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semester
vi har stängt fabriken
åkt så långt som det kan gå
långt ifrån trafiken
för att slicka våra sår
vi har ett eget hus på landet
dit ingen telefon kan nå
ett glas som klirrar grogg i handen
och radion står på

och det här är nog så nära
himlen som vi kommer nå

det här är drömmen om semester
himlen den är ännu blå
bästergöken gal i väster
kom gärna hit och hälsa på

i horisonten seglar båtar
vi seglar längre bort ändå
radion spelar en av våra låtar
och jag kan svära på

att det här är nog så nära
himlen som vi kommer nå

vi har stängt fabriken
åkt så långt som det kan gå
långt långt upp i bottenviken
och jag kan svära på

att det här är nog så nära
himlen som vi kommer nå

Bo Kaspers Orkester
/i centrum/



PREFACE
To improve and raise the knowledge with regard to sustainable water and wastewater
management, the Swedish Foundation for Strategic Environmental Research (MISTRA) initiated
in 1999 a six-year Swedish research programme entitled “Sustainable Urban Water Management”
(Urban Water) (Malmqvist, 1999).  The vision of the programme is defined as:

“Every human being has a right to clean water. For urban areas, our vision is water management
where water and its constituents can be safely used, reused, and returned to nature.”

The main objectives for a sustainable urban water and wastewater system as well as for the
majority of any urban infrastructure and, consequently, for the initiated research programme can
be summarised as: (a) towards a non-toxic environment, (b) improved health and hygiene, (c)
saving human resources, (d) conserving natural resources, and (e) saving financial resources.

This licentiate thesis is a publication from 1 of the 16 doctoral projects included in the Urban
Water programme. The work has been carried out at the Division of Sanitary Engineering at
Luleå University of Technology (LTU) between the years 1999 and 2001. The thesis consists of
an introduction that summarises the work and three separate papers. The Urban Water
programme supported the work, who are gratefully acknowledged.

I would like to specially thank my supervisor Professor Jörgen Hanæus, Head of the Division for
his support, encouragement, and advice throughout my licentiate work. Professor Per-Arne
Malmqvist, programme manager for Urban Water and Dr. Henriette Söderberg, programme co-
ordinator for Urban Water are gratefully acknowledged for their support and for being excellent
guides in the ‘Urban Water-world’. I have also had the pleasure to work with Dr. Magnus
Johansson, Dr. Lidia Strandberg, and Professor Mats Tysklind at Environmental Chemistry, Umeå
University (co-authors of paper II) who have been a great support in all this chemistry.

I am grateful to all my dear colleagues at the Division for their support in many ways. Further,
thanks to all my colleagues in the Urban Water Research School. It has been a very nice
experience to take part in this team spirit during the journey from Luleå to Lund – providing me a
lot of inspiration and good ideas. I look forward to continue our fruitful teamwork! Mr. Wayne
Chan is gratefully acknowledged for his help in reading and checking the manuscripts.

Finally I would like to thank my dear Johan and our brat Hannibal, for being my greatest support
and who have seen to it that I have not neglected the other needs in life. For example skiing.

Luleå December 2001

Helena Palmquist



ABSTRACT
Many substances derived from human activities eventually end up in the wastewater systems. A
large number of different substances – up to 30,000 – are present in wastewater. Some of them are
by the society denoted as resources, such as nitrogen and phosphorus, but there are also substances
considered hazardous like many of the heavy metals and anthropogenic organic substances that are
present. The objective of this licentiate thesis was to answer or at least analyse some of the main
questions caused by the numerous substances ending up in wastewater systems.

There are several conditions supporting the reuse of wastewater nutrients on arable land. The
main issue has system ecological signatures that aim to close the loop of nutrient flows from urban
areas back to arable land, thereby reproducing food for the people in the urban areas. However,
the reuse of contaminated wastewater products on arable land may be experienced as a potential
chemical threat to ecosystems and to human health.

A conclusion from this study was that it is difficult to evaluate the chemical risks associated with
wastewater systems, as there are no universal methods for risk assessment of chemical mixtures
such as wastewater and sludge. Existing methods are insufficient because (a) they describe the risk
of a single substance only, (b) they describe the risk at that moment, but not in long-term
perspective, (c) they lack important information about the interaction between different chemicals
such as their antagonistic and synergistic effects, and (d) they are very time and cost consuming.

Identifying substances that are dangerous to ecosystems and human health is a complex procedure.
The motives for the choice of hazardous indicator substances are that they have shown
environmentally hazardous effects. Such effects are primarily connected to the substances’ inherent
properties, represented by, e.g. persistent, bioaccumulative, and toxic effects. For a large number
of the 20,000 to 30,000 substances present in the technosphere, there are unknown, but still
possible paths to the wastewater system. It is very difficult to assess and calculate the presence of all
these substances, and, moreover, the consequences from their presence in wastewater and its end
products. Residues from wastewater are complex mixtures of substances, which demand a multi-
sided risk assessment approach for solving these problems as a whole.

Concerning the occurrence of hazardous substances in wastewater there is an increasing
knowledge of the characteristics of conventionally mixed wastewater. The composition of
wastewater varies due to the design of the wastewater system, and may potentially contain any
chemicals produced and used in the catchments. The basis of many chemical risk assessment
methods is the characteristics of the studied matrices – in this context, different wastewater
fractions. Data focusing on the characterisation of wastewater fractions from households though is
very limited and needs to be further investigated.



SAMMANFATTNING
Det är många ämnen som används i samhället och som till slut hamnar i avloppssystemet. Upp till
30 000 substanser ingår i kemikalier som används i betydande kvantitet och som kan hamna i
avloppet. Vissa av dessa substanser t.ex. kväve och forfor betecknas av samhället som resurser, även
efter dess ursprungliga användning. Men det finns också substanser som anses farliga, såsom många
av tungmetallerna och de antropogena organiska ämnena. Syftet med denna licentiat avhandling
var att besvara, eller åtminstone att analysera några av huvudfrågorna som rör det stora antalet
substanser som hamnar i avloppssystemen.

Det finns ett flertal anledning som stöder en recirkulation av näringsämnen från avloppsflöden till
odlingsmark. Huvudsyftet är av systemekologisk karaktär där målet är att återföra den urbana
näringen till de odlingsbara jordar som ska producera mat till människorna i städerna. Men
återföring av förorenade avloppsprodukter kan också upplevas som ett potentiellt kemiskt hot mot
såväl ekosystem som människors hälsa.

En av slutsatserna från denna studie var att det är svårt att bedöma kemiska risker från
avloppssystem. Inga universella bedömningsverktyg för kemiska blandningar, såsom avloppsvatten
och slam, har kunna identifierats. Befintliga bedömningsverktyg är otillräckliga eftersom de (a) kan
beskriva risken från endast en substans i taget, (b) kan beskriva kemiska risker kortsiktigt, men inte
i ett längre tidsperspektiv, (c) saknar viktig information om substansers samverkanseffekter  -
synergism och antagonism, d.v.s. att effekterna av olika ämnen förstärker respektive motverkar
varandra och (d) de är mycket tids- och kostnadskrävande.

Att identifiera substanser som är farliga för ekosystem och för människors hälsa är mycket
komplicerat. Motiven för val av indikatorer för farliga ämnen är att de har uppvisat farlig effekt.
Sådana effekter är i första hand knutna till ämnens inneboende egenskaper såsom persistens,
bioackumulerbarhet och olika typer av toxicitet. Restprodukter från avlopp består av komplexa
blandningar av ett stort antal substanser. Dock är det mycket svårt att beräkna förekomsten av dessa
substanser och vidare att bedöma konsekvenserna från dessa ämnen vid användning av
avloppsprodukter på odlingsbar mark. För att kunna göra kemiska riskbedömningar av dessa
produkter krävs mångfacetterade bedömningsverktyg som gör helhetslösningar genomförbara.

Vad gäller förekomsten av farliga ämnen i avloppssystemen så lär vi oss mer och mer. Kunskapen
om dessa ämnens förekomst i konventionella blandade avloppsvatten ökar. Sammansättningen
beror bl.a. på avloppssystemets utformning och kan potentiellt innehålla varje substans som
produceras och används i det aktuella upptagningsområdet. Sammansättningen av en kemisk
blandning utgör basen i de flesta metoder för kemisk riskbedömning – i denna studie olika
avloppsfraktioner. Kunskapen om olika avloppsfraktioners sammansättning är mycket bristfällig
och måste undersökas vidare.
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BACKGROUND
Many substances derived from human activities eventually end up in the wastewater systems. A
large number of different substances – up to 30,000 – are present in wastewater (Paxéus, 1999;
Bengtsson, 2000; Litz, 2000; Platt McGinn, 2000; Swedish Committee on New Guidelines on
Chemicals Policy, 2000; Strandberg et al., 2001; Palmquist & Hanæus, 2001). Some of them are
by the society denoted as resources, such as nitrogen and phosphorus, but there are also substances
considered hazardous like many of the heavy metals and anthropogenic organic substances that are
present. Since many are concerned with the management of wastewater residues, many different
opinions exist on how to deal with these products. Some actors (VAV, 1999; Andersson &
Nilsson, 1999) advocate the reuse of wastewater nutrients on arable land to utilise, among several
reasons, the resources in those products. Others (Eksvärd, 1999; Bengtsson, 2000) oppose such a
solution due to chemical and hygienic risks posed by the content of numerous substances and
pathogenic microorganisms in the end products from wastewater. Many participants
(municipalities, County Boards, etc.), though, stand in between the two camps and would like
better tools to compare the benefits contra the risks before making decisions in the issue. For
management of wastewater residues, therefore, the ability to assess both the benefits and the risks
from such products is of high importance. Residues from wastewater are complex mixtures of
substances that demand a multi-sided approach for solving the problems as a whole. Thus,
hazardous substances in wastewater systems represent a delicate issue for wastewater management.

OBJECTIVES AND SCOPE
The objective of this licentiate thesis was to answer or at least analyse some of the main questions
caused by the numerous substances ending up in wastewater systems.
▪ How can we assess the chemical risks associated with wastewater systems?
▪ Which methods are available for chemical risk assessment of hazardous substances present in

wastewater systems?
▪ Which substances are dangerous to ecosystems and human health?
▪ What do we know of the real exposure, i.e. the occurrence of hazardous substances in

wastewater?

REUSE OF NUTRIENTS FROM WASTEWATER FLOWS
There are several conditions supporting the reuse of wastewater nutrients on arable land. The
main issue has system ecological signatures that aim to close the loop of nutrient flows from urban
areas back to arable land, thereby reproducing food for the people in the urban areas. Other
arguments supporting a recycling of wastewater nutrients on arable land are (a) a decreased need
for commercial fertilisers, (b) a simple way to dispose of the product, (c) to avoid the deposition of
these products at landfills, and (d) decrease the potential for eutrophication, acidification, and other
negative effects from nutrients and biodegradable matter in wastewater entering the receiving
waters.



Hazardous substances in wastewater systems – a delicate issue for wastewater management

2

HAZARDOUS SUBSTANCES IN WASTEWATER FLOWS POSE A
POTENTIAL CHEMICAL THREAT TO ECOSYSTEMS AND HUMAN
HEALTH
Wastewater is contaminated by organic and inorganic pollutants to varying degrees, as a result of
domestic and industrial wastewater discharges to municipal wastewater systems (Schnaak et al.,
1997; Paxéus, 1999; Litz, 2000). The reuse of contaminated wastewater products on arable land
may be experienced as a potential chemical threat to ecosystems and to human health. However,
chemicals do play an important role in our society. The development of chemical substances and
preparations has greatly contributed both positively and negatively to our current material
prosperity. We presently use chemicals in many contexts such as in cars, pharmaceuticals, plastics,
preservatives, detergents, cleaning agents, paints, clothes, building materials, food production, and
fuels. Hence, they are indispensable to our daily life. Nevertheless, dangerous substances may cause
harm to man and the environment; the number of substances on the market being very large.
Bengtsson (2000) claims that in Sweden, 60 million tonnes of the total yearly material flow,
distributed among 20,000 different chemical compounds, are classified as hazardous substances.
This large flow of hazardous products and chemicals makes it difficult to keep track of all the
different substances in circulation (Swedish Committee on New Guidelines on Chemicals Policy,
2000). According to Swedish Environmental Protection Agency & Swedish Chemicals
Inspectorate (1999) many of the substances have a negative effect on our health and the
environment. There are biological effects in the environment as well as on people that cannot be
satisfactory explained. 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 (Swedish Environmental Protection Agency
& Swedish Chemicals Inspectorate, 1999).

IMPORTANT ISSUE TO ASSESS CHEMICAL RISKS
The large amount of chemical substances present in the technosphere, and thus in wastewater
systems, makes the control of wastewater quality problematic. The lack of knowledge about the
chemical risks and an uncertainty about the consequences from using wastewater nutrients as
fertiliser, have involved other technical solutions such as the incineration of end products from
wastewater treatment. The Federation of Swedish Farmers (LRF) and several food producers have
taken action in this issue by recommending to their members (farmers and other food producers)
to not use wastewater sludge as fertiliser in food production (Eksvärd, 1999; Swedish Food
Federation, 2001). Hence, authorities such as the municipalities have had to accept and adopt
solutions other than land application for management of wastewater nutrients. According to
Swedish Environmental Protection Agency & Swedish Chemicals Inspectorate (1999), increasing
our knowledge of hazardous substances that have been accumulating in society, and of the risks
involved when exposed to such substances, is of utmost urgency. By doing this, we can be more
certain when deciding on measures to be taken in chemical policy and when deciding on how
environmental monitoring should be effected (Swedish Environmental Protection Agency &
Swedish Chemicals Inspectorate, 1999).
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SELECTING EXAMPLE SUBSTANCES FOR ESTIMATING THE
CHEMICAL RISKS
At present the most common strategy for assessments of chemicals in general is a target analysis of
indicator substances (paper I). Local, regional, and international environmental authorities have
selected indicator substances for control of discharges from industries and other environmentally
hazardous activities, i.e. the wastewater sector. Those indicators are also often included in more
general environmental monitoring programs. The motives for choosing indicator substances are
that they have shown environmentally hazardous effects. Such effects are primarily connected to
the substances’ inherent properties, which are represented by, e.g. persistent, bioaccumulative, and
toxic effects. Indicator substances may as well be selected from the fact that they are similar to
substances that have shown environmentally hazardous effects. The objective of paper I was to
investigate the process of selecting hazardous substances that indicate chemical risks for the
recycling of wastewater nutrients on arable land and discharge in receiving waters. The studied
processes for selecting hazardous substances were based on groupings of criteria representing
different characteristics that indicate hazardous properties. The specified set of criteria should
represent chemical risks as a whole. Indicator substances were selected from the groupings and
represented the quality of the grouping criteria, see Figure 1.

According to paper I the selection of hazardous indicator substances is complex and creating a short
comprehensive list of indicators implies that many simplifications have to be accepted. The
methodology passes judgement on its insufficiency to render enough knowledge about chemical
risks from complex systems such as wastewater. There are 50,000 to 100,000 substances present in
the technosphere, of which 30,000 are regarded as everyday chemicals that may end up in
wastewater systems. Since there are many factors influencing the chemical risks from complex
mixtures - a general view and common knowledge is lacking. This provides a weak base for
assessing the chemical risks on wastewater and end products for reuse on arable land.
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Figure 1 A general illustration of the process for selection of hazardous indicator substances. The criteria are
congregated in groups, of which each represents certain properties, e.g. metals, PBT substances,
CMR substances, or endocrine disruptive substances. A set of groups is defined (up to n groups).
From each group, one or a few indicator substances are selected and a set of indicator substances (i1,
i2, i3, …, in)  can be created. N (nitrogen) and P (phosphorous) stand for substances that are wanted
for reuse of wastewater nutrients on arable land.

