewater fractions. To reach a mass balance on the field of 

these substances the fertiliser should not contain higher ratios than the food. Since the food is 

the main source of the discussed metals in urine and faeces these fractions could be potential 

fertilisers, provided that external sources can be restricted. The fertilising potential for the

fractions WW sludge, greywater and biodegradable solid waste must be questioned in the long 

term perspective due to higher ratios of hazardous elements contra nutrients than what the

plant uptake can counter balance, which implies that an accumulation of these metals may

occur in the fields.

The content of both inorganic and organic hazardous substances in wastewater fractions is

difficult to relate to a comprehensible reference frame due to the lack of knowledge. Even in

such a small and well-defined wastewater system as Gebers, the diffuse sources to the

chemical flow are difficult to keep track of, which also show how difficult it is to keep fractions 

unpolluted in our chemical society. The obtained results, for both the more well-known and the 

new compounds, are important pieces for accomplishment of substances flow analyses for the 

material flows within different types of wastewater systems.
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ABSTRACT

The objective of this paper is to present the concentrations of several selected 

organic hazardous substances and macro nutrients in separate household 

greywater and human urine. Field measurements were performed at a domestic 

wastewater system that source separates the wastewater into three fractions – 

greywater, urine, and dry collected faeces. In greywater, 41 of 81 organic 

hazardous substances representing all 8 substance groups were found 

(nonylphenol- and octylphenol ethoxylates, brominated flame-retardants, 

organotin compounds, PAH, PCB, phthalates, LAS, and triclosan). Of the two 

hazardous organic substances searched for in urine, triclosan was found but not 

fenoxymethyl penicillin (PcV). Total solids (TS), biochemical oxygen demand 

(BOD7), chemical oxygen demand (CODCr), total nitrogen (Ntot), total 

phosphorus (Ptot), potassium (K), and sulphur (S) were also investigated in the 

two wastewater fractions. Furthermore, one objective was to suggest potential 

household sources for a selected number of organic hazardous substances. The 

input of organic hazardous substances from households to wastewater occurs 

mainly via greywater. These substances derive from many household diffuse 

sources, including everyday activities, the wear and tear of building material and 

interior fittings, and airborne deposition. A conclusion was, however, that the 

content of hazardous substances in wastewater fractions is difficult to relate to 

distinct comprehensible sources, as was valid also for a small and well-defined 

wastewater system at Gebers. 

Key words: Greywater, Urine, Hazardous organic substances, Households, 

Sources, Wastewater fractions 
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INTRODUCTION

Numerous sources of wastewater generation exist in urban areas – households, enterprises, 

public locations, industries, storm drainage, etc. Diffuse sources currently account for the 

majority of hazardous substances in wastewater, possibly leading to operational problems in 

the wastewater treatment plants (WWTP), causing disturbances in receiving waters, and 

leaving a quality problem of the sludge. Substances totalling 30,000 are regarded as everyday 

chemicals (Commission of the European Communities 2001) that are regularly used in 

households, and Eriksson and others (2002) further claim that more than 900 xenobiotic 

organic compounds potentially may appear in greywater.  

Apart from the operation and maintenance of existing systems, wastewater management also 

includes planning for future wastewater strategies and investments. Source separating 

wastewater systems are one of many scenarios for future wastewater systems. For the 

development and evaluation of source separating wastewater systems, reliable information 

regarding the characteristics of domestic wastewater fractions urine, faeces, and greywater is 

needed. Greywater is generally defined as household wastewater without any input from 

toilets, i.e. wastewater produced from bathing, showering, hand washing, laundry, and the 

kitchen sink. Present knowledge about the characteristics of greywater is rather limited and 

there is an urgent need for more information about greywater characteristics to evaluate the 

chemical risk potential for greywater reuse, for infiltration in soil, and its effects in receiving 

water-bodies (Jefferson and others 1999; Palmquist 2001; Eriksson and others 2002). 

According to Eriksson and others (2002), the literature data on greywater characteristics 

clearly focuses on the oxygen consuming compounds (BOD and COD), nutrients, and some 

species of micro-organisms. A small number of studies report on heavy metals, while 

information about organic hazardous substances in greywater is entirely missing.

Site description 

To increase knowledge concerning the flows and composition of wastewater fractions, with a 

focus on organic hazardous substances, field measurements were performed at the Gebers 

wastewater system. Gebers is a housing estate consisting of 32 apartments, communal 

recreational facilities, kitchen, and dining hall, and is situated in the suburb of Skarpnäck 

nearby Stockholm, Sweden. Approximately 80 residents live there, many of whom with 

environmental concerns, including their housing. The wastewater system at the Gebers source 

separates the wastewater into three fractions – greywater, and by separating the urine mixture 

of dry toilets (urine + small amounts of flush water) as well as dry collected faeces (faeces + 

toilet paper). Though not referred to in this article, the solid biodegradable waste is also 

separated at the source and composted locally. This paper focuses on reporting the 

concentrations of selected organic hazardous substances in household greywater and urine, 

while eventually expanding on a discussion about the sources of these substances in 

households.

Objectives and Scope 

The objective of this paper was to present the concentrations of several selected organic 

hazardous substances and macro nutrients in separate household greywater and human urine. 

A total of 82 organic compounds (nonylphenol- and octylphenol ethoxylates, brominated 

flame-retardants, organotin compounds, polyaromatic hydrocarbons (PAHs), polychlorinated 

biphenyls (PCBs), phthalates, linear alkyl benzene sulfonate (LAS), triclosan, and antibiotic 

preparations) were investigated, as well as total solids (TS), biochemical oxygen demand 

(BOD7), chemical oxygen demand (CODCr), total nitrogen (Ntot), total phosphorus (Ptot),

potassium (K), and sulphur (S). 
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Furthermore, another objective was to suggest potential household sources for a selected 

number of organic hazardous substances. 

Except for the analyses of antibiotic preparations and triclosan in the urine, the selected 

organic hazardous substances were only searched for in the greywater due to the expected 

very low concentrations of organic hazardous substances in human excreta and urine. 

Therefore, the restricted budget for chemical analyses mainly addressed the greywater to 

ensure precious data achievements. 

METHODS

A restricted number of indicator substances were selected for the investigation at Gebers with 

the selection of hazardous substances primarily conducted from the following criteria 

(Palmquist and Hanæus 2004): 

− the substances being potentially hazardous, 

− the high analytical costs for organic and inorganic substances, as well as a limited 

budget for the analytical costs, 

− a potential for the substances to be used in households and that they appear in 

greywater or urine or both.

According to Palmquist and Hanæus (2004), the process of selecting hazardous substances in 

wastewater is complex and moreover, the development of a short comprehensive list of 

indicators implies many simplifications. The final selection of organic hazardous substances 

was conducted by a reference group of five Swedish specialists. A total of 81 substances were 

selected for measurements in the greywater, see Table 1. Urine, however, was analysed for 

only two substances – triclosan and antibiotic preparations. Triclosan is a bactericide used in 

various personal care products such as shampoo, soap, deodorants, and toothpaste, as well as 

in assorted consumer products (footwear, plastic wear), which explains why it was expected 

to appear both in greywater and urine. Since a high percentage of pharmaceutical drugs and 

personal care products consumed by humans – orally or by external usage – are excreted via 

urine and faeces, antibiotic substances and triclosan were expected to appear in the source 

separated human urine at Gebers.  
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Table 1 Indicators for hazardous organic substances selected for the study. Urine was analysed for triclosan 

and antibiotic preparations.

Sampling

The greywater and urine sampling period from the households at Gebers lasted three weeks 

during October 2001, divided into three periods of one week each. The greywater samples 

were collected proportionally to the flow by automatic sampling equipment. For every 100 

litres of greywater passing a weir, a 160 ml sample was collected and stored refrigerated in a 

container. The greywater container was emptied daily and stored in -20°C. Throughout the 

week, the daily greywater amounts were successively pooled into 7-day samples. Moreover, 

the total flows of greywater and urine were measured. During the whole period, the residents 

noted on a questionnaire how much time they spent at home each day. 

At Gebers, the source separated urine is normally collected in 3 separate 6-m
3
 tanks in the 

basement of the building. During the sampling period the urine was instead piped into 3 

separate 25-litre plastic containers that were manually emptied twice daily and poured into a 

1-m
3
 plastic tank. At the end of each week, the urine was thoroughly mixed in a closed system 

before the samples representing 7-days were collected. 

Analyses

Accredited contract laboratories were engaged for all analytical work (SGAB Analytica, 

AnalyCen, ALcontrol). Two to four of the weekly pooled samples of greywater and urine 

were analysed each week for TS, CODCr, BOD7, nitrate, nitrite, ammonia, Kjeldahl-nitrogen, 

Ptot, K, and S. The total nitrogen (Ntot) was obtained by adding Kjeldahl-nitrogen, nitrate, and 

nitrite. Conductivity and pH were measured daily. Suspended solids (SS) were measured bi-

weekly on random samples. In the greywater samples, a total number of 81 organic hazardous 

substances were measured; see Table 1 for the analytical methods. Antibiotic preparations and 

triclosan were analysed in the urine samples (Table 1). The organotin compounds (in 

greywater) were analysed by a research team at the Dept. of Chemistry at Umeå University 

(Fresch 2002). Triclosan was analysed in samples of greywater and urine at the Institute of 

Applied Environmental Research (ITM) at Stockholm University (Adolfsson-Eciri personal 

comm.). Antibiotic preparations were analysed in urine samples by Magnus Johansson at the 

Dept. of Chemistry at Umeå University – the analytical method is further described in 

Johansson and others (2003). 

Determinand No. of 

substances 

Accredited contract 

Laboratories 

Analytic 

method 

Nonylphenol and octylphenol 

ethoxylates 

20 SGAB Analytica GC-MS 

Brominated flame-retardants 13 SGAB Analytica GC-MS 

Organotin compounds 6 Umeå University GC-ICP-MS 

PAHs 16 ALcontrol GC-MS 

PCBs 14 ALcontrol GC-MS 

Phthalates 10 SGAB Analytica GC-MS 

LAS 1 AnalyCen GC-MS 

Triclosan* 1 ITM, Stockholm University GC-MS 

Antibiotic preparations** 1 Umeå University HPLC/UV 

Total number 82   

*Analysed in greywater and in urine   **Analysed in urine only 

GC-MS: Gas Chromatograph with the detector Mass Spectrometry. 

HPLC/UV: High Performance Liquid Chromatography with UV detector (further description in 

Johansson and others (2003)) 

ICP: Inductively Coupled Plasma 
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RESULTS AND DISCUSSION 

During the three weeks of measurements, residents at Gebers were at home on average 15.3 

hours per day. It was assumed that the amount of greywater produced at home was consistent 

with the total volume of greywater produced per person and day (during 24 hours), since 

household activities such as showering, doing the laundry, and cooking represent the majority 

of greywater production (Eriksson and others 2002; Eriksson and others 2003). These 

greywater activities do primarily occur at home, though the residents most likely use other 

toilets when not at home. Consequently the amounts of urine and faeces were assumed to 

correspond to the hours spent only at home (on average 15.3 hours a day).  

Characteristics of wastewater fractions 

The greywater at Gebers had an average pH of 6.7 and conductivity 460 µS cm
-1

. Suspended 

solids (SS) averaged 92 mg l
-1

. The average greywater concentrations of BOD7 were 193 mg 

l
-1

 while CODCr averaged 430 mg l
-1

, both in agreement with the greywater concentrations of 

BOD 90-360 mg l
-1 

and of COD 13-8,000 mg l
-1

 reported by Eriksson and others (2002). 

According to Eriksson and others (2002), most organic content derives from household 

chemicals like dishwashing and laundry detergents, which explains why the COD value 

should be at the same level as the COD in ordinary composed domestic wastewater; 210-740 

mg l
-1

 (Henze and others 2002). The wet mass, dry mass, oxygen demanding substances, and 

macro nutrients are presented in Table 2 for the three wastewater fractions urine, faeces, and 

greywater at Gebers, with Figure 2 showing their proportional distributions. The analytical 

procedures of BOD7, and CODCr for the separate fractions of urine and faeces were not 

reliable. Therefore COD values were instead calculated from the measured VSS values of 

those fractions. The average VSSurine was 2.6 kg p
-1

 year
-1

 and VSSfaeces+TP was 16.2 p
-1

 year
-1

which was converted by the COD/VSS ratio 1.6 (Henze and others 2002) into 4 kg COD* p
-1

year
-1

 for urine and 26 kg COD* p
-1

 year
-1

  for faecal matter, see Table 2. 

Table 2 The characteristics of source separated wastewater fractions at Gebers given as a mass flow per person 

and year. Urine mixture means urine with flush water included. The results from the faeces 

measurements are presented with toilet paper included. 