A general criticism regarding target analysis of indicator substances as a method for chemical
assessments, is the difficulty in estimating the actual effects from the measured substances in the
receiving environment. If done successfully, target analysis only confirms if a substance is present
or not. Another drawback is the impossibility to measure all hazardous substances that contribute
to the chemical risks and, in this way, assure safety for the recycling of wastewater nutrients on
arable land and discharge in receiving waters

Advantages of using only a few indicators are that a small number of indicators make the size of
the data set more manageable, thus facilitating the interpretation of the results. At present there are
not a sufficient amount of data available on organic pollutants in wastewater and its end products.
Searching for new substances could lead to uncertainties in interpreting the results since
background data are missing. Other advantages of using only a few indicators are that chemical
analysis, in general, and the analysis of organic compounds, in particular, are quite costly and in
many cases difficult to perform. Therefore, attributed to high analytical cost only a restricted
number of substances can be considered.

All substances
      Hazardous
substances

Group 1: Examples of metals

Group 2: Examples of persistent, 
bioaccumulative and toxic 
substances (PBT substances)

Group 3: Examples of carcinogenic,
mutagenic and reproduction-
toxic substances (CMR substances)Group 4: Examples of

endocrine disruptive
substances

N
P

Group 1 Group 2 Group 3 Group n
i1 i2 i3 in

i1, i2, i3, …in
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Advantages and disadvantages for using target analysis for assessments of chemicals in
wastewater systems:

+ Possibility to practically accomplish measurements and chemical analysis of specific substances
in wastewater as well as in the environment.

+ Detected substances often point out a specific pollution situation in the wastewater or sludge.
Accordingly, this increases our knowledge about the current concentrations of hazardous
substances, which increases the possibilities for chemical risk assessment of the product.

+ Detected indicator substances may be interpreted in a broader context and may denote a more
general pollution situation in the wastewater.

– The pollution situation is not entirely understood by knowing the status of only a few
substances. Other important substances may not be discovered or overlooked.

– Difficulties in identifying the correct indicator substances. If not measuring the substances that
characterise the true risks a possible pollution situation can be concealed.

– The unknown substances may pose severe chemical threats, and are remain unnoticed when
measuring the indicator substances only.
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METHODS FOR CHEMICAL RISK ASSESSMENT OF WASTEWATER
FLOWS
Due to the limitations of target analysis for chemical risk assessment of wastewater systems, more
composite methods were reviewed. Target analysis as a method passes judgement on its
insufficiency to render enough knowledge about chemical risks from complex systems such as
wastewater. In paper II it is maintained that the human community requires adequate information
on the risks of substances to man and the environment as well as on the protection from possible
adverse effects from these substances. In order to ensure a high level of protection, two important
types of information are needed. First, the character and magnitude of the risk posed by substances
needs to be assessed. Second, the options available for reducing high risks need to be defined.

In paper II numerous chemical risk assessment methods were surveyed. The basis of many chemical
risk assessment methods is the characteristics of the studied matrices – in this context, different
wastewater fractions. The composition of wastewater varies due to the design of the wastewater
system, and it may potentially contain any chemicals produced and used in the catchments. Other
important fluctuations in the concentrations of various contaminants are dependent on locality and
season. Different technologies used in treatment plants also play an important role in the quality of
the end products such as sludge and treated wastewater (Schnaak et al., 1997).

A common feature of the reviewed methodologies for chemical risk assessment was their
suitability to describe the risk of a single substance only. In reality, many chemical products are not
pure compounds, but complex mixtures of often unknown composition (Verbruggen & Hermens,
2001). Once emitted into the environment, all chemicals in effluents and surface waters are part of
complex mixtures; again the compositions being largely unknown. In addition, many chemicals
are not directly mineralised, but transformed or degraded into other substances or products that
might have even more adverse effects. In this case, new aspects need to be considered in risk
assessment. First, the toxicity of the resulting mixture between the simultaneously available parent
compound and the transformation products needs to be assessed. Second, a kinetic model that
allows one to calculate steady-state concentrations for the transformation products as they are
formed from the parent compound has to be set up (Kooijman et al., 2001). Moreover, the
reviewed methods describe the chemical risks at present, but not in a long-term perspective. The
methods are time and cost consuming. In order to make a satisfactory risk assessment using current
risk assessment methods, much physico-chemical and toxicological data, which are often lacking,
are required.

To assess true risk a lot of information must be simultaneously taken into consideration. Exposure,
for example, should not be assessed separately without considering its effects. Information such as
the physico-chemical properties of compounds, degradation and metabolic products, and the
toxicological effects on aquatic and terrestrial organisms are all together interdependent, and
should be considered as a whole. An example of an integrated approach is a toxicity-directed
effluent analysis. The combined effects of all effluent components were directly quantified and the
net effects of the toxic interactions or other variables were reflected in test organism responses
(Pardos & Blaise, 1999). Toxicity effects are useful information as a complement to target analysis.
But since many different effects may appear in a chemical mixture, a whole set of toxicity tests
would be needed, resulting in very high costs. The Swedish National Chemicals Inspectorate



Hazardous substances in wastewater systems – a delicate issue for wastewater management

7

recommends several toxicity tests for new chemicals, e.g. genetic toxicity, carcinogenic
proportions, specific toxicity, neurotoxicity, toxicity for fish and plankton, reproduction disturbing
proportions such as the capacity for reproduction, development of the foetus, teratogenicity, etc.
(Swedish National Chemicals Inspectorate, 1997).

An integrated risk method under development is the Toxicity Fraction Approach (TFA), which
gives the possibility to identify the relation between the complex mixture of chemical substances
and different biochemical and toxicological responses. The TFA is described in paper II and is
suitable for screening several wastewater products such as wastewater fractions or sludge. Chemical
fractions of wastewater or extracts from sewage sludge can be tested to identify biologically active
mixtures of substances that pose a potential risk. The toxicity of the sample is already measured
after the first fractionation and extraction of the solid material. Samples giving low toxicological
response can be identified and need no further analysis. The TFA would provide a guidance for
defining the target substances, i.e. that after applying the TFA, it should be possible to suggest a list
of indicator substances, from which certain priority substances can be selected. Indicators selected
by such a method would, to a larger extent, represent the true risk elements of the chemical
mixture. The cost and workload for development and evaluation of the TFA will be large, which
is a drawback compared to, e.g. target analysis. Other shortcomings are that the soil-behaviour of
the matrices would become uncertain and a complete risk assessment of wastewater nutrients on
arable soil would still be difficult to perform.

According to the Swedish Committee on New Guidelines on Chemicals Policy (2000) a big
problem with today’s use of chemicals is the great lack of knowledge concerning the health and
environmental properties of the substances. Owing to the great lack of knowledge, it is not
currently possible to identify all substances that are dangerous for human health or the
environment, to make risk assessments, or to adopt adequate risk reduction measures. The
problem with using substances that are persistent and bioaccumulative, as well as substances that
are carcinogenic, mutagenic, toxic to reproduction, and endocrine-disruptive, is that the effects of
releases are or may be delayed. Releases of substances may occur directly as well as diffuse releases
via manufactured products. It may also take a very long time before measures that prevent effects
yield results, especially if the concentration in the environment has accumulated for a long time.
The threat of harmful effects from chemicals to man and the environment is such that both
policymakers and business leaders have to adopt a much longer view than is normal in today’s
society (Swedish Committee on New Guidelines on Chemicals Policy, 2000). Furthermore, the
Swedish Committee on New Guidelines on Chemicals Policy (2000) proposes that as a basis for a
new chemical policy, Sweden should advocate the adoption of a new chemical strategy within the
EU. This strategy should be based on the same principles as those embodied in the Swedish
Environmental Code, namely the precautionary principle and the substitution principle, along with
producer responsibility and the polluter pays principle. Current risk assessments need to be streamlined
and augmented with a more general approach to the most dangerous substances, meaning that
substances with particularly dangerous properties should be restricted due to their inherent
properties (Swedish Committee on New Guidelines on Chemicals Policy, 2000).
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HAZARDOUS SUBSTANCES IN WASTEWATER FRACTIONS AND
SUBSTANCE FLOW ANALYSIS
Although several deficiencies have been recognised for the methods used in the assessment of
hazardous flows of chemicals within the wastewater system, action must be taken to improve the
current situation. A practicable approach will be discussed here for the management of hazardous
flows in wastewater systems.

This practicable approach aim at generating substances flow analysis (SFA) for separate wastewater
flows. This means that substance flow models will be established for a number of selected
hazardous indicator substances in separate wastewater flows as urine, blackwater, greywater,
stormwater, and industrial wastewater, see Figure 2. Such an approach meets the need for
increased knowledge about the quality and characteristics of wastewater flows in different
wastewater system structures. Development of sustainable wastewater systems may imply that
different designs or structures of wastewater systems must be approved, e.g. source separation of
wastewater flows.

Substances flow analysis

Assessing substances within a system is called substances flow analysis, SFA. Flows of materials and
energy in conjunction with human activities, which may also be called society’s metabolism, have
been discussed from different points of view and to various extents over the last 150 years
(Burström, 1998). Regional material flow analyses (MFA’s), are currently being discussed from
many perspectives and for many purposes. According to Burström (1998), some regard the total
mass flow (MFA) while others regard one substance or group of substances (SFA). MFA or SFA
studies, in general, are also made on different regional scales. Accordingly, different methodologies
are used in different MFA and SFA studies. Despite these differences, there seems to be something
like a general framework when undertaking studies of regional material flows. In general, they are
made up of a three-step procedure comprising of:

(i) goal and system definition

(ii) quantification of stocks and flows

(iii) interpretation of the results

The first step of any study of material or substance flow is to define the goal and scope of the
study. After, the specific system to be studied has to be defined accordingly, with regard to space,
function, time, and materials. When defining the system it is also important to identify where to
find the materials to be studied. Hence, one has to specify the various processes, flows, and stocks
belonging to the system (Burström, 1998).

In MFA’s and SFA’s, the region under study (i.e. the spatial systems boundary) is most often a
regional economy (e.g. a city, county, nation, or the EU), or sometimes even a part thereof (e.g. a
household or a business sector). In common for a majority of MFA’s and SFA’s, the system is
marked off from its surrounding by its administrative boundaries. Burström (1998) continues that
the region interacts with its surroundings by transboundary flows of matter, energy, and
information. There are two types of transboundary material flows: (i) material flows induced by
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the market, such as goods and products, and (ii) biogeochemical flows of materials. Within the
region, there are two more kinds of flows present: (iii) emissions from society to the environment,
and (iv) anthropogenic extraction of natural resources. Altogether, these flows are determined by
various processes belonging to the system; processes that by either transformation, transport, or
storage of a material redistributes the flows. In fact, it is the processes that are the real objects to
study (Burström, 1998). SFA is a method that will be applied to increase the knowledge about
flows of hazardous substances within the wastewater systems, according to Figure 2.

Mapping hazardous flows of substances within the wastewater systems

Stormwater, industrial discharges, and greywater are considered to be the main sources of
pollution in conventional wastewater systems, with greywater being the only one that originates
from households (paper III). In this Thesis, focus for the characterisation of wastewater fractions has
been put into household wastewater. Moreover, stormwater and industrial wastewater will be
subjected for further studies. In paper III greywater is defined as household wastewater without any
input from toilets, corresponding to wastewater produced from bathing, showering, washing
hands, laundry, and the kitchen sink. Blackwater is characterised as toilet wastes from water closets
(i.e. washrooms) - faeces, urine, toilet paper, and flush-water (paper III).

Figure 2 A framework for SFA in wastewater systems. The wastewater system is here divided into four
sections. The fraction describes the differentiated wastewater flows. Transport & treatment stands
for the pipes and the wastewater treatment plant (WWTP) or similar treatment technologies. The
outcome from treatment and transport are represented in the end products that become further
transported to different destinations for discharges into receiving waters, utilisation on arable land,
deposition at landfills, or other activities.
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To be able to generate substance flow models for some selected indicator substances, the starting
point was to investigate the concentrations of those substances in separate wastewater flows. As
maintained in paper III, there is a paucity of reliable information relating to both the nature of
greywater and the range of recycling technologies available. Eriksson et al. (2000) point out that
the number of studies published in open and reviewed literature that focus on the characterisation
of greywater is very limited. Increasing knowledge about the characteristics of greywater is
important because there is a lack of information regarding the contribution of hazardous
substances to wastewater from households - useful information for the management of both
traditional and alternative wastewater systems. Increased knowledge concerning the content of
hazardous substances in blackwater is necessary for assessing its quality and when considering the
conditions for spreading such a product as a fertiliser on arable land.

To develop a better understanding regarding the characteristics of grey- and blackwater from
households, with a focus on hazardous substances, field measurements were performed on site at a
wastewater system with separate flows of grey- and blackwater from ordinary Swedish households,
see paper III. Untreated grey- and blackwater were collected and chemically characterised
concerning a number of selected nutrients, metals, and organic compounds. The focus of the study
was environmentally hazardous substances in wastewater flows from households. Of the 105
investigated substances, 68% were actually observed. In paper III the concentrations of all the
observed substances were presented. The specific mass flows for a few example compounds are
presented in Table 1. The specific greywater flow was estimated to 66.4 L/p,d and the specific
blackwater flow to 28.5 L/p,d.

CONCLUSIONS
A conclusion from this study was that it is difficult to evaluate the chemical risks associated with
wastewater systems, as there are no universal methods for risk assessment of chemical mixtures
such as wastewater and sludge. Existing methods are insufficient because (a) they describe the risk
of a single substance only, (b) they describe the risk at that moment, but not in long-term
perspective, (c) they lack important information about the interaction between different chemicals
such as their antagonistic and synergistic effects, and (d) they are very time and cost consuming.
Several areas with substantial gaps in knowledge were identified: For many compounds
fundamental information on toxicity was lacking, which were mainly due to the high costs and
time consuming tests.

Identifying substances that are dangerous to ecosystems and human health is a complex procedure.
The motives for the choice of hazardous indicator substances are that they have shown
environmentally hazardous effects. Such effects are primarily connected to the substances’ inherent
properties, represented by, e.g. persistent, bioaccumulative, and toxic effects. Residues from
wastewater are complex mixtures of substances, which demand a multi-sided approach for solving
these problems as a whole. For a large number of the 20,000 to 30,000 substances present in the
technosphere, there are unknown, but still possible paths to the wastewater system. A collection
and concentration of substances occurs in wastewater and sludge. It is very difficult to assess and
calculate the presence of all these substances, and, moreover, the consequences from their presence
in wastewater and its end products.
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Table 1 Characterisation of grey- and blackwater from Vibyåsen housing area. Specific mass flows were
calculated for a few example substances from the observed concentrations (see paper III) and the
specific average greywater flow, 66.4 L/p,d, and blackwater flows, 28.5 L/p,d.

GREYWATER BLACKWATER
[g/p,d] [g/p,yr] [g/p,d] [g/p,yr]

Tot-N 0.64 234 4.56 1664
Tot-P 0.50 182 1.53 557
COD 39.0 14250 85.1 31070

[mg/p,d] [mg/p,yr] [mg/p,d] [mg/p,yr]
Ag 0.0078 2.9 0.16 59.5
Cd 0.0064 2.3 0.011 4.0
Cu 4.10 1498 3.58 1307
Sb 0.03 11.0 0.007 2.6
sum 16 EPA-PAH* 0.02 7.2 0.009 3.3
DEHP* 3.8 1396 0.13 46.0
4-nonylphenol 0.25 92.0 0.11 41.0
4-oktylphenol 0.0070 2.6 0.005 1.8
hexaBDE* 0.0002 0.09 0.00003 0.01
tetraBDE* 0.0084 3.0 0.0012 0.45
triclosan 0.23 83.0 0.07 26.0
tributyl tin (TBT) 0.016 6.0 0.00011 0.04
* Sum 16 EPA-PAH: Sum concentration of 16 poly aromatic hydrocarbons (PAH), selected as priority
pollutants by US Environmental Protection Agency (US-EPA)
* DEHP: di-(2-ethylhexyl)phtalate
* hexa-, tetraBDE: Polybrominated diphenylethers (PBDE) attached by six (hexa-) or four (tetra)
bromine atoms

Concerning the occurrence of hazardous substances in wastewater there is an increasing
knowledge of the characteristics of conventionally mixed wastewater. The composition of
wastewater varies due to the design of the wastewater system, and may potentially contain any
chemicals produced and used in the catchments. Other important fluctuations in the
concentrations of various contaminants are dependent on locality and season. The basis of many
chemical risk assessment methods is the characteristics of the studied matrices – in this context,
different wastewater fractions. Data focusing on the characterisation of wastewater fractions from
households though is very limited and needs to be further investigated.
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FUTURE RESEARCH
Substances flow analysis in accordance to Figure 2, implies that a further characterisation of
wastewater fractions is essential. Planned activities are to collect more data on hazardous substances
in wastewater fractions. Both field measurements and literature search will be applied for such a
data collection. An enlarged characterisation of wastewater fractions and a substances flow analysis
of such fractions are identified as important parts of chemical risk assessment of wastewater
systems. SFA of hazardous substances comprise one of many prerequisites for management of
hazardous flows in wastewater systems, see Figure 3.