 Unit Urine  

mixture

Faeces + 

toilet paper 

Greywater 

Flow kg p
-1

 yr
-1

 646 81
a
 40150 

TS kg p
-1

 yr
-1

 7.0 18.6
a
 14.6 

BOD7 kg p
-1

 yr
-1

 - - 7.7 

CODCr kg p
-1

 yr
-1

 4
b
 26

b
 17.5 

Ntot g p
-1

 yr
-1

 3830 710 510 

Ptot g p
-1

 yr
-1

 250 250 220 

K g p
-1

 yr
-1

 820 280 350 

S g p
-1

 yr
-1

 230 78 584

a) The use of toilet paper was: 8.5 kg TS per person and year 

b) Calculated values from VSS data and the COD/VSS ratio 1.6 (Henze and others 2002) 

The distribution of wastewater constituents between the fractions in Figure 2 show that the 

largest volume (110 litres per person and day) was represented by the greywater also 

containing most of the oxygen consuming substances. The average ratio of COD/BOD for the 

Gebers greywater was 2.3.  Palmquist (2001) reported a COD/BOD ratio of 1.4 from 

greywater at another Swedish housing area, where the average BOD7 amount was 10.1 kg p
-1
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yr
-1

 (25% above the Gebers’ BOD) and the average CODCr amount was a 14.2 kg p
-1

 yr
-1

(20% below the Gebers’ COD). But according to Eriksson and others (2002), large variations 

of oxygen demanding substances do occur in greywater. COD/BOD ratios for untreated 

municipal wastewater typically range from 2.0 to 2.5 (Henze and others 2002). A high 

COD/BOD ratio indicates organic matter difficult to degrade. Greywater contributed one-

fourth of the total solids (TS) in wastewater fractions from households. Except for sulphur, 

the macronutrients (N, P, K) had a lower abundance in the greywater than in the toilet 

fractions urine and faeces. 

0%

20%

40%

60%

80%

100%

Flow TS COD* N P K S

Urine  mixture Faeces+TP Greywater

Figure 2 Distribution of the characteristic wastewater constituents in the wastewater fractions urine mixture, 

faeces (+ toilet paper), and greywater at Gebers. COD* denotes calculated values for the urine mixture 

and the faecal matter, see Table 2. 

Organic hazardous substances in greywater 

Of the total 81 selected organic hazardous substances, 41 were found in the greywater in 

concentrations above the detection limits of the analytical methods, see Tables 3 to 8. To 

facilitate data evaluation, comparable greywater concentrations from a similar Swedish 

housing area – Vibyåsen (Palmquist 2001) were presented in each of the tables. 

Seven out of sixteen PAHs were detected in greywater at Gebers, see Table 3. 
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Table 3 The concentrations of PAHs measured in greywater at Gebers.  

 Unit Min Max Average 
No. of 

samples 

Palmquist 

(2001) 

acenaphthene µg l
-1

 0.018 0.072 0.045 2 0.26 

acenphtylene µg l
-1

 0.15 - - 1 (<0.1) 

anthracene µg l
-1

 0.023 0.041 0.032 2 (<0.01) 

fluoranthene µg l
-1

 0.033 0.035 0.034 2 0.03 

fluorene µg l
-1

 0.048 0.065 0.057 2 (<0.1) 

naphthalene µg l
-1

 0.029 0.042 0.036 2 (<0.1) 

phenanthrene µg l
-1

 0.10 0.12 0.11 2 0.04 

benzo(a)anthracene µg l
-1

 (<0.01) - - 2 (<0.01) 

benzo(b)fluoranthene µg l
-1

 (<0.01) - - 2 (<0.01) 

benzo(k)fluoranthene µg l
-1

 (<0.01) - - 2 (<0.01) 

benzo(a)pyrene µg l
-1

 (<0.01) - - 2 0.03 

benzo(g,h,i)pherylene µg l
-1

 (<0.01) - - 2 0.04 

chrysene µg l
-1

 (<0.01) - - 2 0.015 

dibenzo(ah)anthracene µg l
-1

 (<0.01) - - 2 (<0.03) 

indeno(123cd)pyrene µg l
-1

 (<0.01) - - 2 (<0.03) 

pyrene µg l
-1

 (<0.01) - - 2 0.045 

(<0.01) denotes the detection limit of the used method 

-  means “no value to present”

Five out of fourteen PCBs were detected in the Gebers greywater, see Table 4. Six species of 

PCBs revealed concentrations below the detection limit in the greywater at both Gebers and 

Vibyåsen (Palmquist 2001), indicating that PCBs do not appear in household greywater. 

However, observations of other PCB species in greywater samples at Gebers (Table 4) 

revealed that certain PCBs do appear in greywater. This feature underlines the difficulties in 

selecting proper indicator substances. It should be noted that, there was a considerable 

difference in detection limits at the two investigations. 
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Table 4 The concentrations of PCBs measured in greywater at Gebers. 

 Unit Min Max Average
No. of 

samples

Palmquist 

(2001) 

PCB #105 ng l
-1

 0.022 0.029 0.026 2 -

PCB #118 ng l
-1

 0.073 0.12 0.097 2 (<20) 

PCB #156 ng l
-1

 0.019 0.032 0.026 2 -

PCB #157 ng l
-1

 0.022 0.026 0.024 2 -

PCB #167 ng l
-1

 0.011 0.015 0.013 2 -

PCB #28 ng l
-1

 (<1.0) - - 2 (<20) 

PCB #52 ng l
-1

 (<1.0) - - 2 (<20) 

PCB #101 ng l
-1

 (<1.0) - - 2 (<20) 

PCB #138 ng l
-1

 (<1.0) - - 2 (<20) 

PCB #153 ng l
-1

 (<1.0) - - 2 (<20) 

PCB #180 ng l
-1

 (<1.0) - - 2 (<20) 

PCB #77 ng l
-1

 (<0.01) - - 2 -

PCB #126 ng l
-1

 (<0.01) - - 2 -

PCB #169 ng l
-1

 (<0.01) - - 2 -

 (<0.01) denotes the detection limit of the used method 

-  means “no value to present”

Out of the 10 phthalates analysed, 5 were observed in the Gebers’ greywater, see Table 5. 

From a greywater study in Copenhagen Eriksson and others (2003) reported the DEHP 

concentrations 11-39 µg l
-1

. However, the rest of the phthalates in Table 5 were reported to be 

below the detection limit (<1 µg l
-1

) (Eriksson and others 2003). 

Table 5 The concentrations of phthalates measured in greywater at Gebers. 

 Unit Range Average 
No. of 

samples 

Palmquist 

(2001) 

Di-(etyl-hexyl)- phthalate (DEHP) µg l
-1

 7.5-20 15.2 3 57.6 

Di-etyl- phthalate (DEP) µg l
-1

 7.2-9.4 8.2 3 21.3 

Di-n-butyl- phthalate (DBP) µg l
-1

 4.4-6.2 5.2 3 6.9 

Di-iso-butyl- phthalate (DIBP) µg l
-1

 3.4-6.0 4.5 3 7.4 

Butyl-benzyl- phthalate (BBP) µg l
-1

 1.4-3.3 2.5 3 7.0 

Dimethyl phthalate µg l
-1

 (<0.5) - 3 (<1.0) 

Di-n-octyl phthalate µg l
-1

 (<0.5) - 3 (<1.0) 

Di-cyklohexyl phthalate µg l
-1

 (<0.5) - 3 (<1.0) 

Dipentyl phthalate µg l
-1

 (<0.5) - 3 (<1.0) 

Di-n-propyl phthalate µg l
-1

 (<1.0) - 3 (<1.0) 

 (<0.5) denotes the detection limit of the used method 

-  means “no value to present”

Three out of six organotin compounds were detected in the greywater at Gebers, see Table 6. 
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Table 6 The concentrations of organotin compounds measured in greywater at Gebers. 

 Unit Min Max Average 
No. of 

samples 

Palmquist 

(2001) 

monobutyl tin ng l
-1

 58.9 89.8 74.4 2 711 

dibutyl tin (DBT) ng l
-1

 7.9 28.2 18.1 2 1626 

tributyl tin (TBT) ng l
-1

 2.1 6.4 4.3 2 248 

monophenyl tin ng l
-1

 (<1.0) - - 2 (<1.0) 

diphenyl tin ng l
-1

 (<1.0) - - 2 (<1.0) 

triphenyl tin ng l
-1

 (<1.0) - - 2 (<1.0) 

(<1.0) denotes the detection limit of the used method 

-  means “no value to present”

As presented in Table 7, 13 out of 20 nonylphenol- (NP) and octylphenol (OP) ethoxylates 

were observed in greywater from Gebers. The concentrations of NP-ethoxylates were 

noticeably higher in the greywater sample collected during week 2 than in those from weeks 1 

and 3. For the NP-ethoxylates Table 7 values in the column denoted “max” represents 

concentrations from week 2. The analytical detection limits were never exceeded during 

weeks 1 and 3. The elevated concentrations of NP-ethoxylates observed during week 2 were 

not distinguishable for any of the other substances, denoting a specific increase in the use of 

NP-ethoxylates containing products during week 2. Eriksson and others (2003) reported the 

NP concentration 0.4 µg l
-1

 in greywater, but the levels of NP-ethoxylates (<5 µg l
-1

)  and OP-

ethoxylates (<3 µg l
-1

) were reported below the detection limits.  
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Table 7 The concentrations of nonylphenol- (NP) and octylphenol (OP) ethoxylates compounds measured in 

greywater at Gebers. 

 Unit Min Max Average
No. of 

samples 

Palmquist 

(2001) 

4-nonylphenol (NP) µg l
-1

 0.56 1.1 0.76 3 3.8 

4-NP-monoethoxylate µg l
-1

 (<0.05) 3.7 - 3 4.3 

4-NP-diethoxylate µg l
-1

 (<0.05) 5.0 - 3 8.8 

4-NP-triethoxylate µg l
-1

 (<0.025) 3.3 - 3 22.6 

4-NP-tetraethoxylate µg l
-1

 (<0.025) 2.3 - 3 41.3 

4-NP-pentaethoxylate µg l
-1

 (<0.40) 6.5 - 3 29.8 

4-NP-hexaethoxilatee µg l
-1

 (<0.40) 9.0 - 3 28.2 

4-NP-heptaethoxylate µg l
-1

 (<0.50) 5.2 - 3 13.6 

4-NP-oktaethoxylate µg l
-1

 (<0.50) 3.3 - 3 (<0.1) 

4-NP-nonaethoxylate µg l
-1

 (<0.50) - - 3 (<0.1) 

4-NP-decaethoxylate µg l
-1

 (<0.50) - - 3 -

     

4-oktylphenol (OP) µg l
-1

 0.07 0.15 0.10 3 0.11 

4-OP-monoethoxylate µg l
-1

 0.13 0.38 0.26 3 0.12 

4-OP-diethoxylate µg l
-1

 (<0.005) 0.11 - 3 0.42 

4-OP-triethoxylate µg l
-1

 (<0.005) 0.07 - 3 1.63 

4-OP-tetraethoxylate µg l
-1

 (<0.05) - - 3 1.26 

4-OP-pentaethoxylate µg l
-1

 (<0.05) - - 3 1.17 

4-OP-hexaethoxylate µg l
-1

 (<0.05) - - 3 0.49 

4-OP-heptaethoxylate µg l
-1

 (<0.05) - - 3 0.26 

4-OP-octaethoxylate µg l
-1

 (<0.05) - - 3 0.11 

(<0.5) denotes the detection limit of the used method 

-  means “no value to present”

Six of thirteen brominated flame retardants were observed in greywater from Gebers, see 

Table 8. The concentrations of the long-chained compounds did not exceed the detection 

limits.  
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Table 8 The concentrations of brominated flame-retardants measured in greywater at Gebers. 

 Unit Min Max Average
No. of 

samples 

Palmquist 

(2001) 

tetraBDE µg l
-1

 0.0048 0.014 0.009 3 0.13 

tetraBDE 47 µg l
-1

 0.0048 0.014 0.009 3 0.11 

pentaBDE µg l
-1

 0.0048 0.018 0.011 3 0.33 

pentaBDE 100 µg l
-1

 (<0.001) 0.0027 0.002 3 0.05 

pentaBDE 99 µg l
-1

 0.0039 0.015 0.009 3 0.27 

hexaBDE µg l
-1

 (<0.001) 0.0016 - 3 0.004 

decabromobi phenyl 

(DeBB)
µg l

-1
 (<0.01) - - 3 (<0.01) 

decaBDE µg l
-1

 (<0.01) - - 3 (<0.01) 

nonaBDE µg l
-1

 (<0.005) - - 3 (<0.002) 

tetrabromobis phenol-A 

(TBBP-A) 
µg l

-1
 (<0.005) - - 3 (<0.001) 

octaBDE µg l
-1

 (<0.002) - - 3 (<0.002) 

heptaBDE µg l
-1

 (<0.002) - - 3 (<0.002) 

Hexabromo cyclodecane 

(HBCD) 
µg l

-1
 (<0.001) - - 3 (<0.001) 

(<0.5) denotes the detection limit of the used method 

-  means “no value to present”

LAS, an anionic tenside, is commonly used internationally as a detergent, but which was 

however banned in Swedish eco-labelled washing powders since the early 1990s. At Gebers 

the greywater concentrations of LAS averaged 1.9 mg l
-1

 (1.6 and 2.2 mg l
-1

 in the 2 samples 

analysed), considered remarkably high since most of the residents stated that they used eco-

labelled washing powders (Andersson and Jensen 2002). Eriksson and others (2003) reported 

the greywater concentrations of LAS to 25-450 µg l
-1

.

The average triclosan concentration in the two greywater samples from Gebers was 0.19 µg l
-1

(0.075 and 0.3 µg l
-1

). Previously presented greywater concentrations of triclosan ranged from 

0.56-5.9 µg l
-1 

(Palmquist 2001) and 0.6 µg l
-1 

(Eriksson and others 2003). The triclosan 

concentration in municipal wastewater has been reported for Sweden: 0.1-1.5 µg l
-1

(Paxéus 

1999), Switzerland: 0.6-1.3 µg l
-1

 (Lindström and others 2002), and the USA: 3.8-16.6 µg l
-1

(McAvoy and others 2002). 

Organic hazardous substances in urine 

Samples of urine were analysed for fenoxymethyl penicillin (PcV), resulting in concentrations 

below the detection limit 0.25 µg per litre (Magnus Johansson personal comm.). This was 

supported by the fact that just a few of the residents actually ate antibiotic preparations at the 

time of the sampling, as revealed from the questionnaire all residents supportively filled in 

during the investigation (Andersson and Jensen 2002). An additional explanation might be 

that PcV has a half-life of less than one day (Johansson and others 2003), i.e. it is unstable 

and biodegrades easily. 

However, triclosan was found in concentrations of 0.41 and 3.5 µg l
-1

 in the two samples of 

analysed urine (Margaretha Adolfsson-Eciri 2003). Many pharmaceutically active compounds 

are not completely eliminated in the human body but they are often excreted only slightly 

transformed or even unchanged as conjugated polar molecules e.g. as glucoronides (Heberer 

2002). According to Margaretha Adolfsson-Eciri (pers.comm.), 80-90% of triclosan is 
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excreted via urine as the polar conjugates of triclosan-glucuronide and triclosan-sulphate. 

However, conjugated molecules can easily be cleaved by enzyme activity when leaving the 

body, the enzymes seemingly derive from the intestines. In the urine samples from Gebers the 

triclosan was mainly present in a non-conjugated form (Margaretha Adolfsson-Eciri 

pers.comm.). 

Sources of selected organic hazardous substances in household greywater 

The household sources and amounts for a selected number of organic hazardous substances in 

greywater are presented: 

Di(2-ethylhexyl) phthalate (DEHP) is one of the most widespread organic hazardous 

substances that can be traced in all environmental compartments – air, soil, water and biota. 

DEHP is mainly applied as plasticiser in different plastic materials, possibly containing up to 

60% DEHP that is continuously released during the whole life cycle of the goods and 

products. In Sweden, 97-98% of produced DEHP is used as plasticiser in PVC, which is then 

used in carpets, wallpapers, cable covers, etc (Magnusson 2003). DEHP input from 

households to wastewater occurs mainly via the greywater and derives from many diffuse 

sources such as the wet-wiping of floors, the wearing and tearing of plastic carpets, dust, 

washing clothes with PVC prints, as well as personal care products such as nail polish, 

perfumes, deodorants, etc. According to Magnusson (2003) the washing of clothes with PVC 

prints emits 0.27-2.7 tonnes DEHP/year in Denmark, corresponding to about 0.3 g p
-1

 year
-1

.

Magnusson (2003) reports DEHP emissions of 0.5 mg/m
2
 from the wet-wiping of PVC 

carpets, estimated in Sweden to almost 1.5 tonnes/year corresponding to 0.17 g p
-1

 year
-1

. An 

even more important source for DEHP emissions is the wear and tear of PVC carpets, 

approximated to 27 tonnes/year corresponding to 3 g p
-1

 year
-1

 (Magnusson 2003). 

LAS is an anionic tenside that is toxic to aquatic organisms, potentially bioaccumulative, and 

is also known to be persistent under anaerobic conditions. Globally, LAS is the most 

extensively used tenside included in non-eco-labelled detergents, lubricants, car care products, 

paints, and biocides (Magnusson 2003). The input of LAS from households to wastewater 

occurs mainly via the greywater. The LAS concentrations in municipal wastewater were 

reported to 3.9-12.8 mg l
-1

 in Stockholm 1990 (Magnusson, 2003), however <2 µg l
-1

 in the 

Gothenburg area 1995 (Paxéus 1999). Eco-labelled washing powders dominate about 90% of 

the Swedish market (SNF 1999), though concentrations of LAS has increased in wastewater 

since the late 1990s, probably due to an increased market of imported (non-eco-labelled) 

washing powders (Magnusson 2003). The use of LAS in Sweden amounts to about 260 

tonnes/year, which Magnusson (2003) approximated its specific use to 30 g p
-1

 year
-1

.

Brominated flame retardants are substances very similar to PCBs (with bromine instead of 

chlorine) regarding physicochemical properties and (the lack of) degradability. Brominated 

flame retardants are used in furniture (polystyrene, polyurethane foam), textiles, and 

electronic equipment (wire and cable insulation and electrical connectors) (Samsøe-Petersen 

2003). The main sources of brominated flame retardants to greywater are via the washing of 

textiles, the volatilisation from products during use, and after disposal of the products. 

Considered difficult to quantify, volatile and semi-volatile brominated flame retardants are 

transported and spread by atmospheric deposition (Samsøe-Petersen 2003). 

The antibacterial agent triclosan is by its chemical structure a polychloro phenoxy phenol, 

where several dioxins and dibenzofurans (PCDD/Fs) may be found in low level amounts as 

impurities from the synthesis. The input of triclosan from households to wastewater occurs 

mainly via the greywater and derives from a variety of household and personal hygienic 
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activities. This is supported by Remberger and others (2002) who found high concentrations 

of triclosan in sludge from a WWTP, but very low concentrations in sludge from stormwater. 

Magnusson (2003) reports about 4 tonnes of triclosan are being used in Sweden per year, 

corresponding to 0.45 g p
-1

 year
-1

.

Pharmaceutical and personal care products are used extensively throughout the world – the 

total volume of cosmetics and hygienic products from the Swedish market amounts to about 

40,000 tonnes/year, 24,000 tons of which is water (Swedish Medical Products Agency 2004). 

In Sweden each person uses on average 4.5 kg of cosmetics and hygienic products per year 

(12 g p
-1

 day
-1

). Of the 7,000 different ingredients found in cosmetics and hygienic products, 

tensides and skin softeners/moisture-regulating substances are the two large functional groups 

(Swedish Medical Products Agency 2004), where tensides account for about 30% and skin 

softeners/moisture-regulating substances 20% of the amount of dry matter in the products. 

The total amount of tenside from cosmetics and hygienic products is estimated at about 5,000 

tonnes per year, or about 4% of the total flow of tensides in Sweden (Swedish Medical 

Products Agency 2004). Most of these products are disposed or discharged into the receiving 

waterbody on a continuous basis via domestic and industrial sewage systems. The bioactive 

ingredients are first subjected to metabolism by the user, followed by the excreted metabolites 

and unaltered parent compounds possibly being subjected to further transformations in 

sewage treatment facilities (Daughton and Ternes 1999). However, the literature shows that 

many of these compounds survive biodegradation, eventually being discharged into receiving 

waters (Daughton and Ternes 1999). By way of continual discharge into the aquatic 

environment, personal care products that might have low persistence can display the same 

exposure potential as truly persistent pollutants since their transformation rates can be 

compensated by their replacement rates (Daughton and Ternes 1999). 

Inventory of household chemicals 

Another approach to quantify selected hazardous substances in household wastewater at 

Gebers was to inventory all residential household chemicals, such as washing powder, dish 

washing liquids, softeners, bleaching agents, and a number of personal care products 

(Andersson and Jensen 2002). The inventory comprised 27 households and revealed an 

average of 10 product types per household (range 5-15). For each product type several brand 

names were registered – e.g. 20 different brands of washing powder, 11 brands of hair styling 

products, and 31 brands of shampoo. Since each brand within the product types has its unique 

formula, the total number of substances became substantial (Andersson and Jensen 2002). The 

intention was to search for a correlation between the use of household chemicals by the 

residents and the results of the monitored substances in the greywater. However, the large 

number of product substances in addition to the practical difficulties in quantifying the used 

amounts of the products (mass flows) made completing the inventory of household chemicals 

at Gebers unfeasible (Andersson and Jensen 2002). Even though the inventory study included 

only 27 households, the number of products (and substances) in use was too extensive to 

uncover the household sources of organic hazardous substances. Up scaling this finding to a 

societal level implies that the number of substances reaching the WWTP rapidly passes the 

operational control capacity. 

Eriksson and others (2003) performed a similar inventory study in Copenhagen and found out 

that not all household chemicals and personal care products were presented by the residents 

during the inventory. Odour from chlorine during sampling was confirmed by halogenated 

compounds in the greywater, though the use of chlorine was not declared (Eriksson and others 

2003). Another example was the observed presence of the pesticide Malathion, which derived 
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from the use of lice shampoo. This was not recorded by the inventory but confirmed by one of 

the residents in a personal communication after the analyses of the greywater was finalised. 

Eriksson and others (2003) concluded that an inventory of the household chemicals cannot 

substitute a full characterisation of the substances actually present in the greywater. 

Relations of consumption and wastewater characteristics 

It was found that households are an important source in the diffuse spreading of many 

environmental hazardous substances to wastewater. Ordinary household activities such as 

bathing or showering, washing dishes, and doing laundry contribute with hazardous 

substances to wastewater (Palmquist 2001; Andersson and Jensen 2002; Eriksson and others 

2002; Eriksson and others 2003; Magnusson 2003). 

Gebers is a former convalescent home that in 1998 was reconstructed by the residents 

themselves to a collective housing arrangement with thirty-two apartments (Andersson 2002). 

Many residents at the Gebers condominium aim to live ecologically and, consequently, have 

chosen the source separating wastewater system for environmental reasons. This feature raises 

the question if and to what extent such explicit environmental concerns influence everyday 

life, consumption patterns (the choice of food, cleaning agents, personal care products, etc.), 

and characteristics of wastewater and waste fractions. This issue is evidently very complex; 

however, the results indicate that the mass flows (per person and day) of organic hazardous 

substances in general were slightly lower at Gebers than in greywater and domestic 

wastewater from other Swedish and Danish housing areas (Palmquist 2001; Andersson and 

Jensen 2002; Eriksson and others 2002; Eriksson and others 2003). Nevertheless, 41 of 82 

substances were present at Gebers, i.e. the everyday consumption of consumer goods and 

products (the society’s metabolism) brings with it substantial amounts of hazardous chemicals 

to waste and wastewater fractions, and that explicit environmental concerns do not have an 

obvious influence on the characteristics of wastewater. The vast supply of consumer goods 

and products makes it difficult to be a conscious consumer, changing this state becomes 

essential in phasing out or replacing or both to hazardous substances in consumer goods and 

products.

The dilemma of indicator substances 

Controlling wastewater quality is difficult due to the complex mixture of substances. The key 

problem in selecting proper indicator substances is the large number of chemicals used in 

society. Several decades ago, only a few compounds were being monitored in wastewater. At 

present, around 10 compounds are being regularly measured with yet another 32 groups of 

substances having been suggested for the control of wastewater quality according to the 

European Water Framework Directive (2000). However, measuring all substances is not 

possible due to the cost and practical efforts as well as a creation of monitoring programs 

based on selected indicator substances is a delicate issue. Uncertainties exist if the selected 

substances represent the true chemical risk to which we are exposed, while in fact possibly 

consisting of other substances than those measured or combinations of substances. This 

means that there will be large, misspent expenditures for chemical analyses if the results 

render little about the true chemical risks. Monitoring programs for substance spreading to the 

surrounding environment also means costs and work for the organisation responsible, i.e. the 

more extensive the monitoring programs, the greater the expenditures and workload. Since 

urban wastewater systems and treatment plants are nodes for the large number of chemicals 

used and emitted by society, one may question if it is realistic for the urban water and 
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wastewater sector to meet these expenses alone – in costs and workload – for controlling 

wastewater pollution. 

CONCLUSIONS 

Half the selected organic hazardous substances were found in household greywater and urine. 

Of those found in the greywater, 41 of 81 were representative of all the substance groups 

investigated – PAHs, PCBs, phthalates, nonylphenol- (NP) and octylphenol (OP) ethoxylates, 

organotin compounds, brominated flame-retarding agents, LAS, and triclosan. In urine, 

triclosan was found, but no fenoxymethyl penicillin (PcV), which was supported by the fact 

that only a few of the residents had actually taken antibiotic preparations at the time of the 

sampling. 

The results indicate that the mass flows (per person and day) of organic hazardous substances, 

in general, were slightly lower at Gebers than in greywater and domestic wastewater from 

other housing areas in Sweden and Denmark. However, the scarcity of data did not allow for a 

comprehensive evaluation.  

The input of organic hazardous substances from households to wastewater occurs mainly via 

the greywater, and derives from many household diffuse sources, including everyday 

activities, the wear and tear of building material and interior fittings, and airborne deposition. 

An inventory of household chemicals revealed that 5-15 different product types were used in 

each household at Gebers and that each product type represented several brands - e.g. 20 

brands of washing powder, 11 brands of hair styling products and 31 brands of shampoo. 

Since each brand of the product types has its unique formula, the total number of substances 

became substantial. 