As illustrated in Figure 3, at an assessment of true chemical risks, much information needs to be
considered simultaneously. One of the key challenges is finding unbiased methods for monitoring
hazardous substances and assessing chemical risks in wastewater, sludge, and other complex
chemical mixtures. Ideas for such a development would be an interdisciplinary approach bringing
together several disciplines like chemical analyses, toxicology, risk assessment, SFA, wastewater
management, etc. Another necessity is to increase the overall knowledge of the substances’
physico-chemical properties (paper II).

Figure 3 A schematic picture of different components that should be considered as a whole in an integrated
chemical risk assessment approach. SFA was identified as one of many branches for chemical risk
assessment of wastewater systems.
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ABSTRACT
The objective of this paper was to investigate the process of selecting hazardous substances that
indicate chemical risks for the recycling of wastewater nutrients on arable land and discharge in
receiving waters. The selecting process was illustrated and discussed from a wastewater
management perspective. The studied processes for selecting hazardous substances were
achieved through a grouping of criteria that represents different characteristics indicating
hazardous properties of the substances. A specified set of criteria should represent chemical risks
as a whole. Indicator substances, which represented the type of criteria, were selected from the
groupings. This methodology passes judgement on its insufficiency to render enough knowledge
about chemical risks from complex systems such as the wastewater system. The selection of
indicator substances is complex, and creating a short comprehensive list of hazardous substances
implies that many simplifications have to be accepted. There are 75,000 substances present in the
technosphere, of which 30,000, many of which we know too little about, are regarded as
everyday chemicals that may end up in wastewater systems. This provides a weak basis when
assessing the chemical risks for the recycling of wastewater nutrients on arable land and
discharge in receiving waters. As well, it is important to find unbiased methods to monitor
hazardous substances and assess chemical risks in wastewater, its end products, and other
complex chemical mixtures.

KEY WORDS: Hazardous substances; indicator substances; selection process; pollution;
wastewater; recycling of wastewater nutrients.

INTRODUCTION
Wastewater sludges are contaminated by organic and inorganic pollutants to varying degrees, as a
result of domestic and industrial wastewater discharges to municipal wastewater treatment plants
(Litz 2000; Schnaak and others 1997; Paxéus 1999). This makes the use of wastewater nutrients
as fertiliser a controversial issue in many countries. Advocates maintain that the use of
wastewater sludge as fertiliser on arable land is a desirable way to recycle biodegradable
materials and nutrients (VAV 1999). If not recycled, these substances contribute to, for example,
eutrophication and acidification in receiving waters. Bengtsson (2000) claims that society’s
strategy of handling chemicals is reflected in the quality of the wastewater sludge due to the
design of the wastewater system. Effective transportation by water allows the concentration of
substances from large areas into wastewater sludge.
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Chemicals play an important role in our society. The development of chemical substances and
preparations has greatly contributed to our current material prosperity. We presently use
chemicals in many contexts such as in cars, pharmaceuticals, plastics, preservatives, detergents,
cleaning agents, paints, clothes, building materials, food production, and fuels. Therefore, they
are indispensable to our daily life. But the use of chemicals has also contributed to the drawbacks
of prosperity. Dangerous substances may cause harm to man and the environment; the number of
substances on the market being very large. Bengtsson (2000) claims that in Sweden, 60 million
tonnes of the total yearly material flow are classified as hazardous substances, distributed among
20,000 different chemical compounds. This large flow of hazardous products and chemicals
makes it difficult to keep track of all the different substances in circulation (Swedish Committee
on New Guidelines on Chemicals Policy 2000).

In 1999, the Swedish Parliament adopted fifteen environmental quality objectives in order to
achieve an ecologically sustainable development. Some of them are of the utmost importance for
the urban water sector: sustainable lakes and watercourses, a balanced marine environment,
sustainable coastal areas and archipelagos, no eutrophication, only natural acidification, a good
urban environment, and a non-toxic environment (Swedish Committee on Environmental
Objectives 2000). The Swedish Parliament has also adopted the principle of sectorial
responsibility, meaning that all parts involved in a particular sector are responsible for preventing
the emergence of new environmental problems and for solving those existing. Sectorial
responsibility also extends to efforts to achieve environmental quality objectives.

Owing to alerts concerning harmful substances found in wastewater sludge, the Federation of
Swedish Farmers and several food producers have lost their confidence in the quality of sludge
and subsequently large scale recycling of wastewater nutrients on arable land (Swedish Food
Federation 2001; Arla 2001; Swedish Environmental Protection Agency and Swedish Chemicals
Inspectorate 1999). Since October 1999, the members of the Federation of Swedish Farmers are
recommended to not use wastewater sludge as fertiliser in agriculture due to increased contents
of, for example, silver and brominated flame retarding agents in sludge (Eksvärd 1999).
Sufficient 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 urban water system.
Extensive monitoring programmes bring with them large costs and considerable workload to the
sector. Assessment of these issues is of high importance and a challenge for the urban water
sector.

Objectives

The objective of this paper was to investigate the process of selecting hazardous substances that
indicate chemical risks for the recycling of wastewater nutrients on arable land and discharge in
receiving waters. Moreover, the objective was to examine the difficulties in such a procedure due
to the extensive use of chemicals and, subsequently, a complex web of substances circulating in
our society and wastewater systems.
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Scope

There are many hazardous substances circulating in the technosphere rendering it impossible, in
practice, to read all literature concerning harmful 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 organisations – methods for identification of priority pollutants
� Properties and criteria that make a substance: (a) being regarded as hazardous, (b) possible  to

become enriched in wastewater products, and (c) present in the technosphere in substantial
quantities and flows

� The relevance and objectives for the studied lists, which are hereby considered important,
were substances that may be hazardous on arable land

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

METHODOLOGICAL BACKGROUND
A brief survey of procedures for a selection of hazardous substances was performed. The
following six examples illustrate the different methods elaborated by six organisations with
slightly varying starting-points and objectives for their identification of priority pollutants.

Example 1. Swedish Committee on New Guidelines on Chemicals Policy

The Swedish Committee on New Guidelines on Chemicals Policy (SOU 2000:53) has proposed
several phase-out criteria for some substances that are important to regulate so as to achieve the
environmental quality objective of a non-toxic environment (Swedish Committee on New
Guidelines on Chemicals Policy 2000). These criteria manifest inherent properties of compounds
present in chemicals and manufactured products. The consequence of the proposal will be that (1)
new products introduced to the market must, by in large, be free from:
� Persistent and bioaccumulative substances
� Carcinogenic, mutagenic, and reproduction-toxic substances
� Endocrine-disruptive substances
� Metals (mercury, cadmium, lead, and their compounds)
Moreover, (2) that metals should be used in such a way that they are not released into the
environment to a degree that causes harm to either the environment or human health. (3) Man-
made organic substances that are persistent and bioaccumulative 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 has, in collaboration with the Swedish
Environmental Protection Agency and the Swedish National Board of Occupational Safety and
Health, established the Observation List (Swedish National Chemicals Inspectorate 2000). The
purpose of the Observation List is to provide information concerning certain substances with
particularly serious properties from the viewpoints of human health and the environment.
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Substances on the Observation List are selected because they fulfil at least one of the List’s
selection criteria of danger to human health or to the environment, presented in table 1. The
substances should have also been used in chemical products (in Sweden 1996) in quantities
exceeding one ton, according to the Chemicals Inspectorate’s Products Register.

The selection criteria of danger to human health, contained in Appendix 3 of the Chemicals
Inspectorate’s Regulations (KIFS 1994:12), are identical to the criteria on the Classification and
Labelling of Chemical Products. With regards to danger for the environment, the selection
criteria are more stringent than for human health. Only substances that pose the most potent
threat to the environment are included. All substances included in the list using these criteria
originate from the IUCLID database (International and Uniform Chemicals Information
Database).
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Table 1 Selection criteria used for identification of hazardous substances at the Observation
List (Swedish National Chemicals Inspectorate 2000).

SELECTION CRITERIA
DANGER TO HUMAN HEALTH

Properties Criteria
a Very high acute toxicity Substances with very high acute toxicity* 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 classified with the indication of danger
Toxic**

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)

Definitions:
LD50: Lethal dose [mg/kg body weight] - 50%
of the test organisms are killed after
exposition
LC50: Median lethal concentration - 50% of
the test organisms are killed or immobilised
after inhalation of the substance at
predetermined time.

* LD50, orally, rat: ≤ 25 mg/kg
LD50, dermally, rat or rabbit: ≤ 50 mg/kg
LC50, inhalation, rat ≤ 0,5 mg/l 4 hrs (gases, vapours)
** Orally, rat: ≤ 5 mg/kg body weight and day
Dermally, rat or rabbit: ≤ 10 mg/kg body weight and day
Inhalation, rat: ≤ 0,025 mg/l, 6 hrs/day
The above doses are based on subchronic (90-day) toxicity tests

DANGER FOR THE ENVIRONMENT
Properties Criteria

g High potential for bioaccumulation
combined with low degradability

Bioconcentration factor (BCF) > 1 000*
and
low degradability in biodegradation tests**

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

Bioconcentration factor (BCF) > 1 000*
and
EC50 in short-term tests < 1 mg/l for aquatic organisms

Low degradability combined with
very high toxicity to aquatic
organisms

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

h Very high toxicity to aquatic
organisms

EC50 in short-term tests < 0,1 mg/l for aquatic organisms

i Dangerous for the ozone layer Ozone Depletion Potential (ODP) > 0
or
ozone-depleting substances regulated within EU

Definitions:
EC50: Median effect concentration - 50% of
the test organisms are affected after
exposition to the substance at predetermined
time.
Kow: Octanol-water partition coefficient

* The substance also fulfils this criterion if its
log Kow > 4, unless experimentally decided
bioconcentration factor (BCF) < 1000
** For example: < 20% degradation in test for
ready biodegradability (OECD 301 A-F) or in
test for inherent biodegradability (OECD 302 A-C).
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Example 3. Commission of the European Communities

In February 2000, the European Commission sent the draft of a directive to the European
Parliament and Council Decision proposing the establishment of a list of priority substances in
the field of water policy (Commission of the European Communities 2000). The priority list was
based on risks to the aquatic ecosystem and to human health via the aquatic environment. Three
options in the proposed Water Framework Directive (WFD) identified the priority substances. Of
these, the only feasible option within a reasonable short time was that which required a
‘simplified risk-based assessment procedure based on scientific principles’ taking into account
the intrinsic hazards to substances and of the exposure to ecosystems based on monitoring and on
modelling data. On this basis, a procedure called COMMPS (combined monitoring-based and
modelling-based priority setting) has been elaborated in collaboration with the consultant institute
Fraunhofer Institute for Environmental Chemistry and Ecotoxicology in Germany. The basic
ideas were to rank substances, in an automated manner, for which sufficient data are available
according to their relative risk to the aquatic environment and to expertly judge priority
substances for the final selection. .

The substances subjected to the COMMPS procedure were selected from various official lists and
monitoring programmes. The basic idea of this list-based approach is to ensure that substances
previously identified as being of concern and for which sufficient information is normally
available are chosen. Substances from the following lists are included in the COMMPS
procedure:
– List 1 and 2 of Council Directive 76/464/EEC
– Annex 1A and 1D of the Third North Sea Conference
– Priority lists 1-3 identified under Council Regulation No 793/93
– OSPAR list of candidate substances
– HELCOM list of priority substances
– Priority lists under Council Directive 91/414/EEC

To calculate the exposure scores, two major sources of exposure data were exploited in
COMMPS, namely monitoring and modelling data. However, modelling data were only used if
monitoring data were inadequate or non-existent. In summary, the following risk-based ranking
lists were established in the COMMPS procedure on an automated basis:
� List A: A list of aquatic organic pollutants based on aquatic monitoring data. A total of about

752,000 single data comprising 330 substances (including metals) were provided and
assessed. In total, a ranking list of 86 substances was elaborated.

� 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 final 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 finally 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.
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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
identified 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 and in the research report (Declaration ref.: 98/788/3040/DEB/E1) ‘Revised
Proposal for a list of Priority Substances in the Context of the Water Framework Directive
(COMMPS Procedure)’, prepared by the Fraunhofer Institute for Environmental Chemistry and
Ecotoxicology, Germany.

The revised COMMPS study was presented and discussed at an expert meeting on April 19,
1999. There was general agreement that the recommended list be based on the best scientific
evidence possible within the given time frame. The Commission revised the recommended list by
the Fraunhofer Institute and finalised the Proposal for a European Parliament and Council
Decision - establishing the list of priority substances in the field of water policy. Two highlighted
statements in the proposal may summarise the work:
(6) A first list of 32 priority substances or groups of substances has been identified on the basis

of the COMMPS procedure, following a publicly open and transparent discussion with the
interested parties.

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

Example 4. OSPAR Strategy with regards to hazardous substances

The Oslo and Paris Commissions (OSPAR) has formed a strategy with regards to hazardous
substances. The objectives are to develop programmes and measures to identify, prioritise,
monitor, and control (i.e., to prevent and/or reduce and/or eliminate) the emissions, discharges,
and losses of hazardous substances which 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, inter alia, 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:
(i) due to their highly hazardous properties, are a general threat to the aquatic environment;
(ii) indicate strong risks for the marine environment;
(iii) 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;
(iv) will reach, or are likely to reach, the marine environment from a diversity of sources

through various pathways.

The OSPAR Commission states that they intend to stimulate further development of the criteria
for hazardous substances, viz. toxicity, persistency, and liability, to bioaccumulate with respect to
the marine environment and to improve their operation as part of the work to implement this
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strategy. The application of these criteria should both reflect 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. Technical University of Denmark

At the Technical University of Denmark, Dept. of Environmental Science and Engineering, the
characteristics of grey wastewater are being investigated (Eriksson and others 2000). This work is
carried out within a national R&D-programme for ecological development of urban areas and
wastewater handling titled ‘Theme 4’ (Danish EPA 2000). The project deals with the handling
and characteristics of storm water and grey wastewater. The main purposes are to evaluate the
possibilities of reusing storm water and grey wastewater for, e.g. toilet flushing and other
applications. Hazardous substances of high importance characterise the contents of grey
wastewater. Within the study, Eriksson and others (2000) and Auffarth (1999) have described,
selected, and prioritised compounds that should be included in a monitoring programme.
Eriksson and others (2000) states that the relevant list of parameters to be analysed from grey
wastewater is long and that physical, chemical, and microbiological parameters will be of
interest.