Relating the content of hazardous substances in wastewater fractions to distinct 

comprehensible sources is difficult, as is also valid for a small and well-defined wastewater 

system as at Gebers. 
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ABSTRACT

In a comparative substance flow analysis two wastewater management scenarios in 
the Swedish town of Surahammar were assessed – a Conventional Scenario vs. a 
Separating Scenario. The study was restricted to a selection of 16 representative 
hazardous substances, including metals and organic compounds. Quantitative data 
of the selected hazardous substances – their presence in grey- and blackwater, and 
their reduction rates in the wastewater treatment plant – were gathered from the 
literature and our own studies. The Conventional Scenario caused an overall higher 
flow of the selected hazardous substances to the receiving water and to the arable 
land. In the Separating Scenario, parts of the hazardous flow were directed to the 
landfill. A possible management approach was suggested to be used to interpret and 
compare different wastewater systems, and serve to find out if and how much the 
flow of hazardous substances can be stopped, diverged, or transformed at the 
source or during transport throughout the system. System design, process barriers, 
and organisational and behavioural barriers were suggested, but only the first two 
were assessed in this study. However, the difference between both scenarios 
regarding emissions of hazardous substances to the receiving water was small with a 
slightly higher barrier protection in the separating scenario. Substances remaining to 
a high degree in the water phase after treatment in the WWTP were also carried to 
the receiving water to a higher extent. In general, the separating scenario provided a 
significantly larger barrier protection to arable land than the conventional scenario. 
Predominant substances in the blackwater and/or substances that were substantially 
captured in the sludge in the WWTP (Conventional Scenario) were passed on to 
arable land, i.e. the overall barrier protection of the arable land was low for 
substances with those characteristics. 

Keywords: Wastewater management, SFA, hazardous substances, metals, barrier, 
chemical risk assessment 
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Introduction 

The main tasks of urban water and wastewater systems are to provide clean water 
for a variety of uses, handle and treat wastewater to prevent unhygienic conditions, 
and drain off stormwater to avoid damage from flooding. Preferably, this should be 
done without any negative environmental impact. However, the surrounding 
environment is affected in several ways by urban water and wastewater systems. 
Important features are (Hellström et al. 2004):
− Withdrawal of raw water for drinking water production 
− Use of natural resources for the production of functional energy species, 

chemicals, and other goods and products 
− Emissions to air and water from various activities that are directly or indirectly 

related to water supply, wastewater treatment, and stormwater handling 
− Disposal of solid residues, such as wastewater sludge, by landfilling, agricultural 

use, or other ways 
To varying degrees, these features depend on and are being affected by societal 
activities that are often beyond the control of the urban water and wastewater sector, 
e.g. the numerous substances present in our society – 102,000 according to ‘the 
White Paper’ (Commission of the European Community, 2001). From the various 
uses of consumer goods and products, traffic, the corrosion of building materials and 
the urban physical infrastructure, etc., these substances are being channelled to 
municipal wastewater systems (Palmquist & Hanaeus, 2004). 

This paper focuses on a comparative substance flow analysis (SFA) of 16 selected 
hazardous substances from two wastewater management scenarios in the Swedish 
town of Surahammar, see Figure 1. From a perspective of municipal environmental 
management, Burström (1999) claims that SFA can provide important quantitative 
and qualitative knowledge on the regional metabolism of different substances that 
support environmental planning and management in municipalities. SFA in municipal 
environmental management may also assist policy-makers in learning about 
structural inter-relationships between different socio-economic activities and the 
surrounding nature. Such an approach may support a shift in perspectives from a 
traditional end-of-pipe perspective to more systems oriented perspectives linking the 
using of resources and the spreading of hazardous substances to their underlying 
causes and driving forces (i.e. consumption), instead of focusing on the actual 
emissions (Lindqvist & von Malmborg, 2004). For instance, the wastewater treatment 
plants themselves do not cause eutrophicating emissions of nitrogen and phosphorus 
to lakes and coastal waters, but it is rather the anthropogenic consumption of animal 
food and other products in households (Lindqvist & von Malmborg, 2004). Within a 
wastewater system, SFA describes the substance flows from their various sources, 
via transport through sewers and treatment at the treatment plant, and eventually 
from emissions to air, water, and the disposal of solid residues. In a comparative 
study different wastewater management strategies (scenarios) may be assessed. 
The results provide a base for chemical risk assessment, give implications for system 
improvements, and may be used in communication with different stakeholders. 
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Figure 1 The system boundaries for and the design of both wastewater management scenarios 
studied in a comparative SFA in the town of Surahammar (8,830 inhabitants). 

Objectives

The objective of this study was to present and compare the substance flows of 16 
selected hazardous substances from two wastewater management scenarios in the 
Swedish town of Surahammar.
Moreover, the aim was to suggest a possible management approach to interpret and 
compare the flow of hazardous substances in different wastewater systems. 
The two scenarios were: (1) a conventional wastewater system and (2) a source 
separating grey- and blackwater system (Figure 1). The hazardous substances 
selected were: Pb, Cd, Hg, Cu, Cr, Ni, Zn, Ag, Pt, Sb, Sn, triclosan, penta brome 
diphenyl ether (pentaBDE), 4-nonylphenol (NP), bis(2-ethylhexyl) phthalate (DEHP), 
and the two PAHs anthracene, and benzo(a)pyrene. 

Method

In general, the basis of the SFA methodology is to obtain knowledge and 
understanding of the regional metabolism of a certain (group of) substance(s) within 
a given system. SFA often focuses on the stocks and flows of, for instance, heavy 
metals in the system and its surroundings (Lindqvist & von Malmborg, 2004). 
Basically, an SFA is performed in three phases: Initially, the system and system 
components to be studied are defined (Figure 1), the stocks and flows of the 
substance(s) studied are then identified and quantified (Tables 1 and 2), and finally, 
the quantitative results are interpreted in accordance with the purpose of the study, 
e.g. regarding the potential to decrease the magnitude of a certain flow, or regarding 
the environmental impact of the flows studied (Table 3). In this study the SFA 
methodology was applied to structure and analyse the data principally gathered from 
the literature. From this procedure the substance flows of the 16 selected hazardous 
substances were calculated and the results interpreted. 
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Defining the system 

The Swedish town of Surahammar was selected for the study. Surahammar is 
considered an ordinary small Swedish town (8,830 inhabitants), representative of a 
common Swedish municipality. Of Sweden’s 9 million people, approximately 3 million 
live in small towns with between 200 – 10,000 inhabitants. A typical phenomenon of 
small Swedish towns, as exemplified by Surahammar, is the gradually decreasing
population, meaning that the capacity of urban water and wastewater systems is not 
fully utilised. A typical condition is the proximity to agricultural areas. In Surahammar, 
the stakeholders have expressed an interest in the idea of recycling the nutrients 
from wastewater to arable land. 

To achieve a comparative SFA study two different wastewater management 
scenarios were defined, see Figure 1. The Conventional Scenario is a Swedish 
wastewater system where the combined wastewater is generated from households, 
businesses, and public facilities. Wastewater from industries and stormwater was not 
included in the study. The wastewater is transported through a sewer system to the 
wastewater treatment plant (WWTP), where it is treated mechanically, biologically, 
and chemically before being discharged into a small river, while the sewage sludge is 
transported to arable land for use as fertiliser. Apart from minor simplifications, this 
scenario corresponds to the existing wastewater system in Surahammar. 

In the Separating Scenario the wastewater system separates the blackwater from 
the greywater at the source (in the houses), followed by both flows being collected, 
transported, and treated separately. Blackwater is defined as urine, faeces, flush 
water, and toilet paper from low-flush toilets (ca. 1 l/flush) and is locally collected in 
municipal storage tanks and then transported by trucks to a separate anaerobic 
digestion line at the WWTP. The residue of the anaerobically digested blackwater is 
transported to agricultural land for use as fertiliser. Greywater is defined as domestic 
wastewater without any input from toilets, corresponding to wastewater from bathing, 
showering, hand washing, laundry, and the kitchen sink. The greywater is 
transported through the sewer system to the WWTP and treated mechanically, 
biologically, and chemically before its discharge into a small river. The sewage 
sludge (from greywater treatment) is deposed of at a landfill. 

Stocks and flows of the substances 

In view of the very large number of chemicals circulating in society today, one study 
can neither possibly cover them all nor can their known and unknown metabolites be 
credibly assessed. The SFA was restricted to 16 representative hazardous 
substances, including metals and organic compounds considered typical for a 
domestic wastewater system (i.e. they are used in households and appear in 
wastewater) and for which there was enough data to collect from. According to 
Palmquist and Hanæus (2004), the selection of hazardous substances in wastewater 
investigations is complex and the creation of a short comprehensive list of selected 
substances implies that many simplifications have to be accepted. 
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The presence of hazardous substances in wastewater 

In the second step of the SFA, quantitative data of the selected hazardous 
substances – their presence in grey- and blackwater, and their reduction rates in the 
WWTP – was gathered from the literature and our own studies. The SFA input data, 
expressed as specific mass flows (mg per person and year), are presented in Table 
1. The production of greywater was assumed to be 70% from households and 30% 
from businesses and public facilities. Moreover to simplify the substance flow 
analysis, neither industrial wastewater nor stormwater was assumed to enter the 
system in either of the cases. 

Table 1 Input data used in the SFA. When multiple data sources were found, a data range was 
given from which a characteristic value (char. value) was selected for the calculations. 

 Blackwater Greywater 

(mg p
-1

, yr
--1

) Range Char. 
value

Ref. Range Char. 
value

Ref.

Pb 8 8 23 350-475 413 2, 23 

Cd 4 4 23 15-18 16.5 2, 23 

Hg 3.6 3.6 23 1.5-4 2.8 2, 23 

Cu 437 437 23 2900-3750 3325 2, 23 

Cr 11 11 23 365-475 420 2, 23 

Ni 30 30 23 450-584 517 2, 23 

Zn 3916 3916 23 3650-4745 4198 2, 23 

Ag 12.1-59.6 36 1, 16 2.9-10.6 7 1, 16 

Pt 0.07-0.21 0.14 1, 16 0.6-0.8 0.7 1, 16 

Sn 221-298 260 1, 16 58-66 62 1, 16 

Sb 1.2-2.7 2.0 1, 16 7.7-10.6 9.2 1, 16 

   
Triclosan 1.3-25.8 14 1, 16 7.7-83 45 1, 16 

PentaBDE 1.1 1.1 16 0.4-8.0 4.2 1, 16 

4-NP 41 41 16 29-92 61 1, 16 

DEHP 46 46 16 620-1400 1 010 1, 16 

Anthracene < < 16 1.2 1.2 1, 16 

Benzo(a)pyrene    < < 16 0.7 0.7 1, 16 

Reduction rates in the wastewater treatment plant 

For many substances, data from the separation and degradation processes in the 
WWTP were difficult to find. The obtained data often represented the concentrations 
of the substances in (a) raw wastewater from the influent flow to the WWTP and (b) 
in the effluent treated wastewater – providing the WWTP’s overall reduction rates. 
Thus, the processes in the WWTP were regarded as an entity (a black-box model), 
whose reduction rates are presented in Table 2. The notation in effluent (%) in Table 
2 shows the portions of the incoming substances not removed from the water phase 
during treatment, and thus leaving the WWTP in the treated wastewater. For 
instance, it was assumed that 20% of the influent lead (Pb) would be emitted from 
the WWTP to the receiving water, while 80% would end up in the sludge (Swedish 
EPA, 2002). However, some degradation of organic substances was expected in the 
activated sludge (AS) and anaerobic digestion processes (AD) (Table 2), e.g. for 4-
nonylphenol (4-NP), 15% of the influent amount was estimated to be emitted to the 
receiving water (Paxéus, 1999; Wahlberg, personal comm.). Of the 85% surplus 
amount 4-NP, 25% will be degraded in the activated sludge process (Tanghe et al., 
1998) and 0% in the anaerobic digestion step (Bruno et al., 2002). Thus, 64% of the 
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incoming 4-NP will eventually end up in the sludge to be later transported to arable 
land for use as fertiliser (in the Conventional Scenario). 

Table 2 The assumed reduction rates of the processes in the WWTP. The notation “In effluent” 

(%) shows the percentages of the inflowing substances that were not removed from the 
water phase during treatment, and thus left the WWTP in the treated wastewater.
Degradation rates for the organic substances are presented for the activated sludge (AS) 
and anaerobic digestion (AD) processes. 

 Degradation rates % In effluent %  

 AS* Ref. AD** Ref.  Ref. 

Pb - - 20 19

Cd - - 40 19

Hg - - 40 19

Cu - - 15 19

Cr - - 30 19

Ni - - 75 19

Zn - - 15 19

Ag - - 10 10

Pt - - 75 #

Sn - - 2 10

Sb - - 65 10

Triclosan 90 13 20 13 5 7, 13, 22 

PentaBDE 30 # 0 # 50 22

4-NP 25 20 0 3 15 18, 22 

DEHP 29 14 20 6, 8, 14 6 18, 14 

Anthracene 50 # 55 21 28 18

Benzo(a) 
pyrene

30 # 45 21 14 18

*Activated Sludge process     **Anaerobic Digestion process    # Assumption 

Results and discussion 

In the third phase of the SFA the quantitative results were interpreted as follows: the 
substance flows (kg per year) of the two scenarios were compared regarding (a) the 
substance flow entering the system, (b) the emissions of hazardous substances to 
the receiving water, (c) the emissions of hazardous substances to arable land, as 
well as (d) the substance flows disposed of at the landfill, see Table 3. 
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Table 3 Results from the comparative SFA – the total substance flows (kg/year) for the two WW 
management scenarios at the town of Surahammar (8,830 inhabitants)  the conventional 

system (conv) and the separating system (sep). The landfill was only part of the 
separating system (see Figure 1). 

RESULTING SUBSTANCES FLOWS AT SURAHAMMAR 

Flows into the system To receiving 

water 

To arable 

land

To

landfill

kg year
-1

Combined 

ww (conv.) 

Greywater 

(sep.) 

Blackwater 

(sep.) 

Conv. Sep. Conv. Sep. Sep. 

Pb 3.71 3.64 0.07 0.74 0.73 3.0 0.07 3.0 
Cd 0.18 0.15 0.03 0.07 0.06 0.1 0.04 0.09 
Hg 0.06 0.03 0.03 0.02 0.01 0.03 0.03 0.02 
Cu 33 29 4 5 4.4 28 4 25 
Cr 3.8 3.7 0.1 1.14 1.11 2.7 0.1 2.6 
Ni 4.9 4.6 0.3 3.6 3.4 1.2 0.3 1.1 
Zn 72 37 35 10.8 5.6 61.0 34.6 31.5 
Ag 0.38 0.06 0.32 0.04 0.006 0.34 0.32 0.05 
Pt 0.011 0.01 0.001 0.006 0.005 0.002 0.001 0.002 
Sn 2.85 0.55 2.3 0.06 0.011 2.8 2.3 0.5 
Sb 0.10 0.08 0.02 0.06 0.05 0.034 0.02 0.03 
         
Triclosan 0.52 0.40 0.12 0.03 0.02 0.04 0.1 0.04 
Penta
BDE 0.05 0.04 0.01 0.02 0.02 0.02 0.01 0.01 
4-NP 0.89 0.53 0.36 0.13 0.08 0.6 0.4 0.3 
DEHP 9.32 8.92 0.40 0.56 0.54 5.0 0.3 6.0 
Anthra-
cene 0.01 0.01 < 0.003 0.003 0.002 < 0.004 
Benzo(a)
pyrene 0.01 0.01 < 0.001 0.001 0.002 < 0.004 

A Barriers Approach 

As mentioned, wastewater is a complex and variable matrix of numerous substances, 
reflecting the chemicals society uses. The wastewater quality could, therefore, be 
considered somewhat as a ‘given’ parameter that varies over time and is 
uncontrollable. A barrier approach is here proposed as a tool for the management of 
hazardous flows in wastewater systems. As per the Oxford English Dictionary (2004), 
a barrier is defined as “a fence or material obstruction of any kind erected (or serving) 
to bar the advance of persons or things, or to prevent access to a place”. In 
wastewater management the barriers perspective aims at comprehending the 
hazardous flows throughout the wastewater system to find out if and to what extent 
hazardous substances can be stopped, diverged, or transformed at the source or 
during transport throughout the system. Four levels of barriers were suggested: 

− Organisational barriers include legislation and administrative measures 

− System barriers relate to the design of the wastewater system. An example of 
alternative system design is source separation of wastewater (urine, faeces, 
greywater, and stormwater) compared to systems with combined flows from 
numerous sources. The system design determines in which wastewater flows the 
substances end up. 
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− Process barriers include the treatment processes in the WWTP. These are 
physical barriers such as mechanical, biological, and chemical treatment 
processes.

− Behavioural barriers include the users’ perspective. Do barriers for hazardous 
flows already exist in households and at other users, e.g. businesses and public 
facilities? Which consumer goods and products are consumed in the households? 
Does the level of knowledge, information campaigns etc. have any effect on 
people’s water related behaviour?  

Assessing two types of barriers or critical points where the investigated hazardous 
substances were stopped, diverged, or transformed was feasible from the two 
scenarios in Surahammar. Different system designs in the two scenarios, and the 
process barriers as represented by the mechanical, biological, and chemical 
treatment processes in the WWTP, were identified and quantified. The additional two 
types of barriers suggested – organisational and behavioural barriers – were found 
fundamentally different from the other two, as they required totally different 
investigation methods and have therefore not been further investigated in this study. 

System barriers 

Different system designs direct substances into either combined or separate 
wastewater flows. Figure 2 shows the wastewater content of the selected hazardous 
substances and their distributions in the grey- and blackwater fractions. The studied 
substances predominantly emerged in the greywater, with the exception of Ag and 
Sn subsisting to about 80% in blackwater, and Hg, Zn, and 4-NP occurring between 
40-60% in the blackwater. The remaining 12 substances subsisted between 0-20% in 
the blackwater.
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Figure 2 Distribution of the selected hazardous substances between greywater and blackwater. 
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By combining the grey- and blackwater, the Conventional Scenario caused higher 
flows of hazardous substances to end up on arable land (by the sludge) than the 
source separated blackwater from the Separating Scenario, see the results in Table 
3. However, in the Separating Scenario, parts of the hazardous flow were instead 
directed to the landfill, which indeed relieves the pressure on the water and arable 
soil recipients, but instead transports the hazardous substances to another place. 
For the emissions of hazardous substances to the receiving water, no considerable 
distinction could be made between the two scenarios. However, Kärrman et al.

(2004) claim that changing from a conventional wastewater system to a separating 
system in Surahammar would imply decreased emissions of eutrophicating nutrients 
to the receiving water. A separating system would consequently allow significant 
amounts of nitrogen, potassium, and sulphur to be recycled to arable land, see Table 
4.

Table 4 Potential recycling of nutrients to arable land expressed as percentage of the nutrients 
flow entering the wastewater system. From Kärrman et al. (2004). 

 P N K S 

Conventional Scenario 86 % 5.3 % 14 % 5.4 % 
Separating Scenario 66 % 74 % 70 % 30 % 

Process barriers 

Process barriers were represented in this application by the mechanical, biological, 
and chemical treatment processes in the WWTP. Figure 3 shows the distribution of 
the studied substances in the sludge and treated effluent wastewater after passing 
through the WWTP. Ni, Pt, Sb, and pentaBDE were the only substances with 50% or 
more staying in the water phase. For the remaining 13 substances, 60-98% ended up 
in the sludge. 
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Figure 3 Distribution of the studied substances in the sludge and in the treated effluent wastewater 
after the passage of the WWTP 
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Within the WWTP, the biological treatment processes – activated sludge and 
anaerobic digestion – provided degradation of the organic hazardous substances to 
various extents. According to Figure 4, triclosan, PentaBDE, and 4-NP were 
noticeably biodegraded more efficiently under aerobic conditions than anaerobic 
conditions, where triclosan showed the highest biodegradability of 90% (McAvoy et 

al., 2002). DEHP and the PAHs were almost equally efficiently degraded under 
aerobic and anaerobic conditions, see Figure 4.
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Figure 4 The biodegradation of the organic hazardous substances in the activated sludge step and 
anaerobic digestion step. For PentaBDE and 4-NP no biodegradation was expected under 
anaerobic conditions (see Table 2). 

The functions of the treatment processes as well as their potential performances are 
an important knowledge base for assessing and comparing different wastewater 
scenarios. For instance, triclosan was the only substance with a lower emission to 
arable land from the conventional scenario, possibly explained by the high 
degradation rate for triclosan in the activated sludge process (in the WWTP). The 
blackwater, however, did not pass the activated sludge process at all and was only 
treated in the anaerobic digestion step, with a degradation rate of 20% for triclosan 
(McAvoy et al., 2002). 

A relevant shortcoming of the SFA methodology applied in wastewater systems 
concerns the fate of the organic substances under investigation. When organic 
substances decompose (e.g. during treatment), metabolites are formed, though 
which metabolites are formed and their potential effects are not fully predictable 
neither inside the defined system nor in the recipients outside the system. Thus, 
formed metabolites cannot be evaluated with the SFA method unless a huge number 
of substances are incorporated in the study – covering both the parent substances 
and all their potential metabolites. If this is done, much more often difficult to find 
quantitative data is needed.
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Combined barrier effect 

It is not only important to identify each barrier within a defined system, but also 
assess the combined effects from all existing barriers. Evaluating the combined 
barrier effect implies considering the whole chain of barriers backwards from the 
actual receivers of the hazardous substances (the end-points), e.g. the receiving 
water, arable land, and landfill. To obtain the combined barrier effect, the reduced 
amounts of each barrier is multiplied at the end-points of the system. Figure 5 shows 
the combined barrier effects for the case of Surahammar, issued from the end-points 
(A) emission to water and (B) emission to arable land. 

COMBINED BARRIERS EFFECT 

(A) Emissions to water (B) Emissions to arable land 
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Figure 5 For the system barrier and process barriers, the combined barriers effects were presented 
for the end-points (A) the receiving water and (B) the arable land. The average combined 
barrier effects are marked in the diagrams by a vertical black line for the Conventional 
Scenario (——) and by a vertical dotted line for the Separating Scenario 
(- - - -). The combined barrier effects for emissions to arable land could not be evaluated 
for the two PAHs because of a lack of data. 

Emissions to water 

The combined barriers effect regarding the emissions of the selected hazardous 
substances to water averaged 72 ± 24% for the conventional scenario and 77 ± 22% 
for the separating scenario, see Figure 5 (A). Thus, the difference between both 
scenarios was negligible, though the tendency was a slightly higher barrier protection 
in the separating scenario. Ni, Pt, Sb, and pentaBDE were the exceptions with effects 
not exceeding 60%. According to Figure 3, those substances mostly remained in the 
water phase after treatment in the WWTP. In Surahammar, 18 kg year-1 Cd, 0.94 kg 
year-1 Hg, and 200 kg year-1 each of both Cu and Pb were in total from the local 
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emissions to the receiving water (a small river) (Kärrman et al., 2004), meaning that 
the wastewater system contributed 0.4% Cd, 2% Hg, 2.5% Cu, and 0.4% Pb 
(Conventional Scenario) of the total anthropogenic metal flux to the receiving water 
and 0.3% Cd, 1% Hg, 2.2% Cu, and 0.4% Pb in the Separating Scenario. 

Emissions to arable land 

The combined barriers effect regarding the emissions of hazardous substances to 
arable land averaged 47 ± 27% for the conventional scenario and 73 ± 27% for the 
separating scenario. Here, the differences between both scenarios were notably 
larger. The separating scenario provided higher barrier protection to the arable land 
for all substances except triclosan, which was effectively suppressed by aerobic 
biodegradation in the activated sludge process in the conventional scenario (Figure 
5B). The barrier protection against Ag and Sn was weak in both scenarios (see 
Figure 5), possibly due to these substances occurring predominantly (80%) in the 
blackwater (Figure 2) and the high degree of capture into the sludge in the WWTP 
(Figure 3) – two paths for transportation to arable land. 

When the degree of barrier protection of certain cases is found to be weak, extended 
assessments may be necessary to fulfil an adequate base for decision making, i.e. to 
find out if poor barrier protection also implies high chemical risks. In the case of 
Surahammar, the mass flows of Ag to arable land were about 0.3 kg per year in both 
scenarios, and 2.8 kg per year in the conventional and 2.3 kg per year in the 
separating scenario for Sn, see Table 3. However, to evaluate any plausible chemical 
risks posed by quantified mass flows of hazardous substances, much complementary 
data is still needed, e.g. the toxicity of the substances in soil based systems, the area 
of the agricultural fields, the specific provision of fertiliser, etc. Such a risk 
assessment was beyond the scope of this article. 
However, high levels of barrier protection do not guarantee chemical safety. 
Substances passing through the barriers even in very small amounts, but which are 
very toxic to the receiving environment, may pose a more severe risk than high 
volume substances with lower toxicity. 

The evaluation of the comparative SFA of hazardous substances by applying a 
barriers perspective implied that a change from a conventional wastewater system to 
a source separating grey- and blackwater system in Surahammar would have a 
greater impact for the management of solid residues (i.e. the emissions to arable 
land) than for the effects in the receiving waters. The flow of hazardous substances 
to the receiving water would not be significantly affected by such a systems change. 

Conclusions

In a comparative substance flow analysis, two wastewater management scenarios in 
the Swedish town of Surahammar were assessed – a Conventional Scenario vs. a 
Separating Scenario. The Conventional Scenario caused an overall higher flow of the 
selected hazardous substances to the receiving environment, i.e. the receiving water 
and the arable land. In the Separating Scenario parts of the hazardous flow were 
directed to the landfill. 
In the Separating Scenario the studied substances predominantly emerged in the 
greywater with the exception of Ag and Sn that subsisted to about 80% in blackwater, 
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and Hg, Zn, and 4-NP that occurred between 40-60% in the blackwater. The 
remaining 12 substances subsisted between 0-20% in the blackwater. 