Strategy concerning the selection process: Indicator substances that should be included in a
monitoring program for the quality control of grey wastewater can be based on production data
(Eriksson and others 2000). Compounds that are produced and consumed in the largest quantities
could be expected to cause problems when introduced into the environment. Auffarth (1999)
showed that at least 400 different chemical substances and groups of compounds could be present
in household wastewater. These results indicate that the number of identifiable and quantifiable
chemical constituents found in grey wastewater will be numerous. Auffarth (1999) also
performed an evaluation of the environmental risks when these compounds are discharged into
the environment. This evaluation was based on classification of the organic substances with
respect to toxicity, bioaccumulation, and biodegradation. The compounds were divided into eight
groups based on the criteria in table 2. Out of the approximately 400 substances identified to be
present in household chemicals, a total of 33 compounds were categorised as priority pollutants,
i.e. they were placed in the first 3 groups with the highest environmental impact.

Another way to select relevant compounds was to consider data available from the
characterisation of ordinary household wastewater. According to Eriksson and others (2000), a
review of published literature regarding the contents of organic substances in wastewater showed
that approximately 500 different compounds had been analysed.

The criteria for the final selection of hazardous substances that were to be included in the
monitoring programme were summarised in two points by Ledin and others (2000):

1. Compounds that are identified as hazardous substances by the Danish EPA (‘the list of
unwanted substances’).

2. Hazardous organic compounds that were identified as prioritised substances in the literature
studies performed by Auffarth (1999) and Eriksson and others (2000).
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Table 2 Description of the criteria used for prioritisation of hazardous substances in grey
wastewater. The criteria were partly taken from the environmentally classification
system used within the European Union (Auffarth 1999).

Priority Criteria used as base for prioritisation

1
Not biodegradable
Potential for bioaccumulation, BCF > 100 and log Kow > 3
EC/LC50 < 1 mg/L
N; R50, R53

2
Biodegradable
Potential for bioaccumulation, BCF > 100 and log Kow > 3
EC/LC50 < 1 mg/L
N; R50, R53

3
Biodegradable
No potential for bioaccumulation, BCF < 100 and log Kow < 3
EC/LC50 < 1 mg/L
N; R50

4
Not biodegradable
1 mg/L < EC/LC50 < 10 mg/L
N; R51, R53

5
Biodegradable
Potential for bioaccumulation, BCF > 100 and log Kow > 3
1 mg/L < EC/LC50 < 10 mg/L
R51, R53

6
Not biodegradable
10 mg/L < EC/LC50 < 100 mg/L
R52, R53

7
Biodegradable
No potential for bioaccumulation, BCF < 100 and log Kow < 3
1 mg/L < EC/LC50 < 10 mg/L

8
Aerobic and anaerobic biodegradable
No potential for bioaccumulation, BCF < 100 and log Kow < 3
EC/LC50 > 100 mg/L

Notations used for classification with regard to aquatic environment (Auffarth, 1999):
N: Hazardous for the environment
R 50: Highly toxic for aquatic organisms
R 51: Toxic for aquatic organisms
R 52: Harmful for aquatic organisms
R 53: May cause unwanted long-term effects in aquatic environment

Example 6. German Federal Environmental Agency

Litz (2000) developed a standardised evaluation concept based on human toxicity, ecotoxicity,
and soil related data for the assessment of pollutants in sewage sludge. The assessment concept is
applicable for different compounds using evaluation steps, which are based on a classification
system, that are comparable and transparent. A total of 44 compounds and groups of compounds
was assessed and allocated to one of three groups: (1) pollutants of primary relevance, (2)
pollutants of secondary relevance, and (3) such pollutants, on which more information was
necessary for evaluation. The assessment concept was based on the substances’ data sheet where
data on each substance were compiled. For each criteria the levels low, medium, and high
represented a data span. Examples are (I) the levels of persistence [90% degradation in soil],
which were defined as: low <10 d., medium 10-100 d., and high >100 d., and for (II) the
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following data were collected for concentration levels in sewage sludge for agricultural use: (a)
minimum, (b) median, (c) average, (d) 90 percentile, (e) maximum, (f) number and year of
analyses (Litz 2000).

Table 3 Classification of assessed substances: group I -substances of primary relevance
(Litz 2000).

SUBSTANCE CRITERIA
Mammalian/human
toxicity (acute)

Ecotoxicity Water
solubility

Persistence Concentration
levels

PCDDs/Fs, single
substance/summative
parameter

high; carcinogenic aquatic: high; terrestrial:
high;
bioaccumulation: high

low high low

AOX (summative
parameter)

high, indicator

PCBs, single
substance/summative
parameter

medium; tumour
promoting,
immunotoxic

aquatic: high; terrestrial:
high;
bioaccumulation: high

low high low and
continuing to
decline

B[a]p single
substance, (PAH)

carcinogenic,
mutagenic,
teratogenic

high;
bioaccumulation: high

low high high

LAS medium aquatic: high; terrestrial:
medium;
bioaccumulation: high

high medium high

Nonylphenol medium;
suspected estrogenic
effects

aquatic: high;
terrestrial: medium;
bioaccumulation: high

high medium high

Tributyltin oxide high aquatic: high;
bioaccumulation: high;
endocrine effects

medium high high

DEHP low; suspected
estrogenic effects

aquatic: medium to
high;
terrestrial: low;
bioaccumulation: high

low medium high

METHODOLOGICAL DISCUSSION
The reviewed methods used to identify indicator substances and/or priority pollutants showed
some common features, e.g. the groupings of various criteria and/or substances’ inherent
properties. These diverse groups represent different characteristics that in one way or another
symbolise hazardous properties. From the groupings, one or many of the selected indicator
substances should represent the hazardous property of that specific group, see example in figure
1. Another common trait was that the methods only embraced well known hazardous substances
since comprehensive knowledge about the substances’ inherent properties or mass flows is
essential for making the classification possible.
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Figure 1 A general illustration of the methods used for the selection of indicator substances
and/or priority pollutants. N (nitrogen) and P (phosphorous) stands for good
substances wanted for reuse of wastewater nutrients to arable land.

Grouping

Criteria, in a certain context, used for grouping can be interpreted as hazardous. For the reviewed
methods, different criteria were elaborated for this particular matter. Criteria were worked out
from various objectives depending on the purpose of the list. Some criteria important for the
assessment of chemical risks for the recycling of wastewater nutrients on arable land and
discharge in receiving waters will here be described.

Persistence

An organic substance is defined as persistent, i.e. long-lived, if it is enduring in its environment
(Swedish Committee on New Guidelines on Chemicals Policy 2000). Thus, a persistent substance
resists the physical, chemical, and biological processes in the environment that lead to degradation
of other, less resistant substances. This means that a 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. Furthermore, if the persistent substance is toxic, it will cause even higher damage
because its effects will be longer lasting. The Swedish Committee on New Guidelines on
Chemicals Policy has identified persistence as a hazardous property of chemical substances.
Persistent substances will be phased out from the Swedish market at the latest 2010 (Swedish
Committee on New Guidelines on Chemicals Policy 2000). Metals as Hg, Cd, and Pb are
considered to be among the most important environmental pollutants not only due to their toxicity,
but also because they are elements and, thus in practice, undestroyable. Organic compounds are
never undestroyable, but mankind has learned to develop organic substances that are strikingly
persistent. Such compounds are, for example, the polyaromatic hydrocarbons (PAH) where
molecules are composed of one or more benzene rings. These molecules become even more
persistent if they are halogenated.

All substances
Hazardous substances

Examples of
metals

Examples of
PBT-substances

Examples of carcinogenic,
mutagenic and reproduction-
toxic substances

Examples of endocrine-
disruptive substances

PBT-substances:
- Persistent
- Bioaccumulative
- Toxic

N
P

Examples of
solvents
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How much time a compound persists in soil can be evaluated based on a pollutant half-life (T1/2).
T1/2 is the time it takes for the concentration of a pollutant in a certain compartment to fall by 50%.
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 sorbed

Bioaccumulation

A substance is bioaccumulative 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 the surrounding environment or food, with bioaccumulation showing the
total uptake of a substance via, e.g. skin and mucous membranes, and the gastrointestinal tract.
The bioaccumulation factor (BAF) and the bioconcentration factor (BCF) give the
bioaccumulation potential of a substance. These are obtained by dividing the equilibrium
concentration in the organism by the concentration in the surrounding environment and food (for
BAF) or by the concentration of dissolved substance in the surrounding water that do not
including concentrations in food (for BCF)  (Swedish Committee on New Guidelines on
Chemicals Policy 2000). Mercury and a few other toxic metals have a great potential to bind to
protein molecules in organisms (Bernes 1998). For organic compounds it is the lipofilicity that
decides the potential for bioaccumulation. Lipofilic substances have low solubility in water while
having a strong tendency to accumulate in fatty tissues of environmental compartments. The
contents of lipofilic substances are thus many times higher than in organic tissues such as
sediments, organisms, and suspended solids than in the water itself (Bernes 1998). When it comes
to plant uptake, lipofilicity contributes to adsorption of lipofilic substances to the roots of the
plants (Linusson 1992). The lipofilic substances become, to a high degree, adsorbed to the root-
fibres and are thereby hindered to become transported up to the plant body itself. There are some
risks for accumulation in the plant bodies of oil plants (Linusson 1992).

The Swedish Committee on New Guidelines on Chemicals Policy (2000) distinguished the
bioaccumulation potential of a substance on the basis of their BCF as the following:
▪ BCF ≥ 1000; the substance is considered highly bioaccumulative
▪ If a persistent bioaccumulative substance contributes to biomagnification (becomes enriched

in the food web) as well as posing a serious threat to the environment
▪ BCF ≥ 3500; the substances often contribute to biomagnification
▪ It is uncertain how relevant BCF-values (determined for aquatic environments) are in soil-

based ecosystems

Toxicity in water and in soil

Substances that can cause harm to living organisms are classified as toxic (Bernes 1998). Many
toxic substances can cause harm to an organism over the long-term even if the organism is
exposed to doses lower than what is required to cause acute toxic effects – this is called chronic
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toxicity. Chronic effects often depend on small changes or disruptions in the organisms functions
that become serious enough after a period of time to affect the whole organism. There are a
number of possible toxic effects.

Carcinogenic, mutagenic, reproduction-toxic (CMR substances)

The EC’s dangerous substances directive (67/548/EEC) contains definitions of what is meant
by carcinogenic, mutagenic, and toxic for reproduction (CMR substances). These definitions
have also been incorporated into the Swedish Chemicals Inspectorate’s regulations (KIFS
1994:12) and entail the following:
� Substances and preparations shall be classified in the hazard class carcinogenic if – when

inhaled, ingested, or penetrated into the skin, – they may induce cancer or increase its
incidence.

� Substances and preparations shall be classified in the hazard class mutagenic if – when
inhaled, ingested, or penetrated into the skin – they may induce heritable genetic defects or
increase their incidence.

� Substances and preparations shall be classified in the hazard class toxic for reproduction if
– when inhaled, ingested, or penetrated into the skin – they may produce, or increase the
incidence of, non-heritable adverse effects in the progeny and/or an impairment of male or
female fertility.

Dioxins are substances that are well documented as being carcinogenic to many different
species of organisms, where 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most toxic
substance in this respect (Bernes 1998). PAH is a complex group of substances where many
are considered to be quite harmless in an environmental and health related perspective.
However, a number of them such as benzo[a]pyrene are known to cause cancer and genetic
disruptions (Bernes 1998).

Endocrine-disruptive

Chemical substances that damage or disrupt the function of a body’s or organism’s endocrine
glands, affect the 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 Chemicals Policy 2000). Such an impact on the body’s endocrine system can in
turn give rise to a number of pathological conditions: 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 (Swedish Committee
on New Guidelines on Chemicals Policy 2000). Since endocrine-disruptive effects can
increase the number of consequences they are to be regarded more as mechanisms that can
cause damage to organisms, populations, or ecosystems rather than as health and
environmental effects in themselves (Swedish Committee on New Guidelines on Chemicals
Policy 2000). Many substances that can cause endocrine-disruptive effects belong to the group
of persistent organic pollutants (POPs). Examples of endocrine-disruptive substances are
alkyl-phenols, some phthalates, DDT, DDE, chlordane, several congeners and hydroxy-
metabolites of polybrominated biphenyls, PBB, and PCB. Tetrabrombisphenol-A and PAH
may cause endocrine-disruptive effects as well. Numbers of these substances involve a phenol



14

group – an OH-group bonded to a benzene ring – and thereby resemble the natural oestrogen
(Bernes 1998).

Finding the toxic properties in a mix of chemicals, such as wastewater and sludge, is of high
importance so as to cover the different kinds of toxic effects. The Swedish National Chemicals
Inspectorate recommendations for testing of New chemicals (1991:2) proposes several toxicity
tests for, e.g. genetic toxicity, carcinogenic proportions, specific toxicity, neurotoxicity,
toxicity for fish and plankton, reproduction disturbing proportions such as the capacity for
reproduction, development of the foetus, teratogenicity, etc.   

Quantity of substances and pathways to the sewage system

In society and its infrastructure, large amounts of hazardous substances are accumulated and
continually spread from different compartments and activities. Sewage systems and wastewater
treatment plants constitute a connection between the technosphere and the environment. Today,
more than 75,000 chemical compounds are globally present in the technosphere while 30,000 of
these are regarded as everyday chemicals that are regularly used in households and industry (in the
industrialised world). Sewage treatment plants can be seen as a funnel for waste and, therefore,
transport chemicals from the technosphere to the environment (Strandberg and others 2001).
Bengtsson (2000) claims that the quantities of substances society uses are most likely reflected in
the wastewater constituents. Certain types of substances have more obvious pathways into sewage
systems, e.g. Cu, which is a common material in the tap water system and is, according to
Bergbäck and others (2001), emitted into the wastewater. Another example is the assorted types of
surfactants used in detergents. Due to this background, it is vital to consider the quantities and flow
patterns of the substances in the technosphere when selecting indicator substances and/or priority
pollutants.

Physical and chemical properties - phase distribution

Other important aspects to consider are the substances’ physical and chemical properties. These
inherent properties are essential when estimating the phase distribution of the substance during
transport in the sewage system and in the processes in the wastewater treatment plant. Properties
such as octanol-water partition coefficient (Kow - a measure of the substance’s lipofilicity), water
solubility, vapour pressure, and molecular weight are essential in determining the destination of a
substance in wastewater and its end products. 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 concentrations of many organic substances
decrease in the WWTP due to degradation. A given example is the degradation of different drugs
in a municipal wastewater treatment plant located near Frankfurt/Main (Ternes 1998). For the 14
substances the observed reduction rates ranged between 7 and 96%, see figure 2.
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Figure 2 Reduction of different drugs during passage through a municipal wastewater
treatment plant located near Frankfurt/Main during 6 days (reproduction from
Ternes 1998).

The dilemmas of grouping

The grouping concept was performed by several organisations as the first step in the
identification of hazardous substances. Questions to this approach are, for example, that groups
or criteria can be missed – criteria that might be relevant in identifying hazardous properties and
substances. Another item open for discussion is whether or not the substances’ inherent
properties should be as influential as they are in many of the methods. The Association of
Swedish Chemical Industries believes 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 Committee on New Guidelines
on Chemicals Policy (2000) proposes that all substances being used – regardless of whether they
are new or existing – shall be subject to the same requirements regarding data on the inherent
properties of the substance, so that those substances for which data are lacking may not be
allowed on the market until after a certain date. The data requirements made in 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. The grouping approach is not an unbiased
method, though it would be desirable to improve or change the procedure to better fulfil the
requirements for a chemical risk assessment as a whole. Criteria are chosen to include the most
important properties/substances that by definition exclude others.
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Selecting substances from groupings

Choosing substances from the groupings that correspond to the criteria completes the selection
procedure, see figure 3. The indicator substance represents the quality given by the actual criteria
with selected substances often representing more than one of the criteria in the reviewed methods.
As an example, some PCB congener represent all three properties: persistent, bioaccumulative,
and endocrine-disruptive. In the reviewed methods all selected criteria were represented by at
least one indicator substance, but more often than not by a group of substances. Eventually, the
selected set of indicator substances should represent all criteria and, desirably, also form a whole,
as it embodies all the potential chemical risks.