It was suggested to use a management approach to interpret and compare different 
wastewater systems – serving to find out if and to what extent the flow of hazardous 
substances can be stopped, diverged, or transformed at the source or during 
transport throughout the system. In the barriers approach, system barriers (sb), 
process barriers (pb), organisational barriers (ob), and behavioural barriers (bb) were 
suggested, but only the systems and process barriers were assessed in this study.
The combined barrier effect (sb and pb) encompassed the whole chain of barriers 
backwards from the actual receivers of the hazardous substances (the end-points), 
such as the receiving water, the arable land, and the landfill.  
Regarding emissions of hazardous substances to the receiving water, the difference 
between both scenarios was small, though with a slightly higher barrier protection in 
the Separating Scenario. The substances remaining to a high degree in the water 
phase after treatment in the WWTP and thus carried to the receiving water to a 
higher degree were Ni, Pt, Sb, and pentaBDE. 
In general, the Separating Scenario provided a significantly larger barrier protection 
to arable land than the Conventional Scenario. Substances occurring predominantly 
in the blackwater (in the Separating Scenario) and substances that to a high degree 
were captured in the sludge in the WWTP (in the Conventional Scenario) were 
passed on to arable land. Hence, the overall barrier protection of the arable land was 
low for substances with those characteristics. 
The evaluation of the SFA and the combined barriers effects in Surahammar implied 
that a change from a conventional wastewater system to a source separating grey- 
and blackwater system would have a greater impact for the management of solid 
wastewater residues than for the effects in the receiving waters. 
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Abstract

The Swedish research programme Urban Water has developed a concept of a 

multi-criteria basis intended to support decision-making for urban water and 

wastewater systems. Five criteria groups were established for sustainability 

assessment of urban water systems: Health and hygiene, Environment, Economy, 

Socio-culture, and Technology. Each criterion requires a set of indicators 

corresponding to quantifiable facts and figures, or qualitative data to comparatively 

assess the different alternatives in the decision process. The decision support 

process starts as a base-line study where the existing conditions are addressed. 

Alternative strategies of the future urban water system are developed and analysed 

by different tools and methodologies in assessing the five criteria groups. 

Eventually, the results and conclusions are integrated and synthesised into a basis 

for decision-making. 

As an example of a decision support basis for chemical safety, a barrier perspective 

was introduced to find out if and to what extent hazardous substances can be 

stopped, diverged, or transformed at various points in the wastewater system. A set 

of barriers was suggested, i.e. behaviour, systems design, process design, optional 

recipients, and organisational. The barrier approach was applied to two alternative 

municipal wastewater system designs – a combined wastewater system vs. a source 

separated system – analysing the fate of phosphorus, cadmium, and triclosan. The 

study showed that the combined system caused a higher substance flow to the 

receiving waterbody than the separated system. The combined system also brought 

more phosphorus and cadmium to the farmland than the separated system, but only 

half the amount of triclosan.  

Keywords: Decision support, sustainability, hazardous substances, barriers, 

substances flow analysis 



Introduction 

Strategic decisions support is critical in developing urban water and wastewater systems in a 

more sustainable direction. This paper presents a concept of how to comprehensively approach 

these complex issues. The Swedish research programme Urban Water has developed 

methodologies and tools for the integrated sustainability assessment of urban water and 

wastewater systems. Figure 1 shows a framework of an integrated urban water system that has 

been equally divided into three subsystems: 

− The organisation owns, plans, finances, and 

manages the urban water system, and may be 

public or private, central or local 

− The users use the water and need to get rid of 

the waste products 

− The technical system (pipes, pumps, 

treatment plants, etc.) supply the water and 

take care of the wastewater 

Figure 1 A framework for the integrated sustainability assessment of urban water and 

wastewater systems as suggested by the Swedish research programme Urban Water.

The aim of this paper is to describe a multi-criteria basis concept, serving as decision making 

support for urban water and wastewater systems. As an example of a decision support basis for 

chemical safety, a barrier perspective will be introduced and exemplified by a barrier approach 

regarding the fate of hazardous substances in two different wastewater systems. 

Criteria and indicators of sustainability 

Five criteria groups were established for sustainability assessment of urban water systems 

(indicated by the arrows in Figure 1): 

Health and hygiene. Users of the urban water system should be protected from water-borne 

diseases and harmful effects of hazardous chemical substances. 

Environment. The environment should be protected from the harmful effects in surface water 

bodies, soil, and ground water bodies. The misuse of natural resources should be minimised – in 

particular caution should be observed regarding the use of fresh water, energy, and nutrients. 

Economy. The user must be able to afford the price of water and sanitation. The organisation 

must be able to finance the investments, operation, and maintenance. Societal costs must be 

reasonable and acceptable.  

Socio-cultural. Households are vital parts of the urban water system. They must be able to 

manage their part, and have a reasonable level of comfort. Organisations involved must have the 

institutional capacity for implementation, as well as operation and maintenance.  

Technology. Proper technology should be used and adapted to the local conditions. The chosen 

technology must be reliable and cost-effective. 

To achieve comprehensive sustainability assessments of urban water systems, all five groups of 

criteria need to be included. A set of indicators should be established for each criterion, 

corresponding to quantifiable facts and figures or qualitative data that make the comparative 

assessment of different alternatives in the decision process possible. In a case study from the 

Swedish town of Surahammar, different alternatives for wastewater management were developed 



and assessed by a group of local stakeholders together with a research group from the Urban

Water programme. For the 5 criteria groups, a total of 15 indicators were selected. 

Health and hygiene

1. Microbial risks: Exposure to pathogens 

2. Chemical risks: Exposure to pharmaceutical residues 

Environment and use of natural resources 

3. Flows of heavy metals to water (Cd, Hg, Cu, Pb) 

4. Flows of heavy metals (Cd, Hg, Cu, Pb) to farmland 

5. Reuse of nutrients (N, P, K, S) to farmland 

6. Use of energy (kWh/a,p) 

7. Discharge of nutrients to water (P, N) 

Economy

8. Annual cost 

9. Transition cost 

10. Financial risks 

Socio-culture 

11. Institutional capacity, incl. split of responsibilities and risks between actors 

12. Possibilities for learning and participation 

13. Social robustness 

14. Comfort 

Technical function 

15. Technical robustness 

Assessment of hazardous substances in wastewater systems 

One of the many problems in managing urban water and wastewater is how to cope with all the 

hazardous or potentially hazardous chemicals transported in water and wastewater systems. In 

urban areas, numerous sources generate wastewater, e.g. households, enterprises, public 

locations, industries, storm drainage, etc. Diffuse sources presently account for the major part of 

hazardous substances in municipal wastewater.  

A lack of knowledge on the impact of many chemicals on human health and the environment is 

cause for concern (Commission of the European Community, 2001). The flow of hazardous 

substances from society to the surrounding nature is a consequence of industrialisation, 

urbanisation, and welfare that is built into society’s physical infrastructure as well as our social 

behaviour. Since wastewater systems are sub-systems of urban infrastructure, hazardous 

substances are channelled via wastewater flows. However, existing wastewater management 

strategies are ineffective tools in changing society’s metabolism of substances. Rather, existing 

water born sanitary systems signal to their users that it actually removes their often inconvenient 

waste just by opening the tap or flushing the toilet. Therefore, it seems relevant to search for 

wastewater management tools that support a shift in perspectives by combining a traditional end-

of-pipe perspective with more systems-oriented perspectives that link the use of resources and 

spreading of hazardous substances to their underlying causes and driving forces (i.e. consumption 

and lifestyle) rather than only focusing on the emissions. 

A prospective tool for decision support is a barrier approach, designed for the management of 

hazardous flows in wastewater systems. A barrier is defined by the Oxford English Dictionary 

(2004) as “a fence or material obstruction of any kind erected (or serving) to bar the advance of 

persons or things, or to prevent access to a place”. In wastewater management the barriers 

perspective aims at understanding the hazardous flows throughout the wastewater system, and 

finding out if and to what extent hazardous substances can be stopped, diverged, or transformed 



at the source or during transport through the system. Five kinds of barriers are suggested (see 

Figure 2): 
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Figure 2 A schematic outline of the barriers concept illustrating four of the suggested barriers embraced 

by the fifth organisational barrier (the tube), which by legislation and administrative measures 

directly or indirectly can affect the other barriers. 

A barriers interpretation of a Substance Flow Analysis (SFA) 

In a fictitious example, the substance flows for a town of 10,000 persons were compared and the 

results interpreted in a barriers perspective for two types of wastewater systems – a combined 

wastewater system vs. a source separated system (Figure 3). The study was restricted to a 

selection of three representative chemical substances, i.e. phosphorus (P), cadmium (Cd), and 

triclosan, which typically occur in municipal wastewater systems and for which it has been 

possible to collect data. Input data are presented in Table 1. Neither stormwater nor industrial 

sewage was considered. 

Table 1 Input data for the substance flow analysis was comprised of specific amounts of P, Cd, and 

triclosan in domestic wastewater fractions (grams per person and year). Blackwater is defined as 

urine, faeces, flush water, and toilet paper from low-flushing water closets. Greywater is defined 

as domestic wastewater without any input from toilets, corresponding to wastewater from 

bathing, showering, hand washing, laundry, and the kitchen sink. 

  Greywater Blackwater 

P kg p
-1

 year
-1

 190
 a)

 548 
 a)

Cd g p
-1

 year
-1

 15 
a)
 4 

a)

triclosan g p
-1

 year
-1

 60 
b)

 13 
b)

a)
Vinnerås (2002)   

b)
 Palmquist (2001); Andersson and Jensen (2002)

Combined 

wastewater system; 
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Separated wastewater 
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Figure 3 The combined wastewater system is a conventional municipal system while the separated 

system separates grey- and blackwater at the source (in the houses). The wastewater 

treatment plant (WWTP) comprises both mechanical and biological process units as well as 

chemical precipitation of phosphorus. 



A comparative substance flow analysis (SFA) showed that the combined wastewater system 

caused a higher substance flow to the surrounding nature than the separating system. The water-

body received 74% more P, 21% more Cd, and 18% more triclosan from the combined 

wastewater system, while the arable land received 23% more P, 65% more Cd, but only half the 

amount of the triclosan from the combined wastewater system than from the separating system. 

However, the residual substance flow from the separating wastewater system was instead directed 

to the landfill.  

The combined effect of the System and Process barriers was considered from the viewpoint of the 

receiving environment – the waterbody and the arable land. Concerning the protection of the 

receiving waterbody, 95-99% of the phosphorus and the triclosan flows and 60-68% of the 

cadmium flow in both of the wastewater systems were obstructed by the barriers. By adding a 

nano-filtration membrane as an additional Process barrier, the protection of the receiving 

waterbody increased noticeably to 98.8-100% for all of the substances.

The system barrier, i.e. the separated system design, worked particularly well for Cd, where 

almost half (47%) was directed to the landfill instead of to the surrounding nature.  

The combined barrier effect for P to arable land was low – 3% in the combined wastewater 

system and 26% in the separated, considered advantageous in a nutrient recycling perspective.  

In total, the combined system supplied the arable land with more phosphorus (7.2 tonnes per 

year) than the separated system (5.5 tonnes per year), yet a lesser amount of triclosan (55 versus 

104 grams per year). Since triclosan was decomposed to a high degree in the activated sludge 

process in the WWTP, a larger amount of triclosan was degraded in the combined system (87%) 

than in the separated wastewater system (4%). Regarding the potential effects in soil, the 

numerous species of micro-organisms in the soil and a larger oxygen uptake favour soil-based 

systems rather than waterbodies for the biodegradation of anthropogenic organic substances, such 

as triclosan (Linusson, 1992). 

The mass flow of cadmium to arable land was considerably higher from the combined wastewater 

system (114 g per year) than from the separated system (40 g per year). Since heavy metals such 

as Cd are not needed by plants and most of them may be toxic to soil microbes, plants, and 

animals, including humans, accumulation of these elements in the soil might be harmful in a long 

term perspective (Palmquist and Jönsson, 2004). The very low natural concentration of some 

heavy metals, e.g. silver, in the soil means that even small additions rapidly increase the soil’s 

concentration (Palmquist and Jönsson, 2004).  

For the flow of the three selected substances, the combined wastewater system seems to 

potentially cause higher risk to both the waterbody and the arable land than the separated system 

due to the overall higher substance flows and particularly, the potential accumulation of Cd in 

soil.

System barriers

System barriers relate to the infrastructural and technical design of urban water and wastewater 

systems. The extremes vary with separation of urine, faeces, greywater, and stormwater occurring 

at the source, while combined flows that mix wastewater occur from numerous other sources. In 

the SFA, one-fourth of domestic wastewater phosphorus emerged in the greywater and three-

fourths in the blackwater. For cadmium and triclosan the result was almost the opposite, i.e. 80% 

in the greywater and 20% in the blackwater. This relevant information about the system barrier is 

needed to decide on the design of the system. 



Process barriers

Treatment plant process units provide various separation and degradation processes. In the 

performed SFA, the WWTP process units were aggregated into overall treatment efficiencies 

with 97% of phosphorus and 60% of cadmium (Swedish EPA, 2002), and 95% of triclosan 

(McAvoy et al., 2002; Hartmann and Ahring, 2003) being separated from the water phase. The 

separated portions were assumed to be built into the solids. The organic substance triclosan, 

however, was ‘removed’ by 90% degradation in the aerobic activated sludge process, and by 20% 

degradation in the anaerobic digestion process (McAvoy et al., 2002). As well, 87% triclosan left 

the combined system by degradation in both processes while 4% left the separating system by 

degradation in  the anaerobic digestion process only. Anthropogenic compounds such as triclosan 

may undergo various transformation reactions in organisms and in the environment (including 

WWTP processes), leading to more hydrophilic derivatives with higher mobility in the aquatic 

environment and a lower potential for bioaccumulation (Lindström et al., 2002). However, 

transformation reactions may sometimes render a compound more lipophilic than the parent 

compound itself. Therefore, the ‘removal’ of anthropogenic compounds in the WWTP does not 

necessarily represent true degradation, but rather a transformation into other derivatives. 