Figure 3 An outline of the selecting process: The criteria are congregated in groups, of which
each are representing certain properties. A set of groups is defined. From each
group one or a few indicator substances are selected and a set of indicator
substances (i1, i2, i3, …, in)  can be created.

The dilemmas of selecting substances from groupings

The key problem for selecting proper indicator substances is the 30,000 everyday chemicals in
use in our society. Sufficient 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
for picking the right indicator substances is the lack of data, making the synthesis of the
knowledge difficult to manage. To assess the risk of chemical substances, knowledge of both
their fate in various compartments of the studied media, and their effects on humans and
ecosystems are required (Strandberg and others 2001). Substantial knowledge and data
concerning the well-known environmental pollutants are available, but as the use and emissions
of, for example, PCBs and PCDD/Fs have been restricted or banned over the last 20 to 30 years,
new groups of substances have been put into focus. These 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 the other more traditional chemicals in regards to their potential health and
environmental effects (Alcock and Jones 1999). As an example, pharmaceuticals have received
comparatively little attention though they are used in large amounts throughout the world. Most
of these products are disposed of or discharged into the environment on a continuous basis via
domestic and industrial sewage systems (Daughton and Ternes 1999). Generally, knowledge
concerning substances’ physico-chemical properties needs to be increased - the current lack of
knowledge hinders well-founded chemical risk assessments.

Group 1 Group 2 Group 3 Group n
i1 i2 i3 in

i1, i2, i3, …in
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Controlling the quality of wastewater is a difficult assignment since wastewater coming into the
treatment plant is of a very complex mixture. A few decades ago, few compounds were being
measured. Today, around ten analyses are regularly performed. The EU-Commission has
suggested the future control of 32 groups of substances in the new water framework directive
(Commission of the European Communities 2000). Further, the Swedish Committee on New
Guidelines on Chemicals Policy suggests a list of approximately 100 substances to be controlled
in the environment (Swedish Committee on New Guidelines on Chemicals Policy 2000). An
important discussion issue is the limited capability for controlling environmental pollution,
within and from, technical systems such as the sewage system. This control should include the
pollutants’ fate in various environmental compartments as well. All substances can never be
measured because of both cost and practical purposes. Today, we are uncertain that the measured
substances represent the real chemical risk to which we are exposed. The risk may consist of
other substances or combinations of substances. Of concern are the large, misspent costs for
chemical analysis if the results render nothing about the chemical risks.

Selected indicator substances can never be defined as the definitive ones. A set of indicator
substances must be looked upon as the most reasonable choice at the time being. Other, ‘new’
substances may show up and become more evident in the debate at any time and/or the priority
order of the identified indicators may be changed. Moreover, different ambition levels must be
accepted for different substances due to the abundance of available data for some well-known
substances and the lack of data for others.

Pros and cons using indicator substances for assessment of pollution in wastewater:

+ Possibility to practically accomplish measurements and chemical analysis of specific
substances in wastewater as well as in the environment.

+ Detected substances indicate a specific 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.

– The pollution situation is not entirely understood by knowing the status of only a few
substances. Other important substances may not be discovered or overlooked.

– Difficulties in identifying the correct indicator substances that completely conceal a possible
pollution situation.

– The unknown substances may pose severe chemical threats, and which are failed to be
spotted when measuring the indicator substances only.

Large work effort is demanded

When studying the different methods used for the selection of priority pollutants, it becomes clear
that a lot of work has been performed in the selection and classification of hazardous substances.
For example, the COMMPS-method, elaborated by the EU-commission, used 752,000 analytical
data concerning 330 substances from environmental control programmes all over Europe
(Commission of the European Communities 2000). After the compilation of data, resulting in
four lists of substances (list A-D), a group of experts finished the work by selecting 32 priority
pollutants while thoroughly motivating their choice for each substance. Similar work has also
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been performed for the development of other lists of priority pollutants, indicating that a large
work effort needs to be put into these issues.

Multivariate analysis approach

A potential approach for the selection process of priority pollutants could be the use of a
multivariate analysis applied on the substances inherent properties. An idea for the performance
of such a method would be to start defining criteria and pointing out important physical and
chemical properties of a substance. Moreover, the distribution of the substance in the
environment would be an important aspect. Examples of such criteria are physical and chemical
properties like octanol/water-coefficient and water solubility or other inherent properties such as
persistence, carcinogenic-, mutagenic-, and endocrine-disruptive effects that may be caused by
the substance. The described criteria would be characterised and quantified for a large amount of
substances – more or less known as harmful to the environment. As large a data set as possible
would probably render better results, but there are difficulties in obtaining reliable data for many
of the substances, particularly for new compounds (Swedish Environmental Protection Agency
and Swedish Chemicals Inspectorate 1999; Swedish Committee on New Guidelines on
Chemicals Policy 2000). A multivariate analysis of feasible criteria would most likely result in
groupings of substances, showing clusters of chemical compounds. Bases for the groups would
be either similar inherent properties or their fate in various compartments in the environment.
Multivariate combinations of criteria might result in unexpected correlation between substances,
which would be difficult to observe using other selection methods. Positive aspects of a
multivariate analysis approach on a selection process for priority pollutants would be the
possibilities of finding unexpected effects from the interaction between different criteria.
Difficulties in finding data and a very time-consuming method are negative aspects of the
multivariate analysis approach. An active selection (by hand) of the priority pollutants from the
identified clusters of substances would still be needed, thereby adding some uncertainty into the
method.

GENERAL DISCUSSION
The selection process of hazardous substances turned out to be very complex. Finding relevant
indicator substances for wastewater pollution was difficult, but is still highly relevant for the
possibilities of assessing chemical risks that are associated with the reuse of wastewater nutrients
on arable land. Many different approaches have been attempted in the identification of priority
pollutants, but the set of priority pollutants is still not identical on the different lists. Priority
pollutants in different conventions have obviously been selected from various points of view and
with different objectives. Most of them aim at water politics and the protection of the aquatic
environment. The objective of this paper was to survey the process of selecting hazardous
substances, which indicate chemical risks when recycling wastewater nutrients on both arable
land and discharge in receiving waters. When it comes to the reuse of wastewater nutrients on
arable land it is important to discuss substances with, e.g. toxic and persistent properties that may
appear in the wastewater nutrients products and their effects in soil-based systems. Substances’
toxic, bioaccumulative, and persistent properties are often verified for aquatic systems.
Knowledge about the mentioned properties is to a large extent deficient for soil-based systems.
Important to consider, though, is that toxicity is often less significant or has different
characteristics in terrestrial systems than in aquatic systems (Linusson 1992).
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In parallel to the development of methods for chemical risk assessment, is important issue of how
much of our chemical society we are ready to give up. Chemicals play an important role in our
society. Chemical substances and preparations have greatly contributed to our current material
prosperity and we presently use chemicals in many contexts. One way to deal with chemical risks
is to align the precaution principle. One of the fifteen Swedish national environmental quality
objectives is ‘A non-toxic environment’. To enable a non-toxic environment, the Swedish
Committee on New Guidelines on Chemicals Policy (2000) and Swedish Environmental
Protection Agency & 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 the whole society.

CONCLUSIONS
The studied processes for selecting hazardous substances were achieved through groupings of
criteria representing different characteristics that indicate hazardous properties. The specified set
of criteria should represent chemical risks as a whole. Indicator substances were selected from the
groupings and represented the quality of the criteria. This methodology passes judgement on its
insufficiency to render enough knowledge about chemical risks from complex systems such as
the wastewater system.

Another conclusion from this study was the impracticality of creating a comprehensive list of
indicator substances for the monitoring of hazardous substances in wastewater and its end
products. Many simplifications have to be accepted when dealing with this issue. There are
75,000 substances present in the technosphere, of which 30,000 are regarded as everyday
chemicals that may end up in wastewater systems. There are many substances which we know
too little about. This provides a weak base for assessing the chemical risks on wastewater and end
products for reuse on arable land.

Furthermore, it is impossible to measure all hazardous substances that contribute to the chemical
risks and, in this way, assure safety for the recycling of wastewater nutrients on arable land and
discharge in receiving waters.

It is important to find unbiased methods when monitoring hazardous substances and assessing
chemical risks in wastewater, its end products, and other complex chemical mixtures. Further,
knowledge of substances’ physico-chemical properties overall must be increased. To be able to
assess the reuse of wastewater nutrients on arable land, tools for chemical risk assessment on
chemical mixtures are needed. Ideas for such development would be an interdisciplinary
approach bringing together several disciplines like chemical analyses, toxicology, risk
assessment, etc.
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ABSTRACT
The assessment of chemical risks associated with hazardous flows of substances within urban
wastewater systems is of high importance aiming at utilisation of wastewater nutrients on arable
land. The wastewater system constitutes a connection between the technosphere and the
environment. Today, more than 75,000 chemical compounds are present in the technosphere, of
which 30,000 are regarded as so-called everyday chemicals that are regularly used in households.
Chemical risk within different wastewater systems has been identified as an issue where the
existing knowledge is rather limited and needs to be further investigated. This is important for the
future development of sustainable wastewater treatment systems. Evaluation of risks associated
with hazardous flows of chemicals within urban wastewater systems is very complex because
there are presently no universal methods for risk assessment of chemicals. Existing methods are
insufficient since (a) they describe the risk of a single substance only, (b) they describe the
current risk, but not in a long-term perspective, (c) they lack important information about the
interaction between different chemicals such as their antagonistic and synergistic effects, and (d)
they are costly and time consuming. In order to assess true risk, integrated risk approaches are
required, meaning that a lot of information needs to be summarised simultaneously. Moreover,
risk evaluation should be performed on a regular basis. An integrated approach was proposed -
the Toxicity Fraction Approach (TFA), which gives the possibility to identify the relationship
between the complex mixture of chemical substances and the different biochemical and
toxicological responses.

KEYWORDS: Chemical risk assessment, wastewater, sludge, recycling, hazardous substances

1 INTRODUCTION
Sewage systems and wastewater treatment plants constitute a connection between the
technosphere and the environment. Today, more than 75,000 chemical compounds are present in
the technosphere with 30,000 of these being regarded as so-called everyday chemicals or
regularly used in households. A sewage treatment plant, which can be seen as a funnel for not
only pollutants, but also for nutrients, comprises a major route for chemicals from the
technosphere to the environment. Chemical risks within different sewage systems have been
identified as an area where the knowledge is rather limited and needs to be further evaluated and
investigated.
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Wastewater sludge is the predominant by-product from today’s wastewater handling. Sludge
contains organic and inorganic pollutants to varying degrees as a result of domestic and industrial
wastewater discharges to municipal wastewater treatment plants (Litz, 2000; Schnaak et al.,
1997; Paxéus, 1992). Klöpffer (1996) has shown that sewage sludge is a very efficient sorbent for
all lipophilic contaminants that might be transported into the sewage system. Other pollutants in
sewage sludge are generally insoluble metals, usually present at higher levels in sewage sludge
than in wastewater. It has been estimated that in the future, a significant number of new
wastewater treatment plants in countries within the European Union will be built, consequently
producing more sludge (Augulyte, 2001). Thus, a growing volume of sewage sludge will need to
be taken care of in an environmentally acceptable way.
A schematic picture of the flow of substances within the sewage system is presented in figure 1.
Wastewater is generated at different sources in society and transported through sewage pipes into
the wastewater treatment plant (WWTP). The wastewater is illustrated here as five separated
flows fractions, viz. urine, blackwater/faeces, greywater, storm water, and industrial wastewater,
while the outlet is represented by four fractions, viz. sewage sludge, treated wastewater, gaseous
emissions, and separated wastewater fractions (e.g. human urine and faeces).

Figure 1 The schematic picture of flow of chemicals within the sewage system (WWTP: wastewater treatment
plant).

Assessment of the chemical risks associated with hazardous flows of substances within the urban
wastewater systems is of high importance when the aim is the utilisation of wastewater nutrients
on arable land (agriculture, forestry, or other alternatives). This involves investigating the sources
of hazardous substances in wastewater and the human activities and attitudes that cause these
different, unwanted substances to end up in the wastewater systems.
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1.1 Objectives

The objective of this paper was to survey the approaches for evaluating the risks associated with
hazardous flows of chemicals within urban wastewater systems. Additional goals were (a) to
identify the limitations for such risk evaluations, (b) to identify areas where substantial gaps in
knowledge exist, and if necessary, (c) propose new approaches to assess the chemical risk
applicable to hazardous flows of chemicals within the urban wastewater systems.

1.2 Scope

Due to time restrictions, this work has solely concentrated on reviewing and evaluating methods
established by recognised organisations or researchers in the area of chemical risk assessment.
The study was based on scientific, public, and governmental papers and reports as well as
personal communications. Matrices concerned in this study were limited to wastewater nutrient
products such as sewage sludge, source separated urine, blackwater/faeces, and treated
wastewater.

2 CHARACTERISTICS OF WASTEWATER AND SLUDGE WITHIN THE
WASTEWATER SYSTEM

The basis of many chemical risk assessment methods is the characteristics of the studied matrices –
in this case wastewater and sludge within wastewater systems. The composition of wastewater and
sludge varies due to the different wastewater influents received by WWTPs, and may potentially
contain any chemicals produced and used in the catchments. The most important fluctuations in the
concentrations of various contaminants are dependent on locality and season. Different
technologies used in treatment plants also play an important role in the quality of the sludge
(Schnaak et al., 1997). Examples of metals routinely present in sewage sludge are given in table 1,
while toxic organic compounds are listed in table 2.

Table 1 Examples of heavy metals routinely present in sewage sludge in Sweden. Concentrations
are given in mg/kg dry weight (mg/kg dry wt.).

Metals Northern Sweden
1993-19951

Umeå
20002

Southern Sweden
1981-19973

Swedish muni-
cipal sludge 19974

Swedish
legislation5

Lead (Pb)
Cadmium (Cd)
Copper (Cu)
Chromium (Cr)
Mercury (Hg)
Nickel (Ni)
Zinc (Zn)

4-59.5
0.2-2.7
16-425
11-58.5
0.3-2.2
3.8-37

150-860

14-33
0.31-1.1
15-110
11-23

0.36-0.88
6.7-19

340-440

59-180
1.3-3.5

651-2000
28-406
2.0-6.9
13-111

595-1100

27
1.1
270
23
0.8
12

450

100
2.0
600
100
2.5
50

800
1 Sludge from northern Sweden (County of Västerbotten) collected between 1993-1995 (Olofsson and Eriksson, 1996)
2 Sludge from Umeå collected in 2000 (Augulyte, 2001)
3 Sludge from southern Sweden (Lund and Malmö) collected from 1981 to 1997 (Andersson and Nilsson, 1999)
4 Municipal sludges in Sweden 1997 (median value given here) (Levlin et al., 2001)
5 The maximum concentration for the heavy metal content in sewage sludge for utilisation in agriculture according to Swedish legislation
  (Levlin et al., 2001)

Metal concentrations in sludge depend on the type and amount of industrial wastewater discharged
into the municipal sewage system. Because metals are generally insoluble, they are usually present
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at higher levels in sewage sludge than in wastewater. Among the different metals, cadmium is
frequently found to exceed the maximum allowed concentration in sewage sludge, according to
Swedish legislation, as can be seen in table 1.
In a recent study, Eriksson (2001) investigated sewage sludge from 48 treatments plants from all
over Sweden and showed that concentrations of metals were in most cases below the maximum
concentration in sewage sludge allowed for agricultural utilisation. However, nine of these plants
had one or more metals (e.g. Cu, Cd, Zn, Hg, Ni, Pb) that were above the allowed maximum
concentration in sewage sludge as per Swedish legislation. Eriksson (2001) also concluded that
most of the investigated elements occurred in higher concentrations in wastewater sludge than in
both farmyard manure and commercial fertilisers.

Many synthetic organic chemicals from industrial waste, household products, and pesticides are
potentially hazardous, referred to by us as toxic organic chemicals (TOs) (see table 2.). Based on a
literature survey, recent sludge samples from Europe and North America typically contains about 1
to 100 mg/kg TOs (dry wt.) with ≥90% at concentrations ≤10 mg/kg (dry wt.) (O’Connor, 1996).

Table 2 Examples of toxic organic compounds identified widely in sewage sludge.
Concentrations are given in mg/kg dry wt.

Compound International
survey1

Umeå
1993-20002

Southern Sweden
1981-19973

S-EPA4

Phtalate esters:
Di(2-ethylhexyl) phthalate

Polycyclic aromatic hydrocarbons:
Benzo[a] pyrene
Fluoranthene
�PAH

Polychlorinated biphenyls:
�PCBs

Chlorinated pesticides:
� DDT

Volatile aromatics:
Benzene
Toluene

Nonylphenol

≥ 100

1-10
1-10

0.5-1*

< 1

1-10

0.41-2.5

0.015-0.079**

0.0025-0.16

0.042-8.7

1.7-42

70-313

1.0-4.3

0.2-0.9

3.0-7.0
1.5-4.5

17-1285

3.0

0.4

5.0

50

1 (O’Connor, 1996)
2 Sludge from Umeå collected from 1993 to 2000 (Augulyte, 2001)
3 Sludge from southern Sweden (Lund and Malmö) collected from 1981 to 1997 (Andersson and Nilsson, 1999)
4 The permissible concentrations for the indicator compounds - content in sewage sludge for utilisation in agriculture according to Swedish
   Legislation (�PCBs is sum of seven selected congeners, while �PAHs is sum of six compounds) (S-EPA, 1995)
* Analysed congener: aroclor 1248 and aroclor 1254
** Data from 1993-1999

Table 2 includes only a few examples of the organic compounds present in sewage sludge. The
data were collected from various sources with the analysed compounds being presented as
summarising parameters, e.g. the sum of 7 congeners of polychlorinated biphenyls (�PCBs) or the
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sum of 16 polyaromatic hydrocarbons (�PAHs). The number of substances included in each sum
parameter varied. The aim was to get input as to which concentrations could be expected in sewage
sludge.

A few broad surveys have been undertaken about chemicals potentially present in wastewater and
sludge. Paxéus (1996) identified a total of 137 organic compounds in effluents from Sweden’s
three largest WWTPs, representing a broad spectrum of non-regulated organic pollutants such as
aromatic hydrocarbons, solvents, plasticisers, flame-retardants, preservatives, antioxidants, and
washing and cleaning related compounds. However, few point-discharged pollutants from
specific industries were present in the effluents. The majority of pollutants detected in the
effluents were attributable to the overall usage and discharge of chemical products in modern
society. These pollutants originated from diffuse sources and represented a chemical pollution
load of the receiving waters through the discharge from WWTPs in large Swedish cities (Paxéus,
1996). Wilson et al. (1996) presents an extensive list of nearly 300 organic compounds
worldwide that have been individually identified in sludge. The list includes such compounds as
monocyclic aromatics (e.g. chloroanilines, chlorobenzenes, phtalates and phtalate acid esters),
organotin compounds, PAHs, polychlorinated dibenzo-p-dioxins/furans (PCDD/Fs),
organochlorine pesticides, and surfactants and their metabolites. Alcock et al. (1999a) and
Klöpffer (1996) suggest that it is important to also give priority to new groups of compounds
such as brominated aromatic compounds, chlorinated paraffins, polychlorinated naphtalenes,
quintozene, polydimethylsiloxanes, nitro musks and, specifically, biologically active compounds
such as pharmaceutics.

2.1 Disposal routes for sewage sludge

There are many means to dispose of sewage sludge. A major technique within the European Union
(EU) is land application, which may include usage on agricultural and forestlands. Alternative
ways of disposing sludge are landscaping (final covering of landfills, embankments sides of roads,
etc.), deposition at landfills, and incineration. The application of sewage sludge on arable land
might affect the soil in both a short- and long-term basis. It is well known that amending organic
residues can give beneficial effects such as the provision of plant nutrients, which raises the humus
content thereby expanding its water holding capacity, improved structure, and an increase of the
cat-ion exchange capacity (Johansson et al., 1999). Andersson and Nilsson (1999) showed that
sludge application on agricultural land had a positive effect on the ecosystem. During a 16-year
period (1981 – 1997) the soil’s nutrient status improved after sludge application. The impact on
both earthworms, which were stimulated in growth and fertility, and crops was clearly positive.

2.2 Potential risks associated with the reuse of wastewater nutrients on arable land

The use of sewage sludge, while beneficial, can also negatively affect arable land. A complex
mixture of substances in wastewater sludge might be harmful, with the most important groups of
concern being heavy metals and persistent organic compounds. Time trends for the presence of
heavy metals and Extractable Organic Chlorinated Compounds (EOCl) over the last few years are
presented in figure 2.
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Figure 2 Time trends for the concentration of lead (♦ ), cadmium (■), mercury (▲), PCB (∆)
and EOCl (□) in sewage sludge from WWTPs: in Igelösa, Lund (a) and Petersborg,
Malmö (b) both situated in southern Sweden. (EOCL: Extractable Organic
Chlorinated Compounds). The time trends are presented as a percentage related to the
year 1980 (100%) (Andersson and Nilsson, 1999).

Several investigations have been performed regarding the effects of sewage sludge on soil micro-
organisms (Johansson et al., 1999). Johansson et al. (1998) claim that though silver is toxic to
micro-organisms, its effects in soil, and that of other metals, have been poorly investigated. In
their present work Johansson et al. (1998) used basal respiration, substrate-induced respiration,
and potential denitrification activity to evaluate the effects of silver (Ag2SO4) on the soil
microbial population. The results indicated that silver, in concentrations known to occur in
sewage sludge amended soils, may seriously affect the microbial biomass. Dahlin et al. (1997)
investigated a number of microbial properties, previously shown to be sensitive to heavy metal
toxicity, in soils from field experiments at Brunnby and Röbäcksdalen in Sweden. In the Brunnby
soils, sewage sludge applications between 1966 and 1989 increased the soil C content from 2.3 to
2.6% while reducing the soil pH from 6.1 to 5.8. Soil concentrations of Cd, Cr, Cu, Pb, and Zn
increased by up to 76%, but had not reached the current lower-effect concentration limits for
soils. Most of the measured microbial properties were affected by the additional sludge, though
the effects were generally moderate (Dahlin et al. 1997).

Chemicals introduced to agricultural soils by sludge application may persist in the soil for
different periods of time depending mainly on their physico-chemical properties and forms in the
soil. Other important factors that determine the fate of chemicals in soil are the strength by which
they can bind to soil particles and their capability to evaporate into the atmosphere from the soil
surface. Moreover, they can leach down to the groundwater or become taken up by plants. Soil
degradation processes are hydrolysis, photolysis, and biodegradation by micro-organisms
(Nilsson, 1996). How long a compound remains in the soil can be evaluated based on a pollutant
half-life (T½).  T½ is the time it takes for the concentration of a pollutant in a certain compartment
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to decrease by 50%. Gillett (1983) classified 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 to 50 days
Class C: half-life >50 days – chemicals might be expected to be even more recalcitrant when

sludge-borne or adsorbed

According to Gillett (1983) a compound with a high half-life exceeding 14 days is considered as
sufficiently persistent to be of concern in the environment and might be taken up by plants. The
T½ of compounds are estimations based on laboratory studies. For instance, the half-life of
nonylphenol (NP) has been reported to be between one to two weeks and di-(2-
ethylhexyl)phtalate (DEHP) up to almost three months, compounds which are frequently present
in sewage sludge, (Nilsson, 1996). For PCDDs/Fs, their half-lives in soil have been estimated to
be longer than 10 years, while for some PCBs it is between 2 and 6 years (Nilsson, 1996). Thus,
these recalcitrants will persist in the soil for years to come and likely become part of the soil
humus (Gillett, 1983).

It was suggested that due to the strong sorption of metals to organic matter in soil, the metals
would generally be expected to stay in the soil with only a small amount leaching down to the
groundwater (CES, 2000). However, an investigation performed 15 years after a single
application of municipal sewage sludge onto soil showed that a large fraction of certain metals
actually redistributed and moved out of the soil surface, therefore constituting a risk for both
surface and ground water contamination (McBride et al., 1997). Richards et al. (1998) reported a
similar observation.

It should be emphasised that substances do not always behave as expected on the basis of their
physico-chemical characteristics. For example, the half-lives of PAHs determined from archived
sludge-amended, field soil samples were found to be significantly higher than those determined in
laboratory experiments (Wild et al., 1991). Thus, understanding the ageing processes is of great
importance.

Plants can take up chemicals through their leaves and root systems. However, the uptake and
distribution of organic contaminants in plants are complicated, and may involve active and/or
passive processes. Uptake and distribution of these compounds have shown to be affected by their
physico-chemical properties, environmental conditions such as temperature and air turbulence, and
the soil organic matter content. Plant characteristics, e.g. shapes of the leaves, type of root system,
and lipid and cuticle characteristic and content, are also important (Duarte-Davidson and Jones,
1996). Compared with Pb, which is not easily accumulated by plants, Harrison (1992) states that
the metals Zn and Cd can be readily taken up by plants and enter the edible portions of the plants.

For organic compounds, several investigations have shown that compounds such as PAH, PCB,
PCDD/F, and DDT generally bound strongly to soil particles since they are highly lipophilic.
Despite this, they may still accumulate on root surfaces and remain in cell membrane lipids. The
retention of the substance on the root surfaces renders the transfer into the plants very slow. Once
they enter the root surface, their high persistence may effectively bound them there during the
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lifetime of the plant, and only very slowly will they be transported to other parts of the plant. Most
of the compounds, however, have a high potential for translocation from the roots to the foliage of
the plants. Plant roots could take up compounds, such as chloroanilines and mononitrophenols,
shortly after sludge has been applied onto the land, but they might also leach down into the
groundwater (Duarte-Davidson and Jones, 1996).

3 CURRENT AND FUTURE APPROACHES FOR THE
IDENTIFICATION AND QUANTIFICATION OF THE POTENTIAL
RISK OF CHEMICALS

The Swedish Committee on new guidelines on chemical policy (2000) has proposed new
strategies to define such substances that are considered as hazardous to human health and the
environment. A general criteria model based on the two corner-stones, persistence and
bioaccumulative potential, is suggested. Hence, knowledge of toxicity is not necessarily needed
to phase out a chemical that indicates high persistence and bioaccumulation. This criteria model
might be implemented to assess the potential risks associated with chemical substances in any
water and wastewater system. The new guidelines do not cover the assessment of chemical
mixtures, which is a crucial point in all risk assessment attempts in actual situations, e.g. the
utilisation of wastewater and sewage sludge.

Also the Swedish Committee on new guidelines on chemical policy (2000) proposes that the half-
life (T½) of compounds could be a useful property in order to establish criteria to decide if certain
organic chemicals should be phased out in EU countries. Members of the EU Committee suggested
that the so-called P/B matrix (P: persistence and B: bioaccumulation) could be used as a possible
and conceptual tool for such classifications, see figure 3. The P/B matrix is a classification limit
based on open, bold-lined squares (Swedish Committee on new guidelines on chemical policy,
2000) as well as the half-lives of compounds and the bioconcentration factors (BCF). The
bioconcentration factor is the ratio between the concentration of a substance in the organism and
the surrounding medium at equilibrium. It also reflects the bioaccumulation potential (BAF), which
is the tendency for the substance to be enriched in organisms by uptake from the surrounding
medium and sustenance.

P0
T1/2 <2 weeks

P1
T1/2 >2 weeks

P2
T1/2 >4 weeks

P3
T1/2 >8 weeks

P4
T1/2 >26 weeks

B0
BCF<100
B1
BCF>500
B2
BCF>1000
B3
BCF>2000
B4
BCF>5000

Figure 3 The P/B-matrix, persistence (P) is expressed as half-lives (T1/2) and bioaccumulation (B)
is expressed as bioconcentration factors (BCF).
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According to the P/B matrix in figure 3, the black field represents the persistence and
bioaccumulation properties of a chemical that could be considered for priority regulatory actions
(chemicals that have P4:B4 value). Chemicals with lower P and B values (shadowed fields) have
properties that could be considered for future regulatory actions, even in the absence of toxicity
information. Furthermore, chemicals with values of P3:B3 or P2:B2 should also be considered for
regulatory action. Using this classification, only knowledge pertaining to persistence and
bioaccumulation of compounds is required to phase out chemicals, while the toxicity of the
compound is not necessarily needed (Swedish Committee on new guidelines on chemical policy,
2000).

One important aspect of chemical risk assessment is feedback – aimed at tracing chemicals to
their sources. This means that adequate knowledge of sources and substance flows in wastewater
systems is essential for any possible action that improves the future design of these systems. To
achieve this goal, a good characterisation of the present wastewater system’s different parts is
required. The three most important phases for characterisation are (1) the raw wastewater, (2) the
treatment processes within the WWTP, and (3) the treated wastewater and its end products that
leave the plant (see figure 1). To characterise the substance flows in the wastewater system and
concentrations in end products, a possible practical approach is target analysis. This seems to be
the most commonly applied method for controlling the spreading of hazardous substances in
different systems such as a wastewater system (Palmquist and Hanæus, 2001). Target analysis
means that indicator compounds are selected, often from among the so-called priority pollutants,
and monitored in the wastewater. Priority pollutants are identified from several priority lists by
organisations and authorities who suggest various compounds they expect to be present in
different environmental compartments and media such as wastewater and sludge. These
compounds were selected due to their hazardous properties such as toxicity, resistance to
degradation, and bioaccumulation potential (Palmquist and Hanæus, 2001).

The US Environmental Protection Agency (US-EPA) has defined 129 toxic chemicals as priority
pollutants of different groups: 31 are refined organic substances (benzene, toluene, chloroform,
etc.), 11 are acid extractable organic compounds (e.g. phenol), 46 are base or neutral extractable
organic compounds (nitrobenzene, naphthalene, pyrene, etc.), 26 are pesticides/PCBs (aldrin,
chlordane, etc.) and 13 are metals (Cd, Hg, Pb, etc.). The list also includes total cyanides, total
phenols, and asbestos (Lundin, 1999).

Based upon the US-EPA’s list, the Norwegian Environmental Protection Agency and the
Norwegian Centre for Industry Research (SI-Senter) compiled a list of 70 priority pollutants to be
measured in sewage sludge in Scandinavian countries (S-EPA, 1993). The Swedish EPA (S-EPA)
selected, however, only 4 indicator compounds, viz. toluene, PCBs, PAHs, and nonylphenol, out
of these 70 to be regularly monitored in sewage sludge in Sweden. These compounds were
selected because they were present in sludge, or because authorities have attempted to restrict
their distribution into the environment. They also serve as indicators of other organic pollutants
that might be present in sludge and have been monitored in Sweden since 1990.

Palmquist and Hanæus (2001) present a number of different approaches to select compounds that
are recognised as priority pollutants, thereby making the reuse of wastewater nutrients on arable
land inappropriate due to environmental risks. Based on six different approaches it was
concluded that the identification of hazardous substances or groups of substances was a
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complicated process. Priority pollutants in different conventions had been selected based upon
numerous criteria; hence, priority pollutants are not identical in different proposed lists.
Groupings of criteria and target analysis of indicator substances for each group seem to be the
current methodology of monitoring chemical substances in society and the environment. This
methodology passes judgement on its inefficiency to render enough knowledge about the
chemical risks from complex chemical mixtures such as wastewater and sludge. One conclusion
was that due to the complex nature of selecting indicator substances, the creation of short
comprehensive lists of these substances implies that many simplifications have to be accepted.
The number of substances in wastewater is ever increasingly high, and for most chemicals in use,
insufficient toxicity and eco-toxicity data are available. It is problematical to perform chemical
risk assessments on such a weak basis. Moreover, it is unachievable to practically
measure/monitor such a high, unknown number of hazardous substances that contribute to the
chemical risks that endanger the recycling of wastewater nutrients on arable land and discharge in
receiving waters (Palmquist and Hanæus, 2001).