Separation processes are sedimentation, chemical precipitation, sand filtration, and membrane 

processes. Membrane processes have been found to be widely applicable for water treatment. As 

a stand-alone process, a membrane will separate wastewater into two streams, a purified stream 

that can be discharged and a concentrated stream containing most of the pollution load. As in all 

separation processes the concentrated residues have to be taken care of. When modelling a nano-

filtration membrane as an additional process barrier in the WWTP the substance flows to the 

receiving waterbody were considerably reduced.  

Optional recipients

Optional recipients are highly dependent on the geographical context, which could be lakes, 

rivers, the sea, or soils. The SFA showed that the barrier effect for Cd was moderate in both 

systems. An additional membrane filtration would protect the receiving waterbody, though to 

protect the arable land additional measures were required. Here, optional recipients could be a 

matter of discussion. The wastewater sludge from the combined wastewater system might be 

applied in soil applications other than as fertiliser for food production, to safeguard clean food 

production. Palmquist and Jönsson (2004) claim that the fertilising potential of wastewater sludge 

must be questioned in the long term perspective. In a study of metal/nitrogen ratios, 12 studied 

hazardous metals (including Cd) showed higher ratios than what the plant uptake can counter 

balance, implying metal accumulation in the soils. Optional recipients may be a reuse (recycling) 

of wastewater residues, such as irrigation of parklands, or production of construction-soil. In 

Sweden, sewage sludge has been recently used to cover mining slag deposits. 

Behavioural barriers 

An alternative form of source control would be to tackle the behavioural (or users’) barriers, such 

as the information campaign about cadmium in artist paint, performed by the Stockholm Water 

Company. Artist paint may contain up to 45% Cd, which is the pigment in these paints. 

According to the Stockholm Water Company, their municipal WWTPs receive more than 30 kg 

of Cd per year originating from artist paints (www.stockholmvatten.se). They recommend the use 

of alternative paints, and instruct how to handle the cleaning of brushes and waste. The barrier 

effect of such measures is very difficult to assess and one should probably not be overconfident in 

the response. As a consequence, it becomes essential to phase out hazardous substances in 

consumer goods and products. 



Organisational barriers

Organisational barriers include legislation and administrative measures at global, national, and 

local levels, and represent a wide spectrum. In Europe, large scale regulatory and organisational 

changes are governed by the EU, e.g. the Water Framework Directive (WFD), whose specific 

objectives are to achieve a “good status” for all European waters by 2015, with sustainable water 

use throughout Europe (Commission of the European Community, 2002).  

According to Azar et al. (2002), the current objective is to heavily regulate, or even phase out the 

use of cadmium. But cadmium is mined as a by-product of zinc, and if OECD countries phase out 

cadmium, the price will drop, possibly resulting in dissipative uses in non-OECD countries. Bans 

on detergents containing phosphate is another example. This action was successful in reducing 

the phosphate flows to the receiving waterbodies, but as the tenside compounds that replaced the 

phosphate showed to be persistent (and thus relatively resistant to degradation in the WWTPs), 

this ban (barrier) replaced one environmental hazard with another. These examples highlight the 

importance of studying how material flows are nested, as well as the importance of analyzing 

links between energy and materials’ systems. Other organisational barriers for hazardous flows in 

society are: 

− Chemicals policy, e.g. REACH based on the “White Paper – Strategy for a future chemicals 

policy” (Commission of the European Community, 2001) 

− Emission regulation, e.g. IPPC directive (Integrated Pollution Prevention and Control) 

(Council Directive 96/91/EC) 

− Technical regulations, regarding the technical design and function of wastewater systems 

− Fertilising policies, e.g. the farmers’ and the food industries’ approach to the use of 

wastewater residues (e.g. biosolids) on arable land 

− Eco-labelling regulation (Regulations European Commission No. 1980/2000) 

The proposed barrier structure (see Figure 2) aims at protecting humans and ecosystems from the 

harmful effects of hazardous chemical substances. However, the barriers also associate to the 

sustainability criteria (Figure 1). According to Table 2, all barriers are intersected by more than 

one criterion, elucidating their multi-disciplinary character. The overall purpose of the barriers 

approach relates mainly to the two criteria: Health and hygiene and Environment. Furthermore, to 

achieve changes in a set of barriers, cost will arise, explaining why the Economy criterion was 

thought to be relevant for most of the barriers. The multi-disciplinary nature of the barriers 

approach may have practical implications for the disciplines and participants involved, as it 

comes to, for example, choice of methods and cooperation. 

Table 2 The primary associations of the barriers and the sustainability criteria 

Barriers Sustainability Criteria 

Organisational barriers
Economy, Socio-culture 

Behavioural barriers
Socio-culture, Economy 

System design  
Technical function, Economy, Socio-culture 

Process barriers
Technical function, Economy 

Optional recipients
Health and hygiene, Environment 



The decision support process

The process of developing urban water and wastewater management/systems in a more 

sustainable direction – in a city or a part of a city – may essentially be described by the following 

four steps: 

1. The existing conditions should be addressed in a base-line study, including the establishment 

of indicators.

2. Alternative strategies (scenarios) are developed, preferably in co-operation with major 

stakeholders and representatives for the organisation, the users, and the supplier of the 

technical system.  

3. Hereafter, the alternative strategies are analysed by using the proper tools and methods to 

assess the five criteria groups. The tools may be of various types – advanced mathematical 

models, graphical tools, as well as process support and multi-criteria decision aids (Söderberg 

and Kärrman, 2003) for communication and integration of the different groups of criteria. 

Structured dialogues are important features in this process. 

4. The results and conclusions are eventually synthesised to form a basis for decision-making. 

This process involves a great deal of complexity why a well-defined structure and an 

experienced process leader are required to guide the process.

Tools and methods for sustainability assessment 

Central elements in the decision support process are the development of methodologies and tools 

for sustainability assessment of urban water and wastewater systems. Various methodologies and 

tools have been developed and tested by the Urban Water programme.  

− A substance flow analysis is needed as a basis for all other studies. The flows, sources, and 

the fate of water and its major constituents, such as nutrients, pathogens, and harmful 

chemicals, must be clear for all alternative strategies.   

− Risk analyses reveal major characteristics of the systems. Analyses of microbial, chemical, 

and technical risks are essential. Financial risks must be considered as well.

− Economic assessments include estimating the costs for users and house owners, the 

municipality (or water company), and society at large. The financing of investments and 

operations are crucial, which becomes even more critical in areas or cities where the 

infrastructure is less developed and/or the organisation is unclear or weak. 

− Socio-cultural aspects include institutional capacity as well as user aspects. Institutional 

capacity may be investigated through interviews and document studies for the case in focus. 

These investigations are often based on checklists and the results are communicated by the 

use of graphical tools. Focus groups and other interactive communication methods have 

shown to be efficient methods for investigating user aspects.  

− Multi-criteria syntheses transform the gathered results to a basis that support strategic 

decision-making. Different methods are needed for (a) process support for planning and 

decision-making and (b) multi-criteria decision aid. Both computer-based methods and 

simpler methods have been developed and tested in different applications within the Urban

Water program. The degree of involvement from experts may vary, as the degree of 

sophistication of the method. 



Conclusions

Five criteria groups were established for sustainability assessment of urban water systems: Health 

and hygiene, Environment, Economy, Socio-culture, and Technology. Each criterion requires a 

set of indicators corresponding to quantifiable facts and figures and qualitative data that make 

comparative assessment of different alternatives in the decision process possible. 

The decision support process starts as a base-line study where the existing conditions are 

addressed after alternative strategies of the future urban water system are developed. Those 

options are analysed by different tools and methodologies assessing the five criteria groups. The

results and conclusions are integrated and synthesised into a basis for decision-making. 

As an example of a decision support basis for chemical safety a set of barriers was suggested, i.e. 

behaviour, systems design, process design, optional recipients, and organisational. The intention 

of a barriers perspective in wastewater management is to find out if and to what extent hazardous 

substances can be stopped, diverged, or transformed at various points in the wastewater system, 

generating prerequisites for systems analysis, risk assessment, improvements of the system, and 

communication.

The barrier approach was applied for two alternative municipal wastewater system designs – a 

combined wastewater system vs. a source separated system – to analyse the fate of phosphorus, 

cadmium, and triclosan. The study showed that the combined system caused a higher substance 

flow to the receiving waterbody than the separated system. The combined system also brought 

more phosphorus and cadmium to the farmland than the separated system, but only half the 

amount of triclosan. Combining the effects of the System barrier and the Process barriers was 

insufficient in protecting farmland from Cd for any of the two studied systems. To improve the 

protection of the environment, Behavioural and Organisational barriers also have to be 

considered.

Hazardous substances may be obstructed differently by the different barriers. The most relevant 

barriers depend on, for example, the substance’s character, the status of the receiving 

environment that should be protected, and what measures are affordable. 
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Abstract 

Several nanofiltration membranes were tested for the separation of pharmaceutical compounds and estrogenic 

compounds from urine, in order to generate a micropollutant-free nutrient solution which could be used as a 

fertilizer. A fresh urine solution, containing most nitrogen in the form of urea, and a synthetic solution with 

similar inorganic composition were tested at different pH values to investigate the separation behaviour. These 

solutions were spiked with the micropollutants propranolol, ethinylestradiol, ibuprofen, diclofenac, and in some 

cases carbamazepine. Among the membranes tested, the NF270 membrane showed the best performance in 

retaining the micropollutants. The retention of both micropollutants and salts were influenced by the pH. The 

optimum retention of the micropollutants was obtained at pH values around 5. At this point, the retention of all 

micropollutants in real urine was above 92%, while the retention in the synthetic urine solution was above 75%. 

As intended, the nutrients urea and ammonia were permeated to the largest extent, however phosphate and 

sulphate were almost completely retained. For the recovery of these compounds, a combination with other 

processes such as precipitation is proposed. 

Keywords:  nanofiltration, urine, source-control, pharmaceutical compounds, estrogens, 

micropollutant removal, nutrient recovery 

Introduction

The number of chemicals which occurs in wastewater is increasing due to the consumption and use of 

food additives, pharmaceuticals, personal care products, anti-corrosives etc. [1]. Many of these 

substances have a negative effect on our health and the environment [2, 3]. Biological effects have been 

observed in the environment as well as on people that cannot be explained satisfactorily. One of the 

causes might be the spreading of chemical substances. A large amount of hazardous substances has been 

accumulated in society and the spreading of such substances occurs constantly from a variety of 

sources. The total leakage of hazardous substances is extensive and will continue for a long time to 

come [2]. For a large number of substances present in the technosphere pathways to the water 

environment have been demonstrated although the exact routes in some cases may be unknown. Several 

investigations show that many micropollutants are only partly degraded in municipal wastewater 

treatment plants [4] and some compounds appear to be almost completely persistent in these systems 

[5]. Estrogenic compounds can be biologically transformed, e.g. deglucorinated, but only partial 



2

degradation of estrogenic compounds in wastewater treatment systems has been reported [6]. Due to 

these concerns source-control measures receive a growing attention. One possibility for source control 

is the separate collection and treatment of anthropogenic urine [7]. Upon consumption of 

pharmaceuticals, the main part of these compounds is excreted in the urine. Also most of the nutrients 

are excreted with the urine, and good opportunities exist for beneficial use of these compounds in 

agricultural applications, especially for the nitrogen- and phosphorus-containing compounds [8]; [9]. 

Additional advantages of such a scenario are the relief of municipal treatment plants, and a contribution 

to sustainability by reuse of depletable elements [10]. However, in the production of such a fertilizer it 

is essential that possible risk factors associated with urine are minimised. These risk factors include 

pathogens (bacteria, viruses) and micropollutants such as natural or synthetic hormones and 

pharmaceutical residues. 

Membrane processes have found wide applications for the treatment of aqueous based systems 

involving material recovery, reuse, and for pollution prevention. Nanofiltration (NF) membranes can 

perform separation processes in the molecular range: The pore size of NF membrane separation falls 

between reverse osmosis and ultra filtration, with a molecular weight cut-off ranging anywhere from 

200-1000 Dalton [11]. The rejection of small dissolved molecules during nanofiltration is not only 

determined by steric interactions, but also by electrostatic interaction [12]; [13]. Thus, apart from the 

molecular weight, also the charge of the solutes and charge of the membrane affects the retention in the 

nanofiltration process, and nanofiltration membranes which retain micropollutants are expected to have 

a partial salt rejection. Data on retention of micropollutants are available from literature [14], but no 

data on the selective retention of micropollutants in comparison to salts are available.  

In urine, most part of the nitrogen is present as urea. Due to microbial activity, the urea hydrolyses 

during storage to ammonia and carbon dioxide. This causes a pH increase from ca. 6.5 to ca. 9.0, 

leading to precipitation of struvite (MgNH4PO4·6H2O) and in some cases also to hydroxyapatite 

(Ca10(PO4)6(OH)2) [15]. Hydrolysis of urine can be prevented by adding relatively small amounts of 

acids, e.g. acetic acid [8]. This procedure could also prevent hygienic and smell problems associated 

with urine collecting toilets. Urine collection toilets are still in development and also the storage and 

handling afterwards is not yet defined and can in principle be adapted depending on the treatment 

afterwards. 

The objective of this study is to investigate if NF could be used to separate pharmaceutical 

compounds from nutrients in source separated urine, by retaining the pharmaceuticals and permeating 

the nutrients. In this study, the compounds propanolol, diclofenac, ethinylestradiol, ibuprofen, and 

carbemazapin were added to synthetic and natural urine solutions and their separation was investigated. 