Sewage sludge is an efficient sorbent for lipophilic contaminants transported into the sewage
system, meaning that unknown lipophilic compounds could also be expected to be found in
wastewater sludge (Klöpffer, 1996). Litz (2000) suggested evaluating the fate of organic
pollutants in sewage sludge based on their environmental properties such as toxicity to humans
and soil organisms. According to this concept, based on available toxicological data, selected
compounds were classified as per their primary and secondary relevance, and need for further
information.

A similar concept was proposed by Alcock et al. (1999b) on the fate of compounds that might
end up in WWTP’s, though it was based on physico-chemical properties of compounds such as
melting and boiling points, octanol-water partition coefficient (Kow), vapour pressure, solubility
in water, and Henry’s law constant. The following compounds selected for review were
hypothesised to be present in sludge and thus possible for application to agricultural land, viz.
chlorinated paraffins, quintozene, brominated diphenyl ethers, polychlorinated napthalenes,
polydimethylsiloxanes, chloronitrobenzenes, and pharmaceutical compounds. All these
compounds have received interest as a result of their persistence and/or toxicity in environmental
media (Alcock et al. 1999b).

3.1 Three examples of chemical risk assessment for wastewater and sludge

Example 1. US-EPA – risk assessment for chemical mixture

Humans are typically exposed to low doses of combinations of chemicals instead of one or two
chemicals at the time. Yet most of the available toxicity data provides information on single
chemicals rather than on whole mixtures. US-EPA has developed a risk assessment guideline for
chemical mixtures that defines a chemical mixture as any combination of two or more chemical
substances regardless of source (Teuschler and Hertzberg, 1995). To perform a risk assessment a
three-tiered approach is recommended (see figure 4).
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Figure 4 The schematic picture of an approach for risk assessment of chemical mixture
according to the US-EPA (Teuschler and Hertzberg, 1995).

In the first tier, a quantitative risk assessment on the mixture of concern is done directly from the
available data. This situation is rare. When data are not available for the mixture of concern, then
the second tier recommends using data on a ‘sufficiently similar’ mixture. If no major differences
are expected, then the quantitative risk assessment for the mixture of concern may be derived
from the health effects data of the similar mixture; this situation is rather uncommon. Finally,
when data from either the mixture of concern or a similar mixture are unavailable, the third tier
suggests evaluating the mixture by analysing all of its components. All three assessments should
be done whenever possible.
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Example 2. US-EPA – risk assessment for PCDD/Fs

A chemical risk assessment approach was performed on wastewater sludge, including all
potential pathways, to move PCDD/Fs to humans from sludge via soil, plants, and animals, see
Figure 5 (UWC, 1999).

Figure 5 The overview of an approach for risk assessment of PCDD/Fs (UWC, 1999).

In practice, such an approach requires a huge set of data on studied compounds such as physico–
chemical properties of the compounds, information about their exact pathways, and their fate
from the time when they were applied to the soil. Complementary information needed were (a)
sources other than sludge application of PCDD/Fs, i.e. long-range transport, and (b) information
about the degradation patterns of compounds in soil. This approach represented only one
compound at a time, while revealing no long-term effects of this single compound. Specific
organic compounds have very different physico-chemical properties and, therefore, behave
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differently when applied to soil. As a result, specific human exposure routes may be relatively
more important than exposition of PCDD/Fs from wastewater sludge applied to soil.

Example 3. Technical Guidance Document (TGD) for Environmental Risk Assessment for
New and Existing Substances (European Union)

The risk assessment described in TGD (Tas et al., 1997) consists of the following parts:

- Effect assessment leads to the establishment of a Predicted No Effect Concentration (PNEC).
PNEC is defined as the concentration below which unacceptable effects on organisms will
most likely not occur and is usually derived from laboratory toxicity data and recommended
assessment factors.

- Exposure assessment is the determination of a Predicted Environmental Concentration (PEC).
The PEC can be derived by using model calculations and/or representative monitoring data.
PEC values are derived on both local (PEClocal) and regional scales. Here, PEClocal is the
predicted concentration resulting from the release of a substance from a point source into a
local environment.

- Risk characterisation is the estimation of the incidence and the severity of adverse effects that
are likely to occur in a human population or the environment due to actual or predicted
exposure to a substance by comparing the PEC to the PNEC. If monitoring data are available
in, e.g. water, sediment, and soil, similar ratios can be obtained with measured instead of
predicted concentrations.

An assessment should lead to one (or more) of the four conclusions: (a) that a substance is of no
immediate concern, (b) that risk reduction recommendation should be made, (c) additional
information should be obtained immediately, or (d) additional information should be obtained at
a later stage (Leeuwen and Hermens, 1995).

In practice this means that if:

1<
PNEC
PEC  – It may be concluded that at present, there is no need for further testing or risk

reduction.

1≥
PNEC
PEC  – The studied substance may pose an environmental risk, therefore it should be

decided if a stepwise refinement using new data could revise the PEC/PNEC
ratios.

4 COMPARISON AND SUMMARY OF CURRENT RISK ASSESSMENT
METHODS

A common feature of the reviewed methodologies for chemical risk assessment was that they are
suitable to describe the risk of only a single substance. In reality, many chemical products are not
pure compounds, but complex mixtures of often unknown composition (Verbruggen and
Hermens, 2001). Once emitted into the environment, all chemicals in effluents and surface waters
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are part of a complex mixture; here too are the compositions largely unknown. Additionally,
many chemicals are not directly mineralised, but transformed or degraded into other substances
or products that might have a similar or even higher toxicity. In this case, new aspects need to be
considered in risk assessment. First, the toxicity of the resulting mixture between the
simultaneously available parent compound and the transformation products needs to be assessed.
Second, a kinetic model that allows one to calculate steady-state concentrations for the
transformation products as they are formed from the parent compound has to be set up (Kooijman
et al., 2001). Moreover, the reviewed methods describe the chemical risks at present, but not in a
long-term perspective. These methods are as well quite time and cost consuming. In order to
make a satisfactory risk assessment using current risk assessment methods, much physico-
chemical and toxicological data are required, which are often lacking. There are ongoing research
projects that focus on risk assessment of chemical substances, but this is a wide-ranging research
area and elucidating the problems will probably progress incrementally in the long term.

4.1 What information is needed to accomplish chemical risk assessments – gaps in
knowledge?

To assess the risks of chemical substances, knowledge of both their fate in various compartments or the studied
media, and effects on humans and ecosystems are required. It was estimated in 1989 that research focused on only
0.02% of all substances that were expected to eventually end up in sewage sludge, meaning that 99.98% of the
compounds were unknown (Lindgren, 1989). Today, the number of man-made compounds is still growing.

According to Sundberg (1988), the sum concentration of organic pollutants in sewage sludge,
expressed as Extractable Organic Chlorinated Compounds (EOCl), from a number of WWTP:s in
Sweden, was about 100 mg/kg dry wt. The results showed that the total concentration of PCBs
and PCDD/Fs, 1%, were about 1 mg/kg dry wt, while the remaining 99% of the EOCls were
unknown substances (Sundberg, 1988). In chemical risk assessment (CRA) approaches
performed by Sundberg (1988), and in previously given examples, the contributions from the
studied substances (e.g. PCBs and PCDD/Fs) were assessed separately. The interpretive results
reveal neither anything about other compounds that might be taken up simultaneously, nor their
potential synergistic or antagonistic effects.

Conventional approaches for analysis of chemical mixtures have large limitations when the
assessments of risks or effects are to be undertaken. Target analysis suffers due to the highly
restricted number of substances that can be monitored. Furthermore, the selection of these target
compounds in wastewater or sludge samples requires thorough knowledge of all potential
constituents. Even if this knowledge is available, target analysis may completely fail to recognise
the most harmful toxic wastewater or sludge constituents (Reemstsma, 2001). An alternative
method for analysing chemical mixtures is screening analysis, which is useful for unbiased
identification of the constituents in a sample. Screening analysis is not based on any pre-required
information, but suffers from being a very laborious and time-consuming method. Initially, a
chromatogram is obtained containing a large number of peaks (substances). The tentative
identification of one unknown peak often shows this substance to not be relevant to the toxicity
of the mixture or that no toxicological data were available to make an assessment. Thus, one must
be very fortunate to succeed in detecting and identifying toxic constituents by screening analysis.

Vital information on toxicity is often lacking for many compounds. Blok et al. (2001) reports that
with regards to the approximately 2,700 High Production Volume Chemicals in use in the
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European Union (before 1981), insufficient (eco)toxicity data exists for 70% of these chemicals.
Of note is one of the largest aquatic toxicity databases (AQUIRE) developed at the US-EPA
laboratory in Duluth (US), which contains toxicological data for only 6,000 of the 100,000
compounds listed by the European Inventory of Existing Commercial Chemical Substances
(EINES) (US-EPA Erl-Duluth, 1989-1994). Of these 100,000 compounds, approximately 2,000
are manufactured or imported to the European Union in quantities larger than 100,000
tonnes/year (US-EPA Erl-Duluth, 1989-1994). However, there is more toxicity data available for
the aquatic environment than for the terrestrial environment. Terrestrial toxicity data are seldom
available, even for substances produced in high volumes because of the high costs and time
required for testing. Additionally, the difficulties involved in explaining the effects can be
attributed to the very large number of new substances entering the market and the many different
ways in which they can affect organisms.

If there is insufficient laboratory (eco)toxicity data, the quantitative structure-relationships
between the structure of chemicals (QSAR) may be used, especially for aquatic toxicity data. The
role of QSAR in risk assessment of pollutants is two-fold. QSAR models can be developed and
used to predict the toxic effects of many other chemicals without testing them. Also, QSAR can
help to understand the mechanisms of the actions involved in the toxicity of pollutants
(Urrestarazu, 1998). However, the current QSAR models are often not sophisticated enough to
reliably predict estimations for many classes of substances. Breton and Chenier (2001) stated that
some of the real challenges regarding QSAR modelling included the estimation of media specific
half-lives, bioaccumulation potential, and toxicity of many classes of substances.

5 TENDS AND PROPOSAL OF NEW GRIPS ON CHEMICALS RISK
ASSESSMENT

Today, we require adequate information on the risks of substances to humans and the environment
as well as needed protection from the possible adverse effects from these substances. To ensure a
high level of protection, two important types of information are needed. First, the character and
magnitude of risk posed by the substances needs to be assessed. Secondly, the options available for
reducing high risks need to be defined. Thus, risk evaluation should be performed on a regular
basis.

Summarizing all information at the same time is needed to assess true risk. Exposure, for example,
should not be assessed separately without considering its effects. Information such as the physico-
chemical properties of compounds, degradation and metabolic products, and the toxicological
effects on aquatic and terrestrial organisms are all interdependent, and should be considered as a
whole (see figure 6).



16

Figure 6 A schematic picture of different environmental research areas that should be
recognised together in a new risk assessment approach.

5.1 Integrated approaches for chemical risk assessment

5.1.1   Whole Effluent Toxicity

An example of an integrated approach is a toxicity-directed effluent analysis. This technique is
based on the whole effluent toxicity (WET), commonly used in the USA (Pardos and Blaise,
1999). In this procedure, the organism microinvertebrate (Ceriodaphnia dubia), the fathead
minnow (Pimephales promelas), and the green microalgae (Selenastrum capricornutum) were
used in compliance testing for exposure to all effluent constituents included in the sample. The
combined effects of all effluent components were directly quantified and the net effects of the
toxic interactions or other variables were reflected in test organism responses. Thereafter, the
mixture was fractionated. Any fraction that caused toxicity was subjected to a detailed
investigation to determine which hydrophobic organic compounds (POPs) might be the major
cause of the observed toxicity. However, this method has major drawbacks and does not allow for
a true assessment of the potential hazard of POPs on aquatic ecosystems (Pardos and Blaise,
1999). One main drawback is that contaminants like PCBs, PAHs, and pesticides with Kow above
104 will be preferentially bound to particles. Filtration, which is one important step in the
fractionation procedure, will eliminate the particles >1µm from post-filtration bioassays.
Consequently, the major portion of the POPs with Kow>104 will be removed from the sample
during filtration and thus undetected (Pardos and Blaise, 1999).

5.1.2     The Toxicity Fraction Approach

The Toxicity Fraction Approach (TFA) is another example of a new advancement based on the
integration of toxicological and chemical data. The schematic outline of this approach is
presented in Figure 7.

The TFA concept aims at identifying unknown substances that are initially only defined by their
biological effects. After filtration of the unknown mixture and extraction of the solid material, the
dissolved phase and extracts are tested for toxicity. The toxic fractions are identified and thereafter
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subjected to solid phase extraction (SPE). Here, the fractionation is conducted with respect to
polarity, planarity, acidity, etc. After biological testing of the fractions (e.g. by microtox and mutatox
tests, and neutral red assay) those with high responses are further fractionated using separation
systems such as liquid chromatography (LC). In general, the non-destructive chemical detection here
is combined with collections of fractions for toxicity tests.The toxicological response can then be
directly related to the chemical response. For positive identification of the substance/substances
causing the toxicological response, a very well defined fraction is now available.

A lot of useful information can be obtained during the course of this procedure. Immediately after
the first fractionation and extraction of the solid material, the toxicity of the sample is measured. No
further analysis is needed for samples revealing low response. Furthermore, chemical-physical
characteristics of the toxic compounds are obtained by the defined procedure of fractionation.
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Figure 7 A schematic description of the Toxicity Fraction Approach (SPE: Solid phase
extraction).
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The TFA approach can be used to screen treated water products such as sewage sludge or
wastewater. Chemical fractions of wastewater or extracts from sewage sludge can be tested to
identify biologically active mixtures of substances that pose a potential risk. The level of risk
contributed by different groups of compounds will be established by using a number of assays
comprising a variety of effect parameters. In Table 3, the results from multi assay toxicity tests
(assay A-J), which are in this case simulated, are scored on a scale from 1-5, where level 5 represents
the highest response. By doing so, one number is obtained for each fraction of the sample as well as
a total number for the overall toxicity of the sample. These numbers will be very useful on a relative
scale and after calibration of the test method.

Table 3 Example of a method evaluating the toxicity of fractions of an unknown chemical
mixture based on scores from different assays.

Fraction

Assay: I II III IV V

A 2 1 3 3 4
B 1 3 2 3 5
C 2 2 3 5 5
D 3 1 1 4 5
E 2 1 2 4 4
F 2 3 3 3 3
G 1 1 3 2 5
H 2 2 2 5 1
I 1 2 3 3 4
J 3 2 2 3 3

� fraction
19 18 24 35 39

� total= 135

The proposed TFA method produces the information necessary for a risk assessment of the actual
sample. A downside is, however, the potentially overestimated exposure from the solid phase. It was
judged that in vivo testing would be too laborious and costly compared to the suggested in vitro test
method. The cost and workload for development and evaluation of the TFA method will be large, a
disadvantage compared to, for example, target analysis.

The TFA method allows the possibility of identifying the relationship between the complex mixture
of chemical substances and the various biochemical and toxicological responses. The TFA approach
is a broad screening analysis, but the biological responses can provide guidance for defining the
target substances. This means that after applying the TFA it should be possible to suggest a list of
indicator substances from which certain priority substances can be selected.
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6 CONCLUSIONS
An evaluation of the risks associated with the hazardous flows of chemicals within urban
wastewater systems is very complex. To perform CRA within the defined wastewater systems,
knowledge regarding the potential effects from wastewater products is essential. Treated
wastewater may directly affect the aquatic environment in the proximity of sewage treatment
plants. For relatively stable and water-soluble chemical substances, their effects can certainly be
expected over long distances from the sources as well. For sewage sludge the effects are more
complex. Human exposure of chemical substances originating from wastewater sludge would
most likely occur through the uptake of xenobiotics by plants when the wastewater sludge is used
as a fertiliser on arable land. However, the complexity connected with the risk assessment of only
one single chemical substance, let alone numerous chemicals, in multiple phase transitions
between source and effect would entail an immense workload.