The aim was to compare membrane performances in terms of salt (ion) permeation in combination with 

a simultaneous retention of the organic compounds. Different pH-values were tested so as to optimize 

the specific separation between micropollutants and nutrients. At first, experiments with a synthetic 

urine solution and different types of nanofiltration membranes are discussed and afterwards, 

experiments with real urine will be reported. 

Methods & Materials 

Membrane filtration experiments 

Nanofiltration experiments were carried out in a laboratory membrane testing unit type P-28 from 

CM-CELFA Membrantechnik, Seewen, Switzerland. The effective membrane area of this module is 

0.0028 m
2
. This testing unit is equipped with a pressure- and temperature-controlled recirculation 

system including a storage vessel of maximum 500 mL. The cross-flow rate was adjusted at 1.4 m/s. 

Pressure is controlled by feeding nitrogen gas to the head of the storage vessel. For temperature control 
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a JULABO VC thermostat was used. The permeation rate was measured with a METTLER K7T 

balance. Samples were stored in 50 ml DURAN-flasks by SCHOTT Company.  

The following nanofiltration membranes were used:  DS5 by GE-Water (Osmonics), NF270 by Dow-

Filmtec, and N30F by Microdyn-Nadir (the latter can also be designated as a “low rejection reverse 

osmosis membrane”). 

Urine 

Experiments were carried out with synthetic as well as natural urine. The synthetic urine contained 

the following compounds, dissolved in demineralised water: NaCl (6.2 g/L); NaH2PO4 (3.9 g/L); 

Na2SO4 (2.8 g/L), KCl (4.7 g/L), NH4Cl (1.8 g/L), urea (16.2 g/L). This composition was based on [16] 

and [17]; however the (relatively small amounts of) calcium and magnesium were left out, in order to 

prevent precipitations. Concentrated HCl and NaOH solutions were used to adjust the pH-value to the 

indicated values. 

The natural urine was collected from male persons at the EAWAG in Duebendorf, Switzerland. The 

hydrolysed urine was obtained from storage tank at the no-mix toilet facilities. The fresh urine was 

collected directly after release.  Before nanofiltration, the natural urine solutions were permeated 

through a microfiltration membrane (pore size 0.2 µm) in order to remove precipitates or other particles 

and to protect the nanofiltration membrane.  

Before the experiments, pharmaceuticals (Diclofenac, Ibuprofen, Propranolol and in some cases 

Carbamazepine) as well as Ethinyl Estradiol (synthetic hormone) were added to the urine solution, from 

a concentrated stock solution containing 2 mM of these compounds dissolved in ethanol. The final 

concentration of each of these compounds in urine was about 10 µM (concentrations were measured 

exactly in the prepared solutions). Some properties of these compounds are summarized in Table 1. 

Table 1: Characteristics of propanolol, ethinylestradiol, ibuprofen, diclofenac, and carbamazepine 

 Propanolol Ethinyl-

estaradiol 

Ibuprofen Diclofenac Carbamazepine 

Purpose, 

target 

Beta-blocker, 

anti-

hypertension 

Synthetic 

steroid, 

Oral

contraceptive 

Non-steroidal 

anti-

inflammatory 

Non-steroidal 

anti-

inflammatory 

Anti-epileptic 

CAS number 525-66-6 57-63-6 15687-27-1 15307-86-5 298-46-4 

Dissociation 

constants 

pKb = 9.24 

(base) 

-

(neutral) 

pKa = 4.45 

(acid) 

pKa = 3.99 

(acid) 

-

(neutral) 

Molecular 

weight (D) 

259.35 296.39 206.29 182.68 236.27 

Log Kow 3.48 3.67 3.97 4.51 2.45 

Structure 

N

O NH2

O
-

O

NH

Cl

Cl

Na
+

O

HO

HO

OH

H H

H

O N

H

OH
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Experimental conditions and methods 

For each experiment, 500 mL of synthetic or natural urine was used. All experiments were carried out 

at 25°C, and at a superficial cross flow rate of 1.2 m/s. The start solution was recirculated for several 

minutes before start of the permeation experiment. The experiments were performed at constant 

transmembrane pressure of 20 bars. At these conditions, the flux was constant over the pH range for 

each membrane. The flux values between the different membranes were not equal, but constant pressure 

operation was chosen instead of constant flux because the practical application limits the feasible 

operation pressures, and this study was intended to investigate the practical application of nanofiltration 

membranes for the separation of urine.  

In the adsorption experiment, the permeate was recycled back into the feed vessel. Because the feed 

system is pressurized, this recycling could not be carried out continuously, but was carried out in 

portions of 50 mL of permeate. 

Analysis

Chloride, sulphate, and phosphate were analysed with ion chromatography (column: IonPac® 

AS12A; Dionex Corporation, Sunnyvale, CA, USA). Potassium, sodium, calcium, and magnesium were 

determined with ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometer, Spectro 

Analytical Instruments, Kleve, Germany). COD was measured with HACH test tubes (HR, test tube 

435, HACH Company, Loveland, CO, USA). Total ammonia  and urea were determined 

photometrically (reaction with bromocresol purple) with flow injection analysis FIA (Ismatec AG, 

Glattbrugg, Switzerland). Before FIA analysis, urea was hydrolysed to ammonia with urease (Merck 

16493). Alkalinity was determined by titration analysis. 

Pharmaceuticals and the synthetic hormone (Ethinyl estradiol, EE2) were measured with HPLC using 

a Chromcart HPLC column with 125/4 Nucleosil 100-5 C18 packing (125 mmx4mm), and a CC 8/4 

Nucleosil 100-5 C18 precolumn. The flow rate was 1 mL/min and elution was carried out with a linear 

gradient of acetonitrile and phosphoric acid (10 µM in water) from 5/95 to 40/60 in 5 minutes and from 

40/60 to 60/40 in 7 minutes. EE2, propranolol and ibuprofen were measured using a fluorescence 

detector with excitation at 229 nm and detection at 309 nm. Diclofenac and carbamazepine were 

measured with a UV-detector at 220 and 275 nm respectively. 

Results and Discussion  

Membrane equilibration 

Adsorption of pharmaceutical compounds can be an important factor in the membrane separation, and 

permeation results are biased if the membrane is not equilibrated with the compounds. In order to 

investigate this phenomenon, continuous permeation was carried out with a pristine NF-270 membrane 

using synthetic urine spiked with micropollutants. The recycling of permeate back into the feed vessel 

prevents variations in salt concentration which could influence the adsorption behaviour of the 

pharmaceutical compounds. The amount of compound adsorbed was calculated from the mass balance 

and was plotted against the volume of solution permeated (see Figure 1). As can be seen in Figure 1, 

ethinylestradiol (EE2), ibuprofen and diclofenac are being adsorbed until saturation is reached after 

permeation of ca. 500 mL. Therefore, in all subsequent experiments 500 mL was permeated and 

recycled before the actual separation experiment was started. 
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Figure 1:  Adsorption of pharmaceutical compounds onto a DOW NF270 nanofiltration membrane 

using a synthetic urine solution at pH 3. 

Experiments with synthetic urine  

The retention of micropollutants was investigated using a synthetic urine solution with different 

nanofiltration membranes at different pH values.  

As shown in Figures 2 to 4, the retention of micropollutants is strongly depending on the pH. The 

DS5 membranes (Figure 2) has an increased retention for ibuprofen and diclofenac (acidic compounds) 

at increasing pH. Propranolol is hardly rejected over the whole pH range. The maximum retention is 

obtained at pH 9, however the retention of propranolol and ethinylestradiol remains low (below 20%). 

Retention
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Figure 2:  Retention of micropollutants as a function of pH in a synthetic urine solution using a DS5 

nanofiltration membrane 
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The N30F membrane (Figure 3) shows a maximum rejection at low pH for all compounds. Ibuprofen 

and diclofenac have a retention minimum around neutral pH values (pH 6). For propranolol (basic) and 

ethinylestradiol (neutral), the rejection decreases with increasing pH. The maximum retention is 

obtained at pH 3, however the retention of propranolol remains very low (ca. 10%).  
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Diclofenac

Figure 3:  Retention of micropollutants as a function of pH in a synthetic urine solution using a N30F 

nanofiltration membrane 

The NF270 membrane (Figure 4) has an almost constant rejection for the neutral compound 

ethinylestradiol. For the acidic compounds ibuprofen and diclofenac the rejection increases with 

increasing pH, for the basic compound propranolol the rejection decreases with increasing pH. An 

optimum average rejection exists at pH 4.9, where the rejection of all micropollutants is above 71%. For 

the minimisation of environmental risks it is preferable that the minimum retention of a broad spectrum 

of compounds is as high as possible. Thus, it can be concluded that among the membranes tested, the 

best performance is obtained with NF270 membrane operated at pH 4.9.  
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Figure 4:  Retention of micropollutants as a function of pH in a synthetic urine solution using a NF270 

nanofiltration membrane 
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The rejection of the inorganic compounds in synthetic urine is shown in Figure 5. We have focused on 

the fertilizer-relevant elements N and P. Nitrogen is present in urea (neutral) and ammonia. Urea has a 

low rejection over the whole pH range, which can be explained by the small molecular weight in 

combination with the absence of charge. The isoelectric point of most NF membranes lies between 3 

and 4 [18], and the isoelectric point of the NF70 membrane, which is very similar to the NF270 

membrane, lies at 3.4 [19].  At increasing pH values above the isoelectric point, the membrane has an 

increasing negative surface charge. This results in an increasing rejection of anions as observed for 

chloride and phosphate. The requirement of permeate charge neutrality requires increased retention for 

cations as well, which is observed for ammonia.  

Because the separation of ions with nanofiltration is based for a large part on electrostatic 

interactions, double charged compounds such as sulphate and phosphate have a much higher retention 

than single charged compounds. Furthermore, non-charged compounds such as urea have a much 

smaller or almost no rejection. At increasing pH, ammonia becomes deprotonated and at pH 9 about 

40% of the ammonia is in the uncharged, deprotonated form. As shown in Figure 5, the rejection of 

ammonia decreases as expected at this pH. 
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Figure 5:  Retention of inorganic compounds as a function of pH in a synthetic urine solution using a 

NF270 nanofiltration membrane 

As appears from Figures 4 and 5, the retention of single charged organic compounds in general is 

higher than the rejection of single charged ions, which can be explained by their larger size. 

Furthermore, the results show that the rejection of the negatively charged acids (ibuprofen and 

diclofenac) increases with increasing pH. This is in agreement with other investigations on the retention 

of amino acids with nanofiltration membranes [20], [21], and can be explained by the electrostatic 

repulsion between the negatively charged membrane and the compounds. However, for the basic 

compound propranolol, the retention decreases with increasing pH. This probably can be explained by 

the sorption (partitioning) of the positively charged propranolol into the negatively charged membrane. 

Strong evidence for a transport mechanism based on partitioning / diffusion of organic compounds in 

the NF270 membrane was provided recently in a study on the permeation behaviour of natural 

hormones [22]. Analogy exists for the solution-diffusion model of reverse osmosis processes, in which 

the permeation of a compound is proportional to the partitioning coefficient [23]. For nanofiltration 

processes however such models are not available yet. 
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Experiments with real urine 

Experiments with fresh urine spiked with micropollutants were carried out in order to compare the 

separation behaviour with the synthetic medium. In addition to the micropollutants mentioned above, 

also carbamezepine was added in these experiments.  

As shown in Figure 6, the retention of micropollutants in fresh urine is higher than in the synthetic 

urine solution: At pH 5.3, all compounds are rejected to at least 92%, whereas in the synthetic urine 

solution the maximum rejection for all compounds was 75% at pH 4.8, as shown in Figure 4. The 

differences in retention behaviour could possibly be explained by the influence of the organic matrix 

substances in natural urine. These organic matrix substances (such as oxalic acid, uric acid, amino acids, 

and the like) can form complexes with Ca
2+

and Mg
2+

, as is proven by the fact that addition of these ions 

to the synthetic urine solution lead to inorganic precipitates. The organic compounds or their complexes 

can in principle adsorb to the membrane by electrostatic or unspecific interactions (van der Waals). 

Such an adsorption layer can function as a secondary membrane which increases the retention of the 

organic compounds.  
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Figure 6:  Retention of micropollutants as a function of pH in fresh urine using a NF 270 nanofiltration 

membrane 

Furthermore, it can be observed that the influence of pH on the rejection of the inorganic compounds 

is less pronounced than in the case of synthetic urine (Figure 7). This also could be explained by the 

formation of a “secondary membrane” of adsorbed compounds which partially shields the membrane 

charge.  
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Figure 7:  Retention of inorganic compounds as a function of pH in fresh urine using a NF270 

nanofiltration membrane 

In this study the feasibility of nanofiltration membranes for the retention of micropollutants and 

permeation of nutrients in urine was evaluated. It can be concluded that under optimum pH conditions, 

the major part of the micropollutants are retained by the NF270 membrane. Under these conditions, the 

largest part of the nitrogen containing nutrients is permeated. However, the double charged nutrients 

including phosphate are obtained in the pollutant-rich retentate. Selective recovery of phosphate from 

this stream could in principle be achieved by precipitation [24], but this would imply the use of an 

additional process step.  
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