There are no universal methods for the risk assessment of chemicals. Existing methods are
insufficient for the following reasons:
▪ They describe the risk of a single substance only
▪ They describe the immediate risk, but not in a long-term perspective
▪ They lack important information about the interaction between different chemicals like their

antagonistic and synergistic effects
▪ They are costly and time consuming

In the course of this work, several areas with substantial gaps in knowledge have been identified,
i.e. information on toxicity. The reason why so little toxicity data on these chemicals exists is
mainly attributed to costly and time consuming tests. Target analysis suffers due to the highly
restricted number of substances that can be monitored. Furthermore, the selection of these target
compounds in wastewater or sludge samples requires thorough knowledge about all potential
constituents. Additionally, the difficulties involved in elucidating their effects can be attributed to
the very large number of new substances entering the market and to the many different ways in
which they can affect organisms. However, there are ongoing research projects that focus on risk
assessment of chemical substances, but this wide-ranging problem will probably reveal itself
incrementally over the long term.

Strictly speaking, in order to assess the true risk, all information to be summarised is needed
simultaneously. An integrated approach was proposed for assessing the chemical risks involving
the toxicological effects directly from complex mixtures without previous knowledge of the
studied matrices’ chemical characteristics. A promising method is the Toxicity Fraction
Approach (TFA), which gives the possibility to identify the relationship between the complex
mixture of chemical substances and the different biochemical and toxicological responses.
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ABSTRACT
The objective of this paper was to present data of monitored substances found in raw grey- and
blackwater from a wastewater system with separate flows of grey- and blackwater from ordinary
Swedish households. Untreated grey- and blackwater were collected and chemically characterised
with respect to a number of selected nutrients, metals, and organic compounds. The focus of the
study was environmentally hazardous substances in wastewater flows from households. Of the
105 investigated substances, 68% were actually observed. The concentrations of all the observed
substances were presented in the paper as well as the specific mass flows for a few example
compounds. The specific greywater flow was estimated to 66.4 L/p,d and the specific blackwater
flow to 28.5 L/p,d.

KEYWORDS: hazardous substances, greywater, blackwater, wastewater, metals, organic
compounds, concentration, specific mass flow.

BACKGROUND
Development of sustainable wastewater systems includes the utilization of nutrients from human
urine and faeces as fertilizers on arable land. One potential approach for reducing pollutants in
wastewater nutrients is to apply wastewater-handling strategies where one possible solution could
be the separation of the wastewater fractions at the source. This strategy aims to avoid the mixing
of human urine and faeces, which originates from food consumption and is rich in plant nutrients,
with more polluted wastewater streams (Strandberg et al., 2001).

Stormwater, industrial discharges, and grey wastewater (here after referred to as greywater) are
considered to be the main sources of pollution in conventional wastewater systems, with
greywater being the only one that originates from households. Greywater is generally defined as
household wastewater without any input from the toilets, corresponding to wastewater produced
from bathing, showering, washing hands, laundry, and the kitchen sink. It has been estimated to
account for about 73 volume-% of the combined residential sewage (Hansen and Kjellerup,
1994).
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According to Jefferson et al. (1999), there is a paucity of reliable information relating to both the
nature of greywater and the range of recycling technologies available. Eriksson et al. (2000) also
points out that the number of studies published in open and reviewed literature focusing on
characterisation of greywater is very limited. Increasing the knowledge about the characteristics
of greywater is important since there is a lack of information regarding the contribution of
pollutants to wastewater from households - useful information for the management of both
traditional and alternative wastewater systems. Moreover, a better understanding of the nature of
greywater is vital to facilitate the development of treatment and recycling technologies.
Blackwater is characterised as toilet waste from water closets (i.e. washrooms) - faeces, urine,
toilet paper, and flush-water. Increased knowledge concerning the content of hazardous
substances in blackwater is necessary for assessing its quality and when considering the
conditions for spreading such a product as fertiliser on arable land.

To develop a better understanding about the characteristics of grey- and blackwater with a focus
on hazardous substances, field measurements were performed on site at a wastewater system with
separate flows of grey- and blackwater. The samples were collected at the housing area Vibyåsen,
located in the municipality of Sollentuna nearby Stockholm, Sweden. The sampling of greywater
was performed in a block of small one-family houses consisting of 47 households with 169
persons – 112 grown-ups and 57 children, born 1990 and later (Vibyåsen North). The water was
transported from the houses by gravity pipes to a local treatment facility for processing, which
included the settling of particles in a settling tank, a biological treatment step in a Puracomb  (a
biological treatment step based on an attached biofilm), and filtration in filter beds before it was
released into a pond system, see Figure 1.

Figure 1 A schematic picture of the wastewater system at the housing area Vibyåsen. (1) In
the houses there are separate pipes for grey and black water. The blackwater is
collected in a common tank (2). At the sampling well for greywater (3) all houses
in the area were connected to the net of greywater pipes. Settling of course particles
occur in a settling tank (4) before the greywater enters the biological treatment
step (5). The grey water is passing filter beds (6) before it is released into a pond
system (7).
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The samples of black water were collected from a nearby block of similar small houses including
44 households with 141 persons – 92 grown-ups and 49 children (Vibyåsen South).  The
collecting system for blackwater was composed of low flushing toilets from where the blackwater
was collected and transported by a Low Pressure pumping System (LPS) to an 18 m3 volume
common tank. The black water was treated, stored, and used for agricultural purposes at a nearby
farm.

Objectives

The objective of this paper was to present data of monitored substances found in raw grey- and
blackwater from ordinary Swedish households using a wastewater system with separate flows of
grey- and blackwater. The focus of the study was to investigate the content of nutrients, organic
matter, and indicator substances for hazardous metals and organic compounds in wastewater from
households. The aim was to present the occurrence of such substances as concentrations (mg/L,
µg/L, or ng/L) as well as specific mass flows of substances (mg/p,d).

Scope

Due to high analytical costs a limited number of indicator substances for pollution had to be
selected and the number of samples had to be quite restrictive. The technical design and small
dimensions of the sampling well for greywater did not allow for automatic measuring of the
greywater flow, which instead was measured manually using a bucket and a stopwatch.
Consequently, the greywater samples could not be collected in proportion to the flow, but instead
in proportion to a time scale. The blackwater samples could not be collected in proportion to the
flow as well, but rather as random samples from the common blackwater tank.

Raw wastewater is very reactive, which explains why in this investigation, the time period for
collecting mixed samples of greywater was restricted to three hours. (Jefferson, Laine et al. 1999)
reported that greywater quality is subjected to a dynamic variation where significant chemical
changes may take place over time periods of only a few hours. Collecting mixed samples
representing the daily mixture of wastewater during a longer time period, i.e. about 24 hours, to
catch the daily dynamics of water use is preferable. The 3-hours mixed greywater samples were
here chosen as a compromise to minimise the chemical and biological changes of the constituents
in the samples.

The total number of samples was restricted to four samples of greywater and three samples of
blackwater. Samplings of the greywater were performed during periods representing (a) the high
flow periods and (b) the low flow periods. Two samples each were collected from the high flow
periods and the low flow periods. The three black water samples were collected on three different
occasions, at which the farmer emptied the common tank for blackwater.

METHOD

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 (Strandberg et
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al., 2001). Due to (1) the vast number of chemicals used in households, (2) the high analytical
costs for both organic and inorganic substances, and (3) a limited budget for the analytical costs,
a restricted number of indicator substances were selected for the investigation of hazardous flow
of chemicals in separate household wastewater.

The selected indicator substances were primarily chosen on the basis of several lists of priority
pollutants identified by different environmental authorities. According to Palmquist and Hanæus
(2001) the selection of indicators for hazardous substances in wastewater was complex and the
creation of a short comprehensive list of indicators implied that many simplifications had to be
accepted. Still, selected indicator substances were highly relevant for the possibilities of assessing
chemical risks associated with wastewater flows and wastewater residues management. The final
choice of substances in this investigation was also influenced by which packages of chemical
analyses were offered by the laboratories. As an example, the selected indicator brominated
flame-retardants, included an analysis package of 13 single substances, see Table 1.

Table 1 Indicators for hazardous substances selected for the study. The analyses were
performed by the accredited contract laboratory SGAB Analytica (SGAB
Analytica, 2001).

Determinand No. of
subst.

Analysis method

Metals 24 ICP-AES/ICP-SMS
Alkyl phenol etoxilates 19 GC-MS
Brominated flame-retardants 13 GC-MSD
Organotin compounds 10 GC-AED
Σ PAHs 16 HPLC
Σ PCBs 7 GC-ECD
Phtalates 10 GC-MS
Solvents, BTEXN* 5 GC-MS
Triclosan 1 GC-MS
Σ 105
* Benzene, Toluene, Ethylbenzene, total Xylenes, Naphtalene

Sampling of grey water

The samples were taken from a common point in the greywater net where all households in the
block were connected, but still before the grey water reached the treatment facilities, see Figure
1. The sampling point was situated in a well, with one inlet and one outlet. During sampling, the
outlet was dammed up and the samples were collected. Each sampling occasion lasted for three
hours. Samples were collected every 6th minute and subsequently blended to a 3-hours mixed
sample, see Figure 2.  Each sub sample comprised 600 ml, which was divided into 4 × 150 ml
and stored in 3 × 5,000 ml glass flasks (for analyses of the organic compounds) and in one plastic
container (5,000 ml) for the element analyses, see Figure 2. At each sampling occasion of 3
hours, 13,500 ml of sample was collected in the glass flasks for analyses of organic compounds
and 4,500 ml of sample was collected in the plastic container for element analysis. After three
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hours, the blended samples of greywater were thoroughly mixed and immediately poured into
sampling bottles, supplied by the laboratory, and transported to the laboratory.

Figure 2 The sampling procedure of greywater at Vibyåsen: (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.

Measuring the greywater flow

The greywater in Vibyåsen North flows by gravity pipes from the houses down to the treatment
plant. Thus, no pumps were available to facilitate the automatic flow measurements, which were
performed manually. The flow was frequently measured during the 3-hour sampling occasions. A
1,500 ml beaker was placed at the inlet of the well, and was filled (though no fully) while
gauging the time with a stopwatch. The collected amount of greywater was decanted into a larger
beaker (5,000 ml). This procedure was repeated 5-10 times, after which the total volume was read
off for the total time. The flow measurements were performed between the samplings that
occurred every 6th minute. This procedure of flow measurements provided an average flow
during the 3-hour sampling occasions. According to the staff at Sollentuna Water Company
(Gutfelt 2001) high flow periods occurred weekdays 7-8 o’clock a.m., 5-8 o’clock p.m., and
during weekends. Low flow periods were particularly obvious at weekdays between 10 o’clock
a.m. until 4 o’clock p.m. Variation in flows most likely depend on the residents’ habits. Important
factors were the time they actually spent at home and, if while at home they were using water for
various purposes. Factors governing the time at home were, for example, peoples work hours,
which were normally Monday to Friday, 8 o’clock a.m. until 5 o’clock p.m. Generally, people
spend more time at home at weekends (Saturday-Sunday) when they have a couple of days off.

Sampling of blackwater

The samples of blackwater were collected while the farmer emptied the black water tank. The
blackwater was sucked up by a pump into a manure wagon of 10 m3 (see Figure 3), which lasted
about 15 minutes. The black water was then let back into the tank by gravity to provide some
mixing of the slurry. The samples were collected from the hose as the blackwater was being
poured back down into the tank. Three glass beakers (5,000 ml) were being filled simultaneously
one by one; the whole sampling process lasting about one hour. The blackwater samples were

Grey water
flow

Sampling well

(A)

5 L 5 L 5 L
5L

600 ml of sample
each 6th min. 600

ml

(B) 150 ml of sample was 
distributed into each flask
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continuously mixed by stirring the slurry with a stick and immediately poured into sampling
bottles, as supplied from the laboratory, and transported to the laboratory.

Figure 3 Emptying the blackwater tank at Vibyåsen South. The blackwater was sucked up by
a pump into the manure wagon. When the samples were collected a hose was
connected at the back of the wagon and the blackwater, using gravity, poured back
into the tank. The samples were collected from the hose when the mixed blackwater
was pouring back into the tank.

Measuring the black water flow

The liquid level was measured while the black water tank was emptied. Using these data the
blackwater flow for the sampling period could be calculated based on the dimensions of the 18-
m3 tank. Technical difficulties hindered continuos measuring of the blackwater flow to the tank
which explains why the sampling of black water could not be performed in proportion to the
flow. The blackwater measurements were, therefore, limited to a few mixed samples representing
2 to 3 days production of blackwater, see Table 3.

Specific mass flows

Specific mass flows were calculated for a few examples of the measured substances on the basis
of the grey and black water flows. Observed concentrations were multiplied by the grey- and
blackwater flows on a daily and yearly basis.

Analytical methods

The chemical analyses presented in Table 1 were performed by the accredited contract laboratory
SGAB Analytica, which used the analytical methods also mentioned in Table 1 (SGAB Analytica
2001). Ordinary wastewater variables such as biochemical oxygen demand (BOD7), chemical
oxygen demand (COD), total nitrogen (Ntot), total phosphorous (Ptot), total solids (TS), and
volatile solids (VS), were analysed in the laboratory of Environmental Engineering at Luleå
University of Technology by laboratory assistant Kerstin Nordqvist, in accordance to Swedish
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Standard methods (SIS 2001). The pH was measured in the field during the sampling instances.
The methods and apparatus are presented in Table 2.

Table 2 Methods for the ordinary wastewater variables were performed in accordance to the
methods recommended by the Swedish Standards Institute (SIS, 2001).

Variable Analytical method Apparatus
pH SS 02 81 22-2 Mettler-Toledo
BOD7 SS 02 81 43 -
COD SS 02 81 42 -
Ntot SS 02 81 31 TRAACS 800
Ptot SS 02 81 27 TRAACS 800
TS, VS SS 02 81 13 -

RESULTS

Greywater flow

Large variations of the greywater flow were observed (see Table 3 and Figure 4), probably as a
consequence of the residents being at home or not. At the presumed high flow periods (evenings
and weekend), a larger average flow (~15 l/min) than at the presumed low flow periods during
the weekdays, between 10 a.m. and 4 p.m., (~3 l/min) was observed

Figure 4 Variations in the greywater flow measured during the 3 h sampling occasions.

Estimations of the greywater flow on a daily basis

The daily flow variations were composed of low and high flow periods. Flow measurements
performed on greywater at Vibyåsen North in 1997 resulted in the specific average daily flows of
between 68.0 and 71.0 L/p,d, see Figure 5 (Gutfelt 2001). Flow measurements of greywater were
performed at Vibyåsen South in September 2001 and resulted in an average greywater flow of
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62.5 L/p,d (Hedman 2001). According to (Hedman 2001) the greywater flow was distributed
according to Figure 6.

Figure 5 Variations of the greywater flow at Vibyåsen North in 1997. Observed accumulated
flows were 11.5 m3 on the Wednesday, corresponding to 68 L/p,d, and 12 m3 on the
Sunday, corresponding to 71 L/p,d, for the 169 inhabitants (Gutfelt 2001).

Figure 6 Variations of the greywater flow at Vibyåsen South in September 2001. The
measurements were performed by Aqua Konsult AB and showed that the average
flow was 62.5 litres per person per day during the studied period (Hedman 2001).
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An approximate calculation of the greywater flow for this investigation indicated the variations of
the daily flow being estimated to 60% of low flow periods and 40% of high flow periods from the
flowcharts in Figure 5. Using these daily variations the specific average daily flow was calculated
to 66.4 L/p,d from the observed flows in this investigation (see Table 3). This approximate
calculated daily flow corresponds well to the on-site measurements from 1997, and September
2001. Moreover, (Elfström Broo, Berghult et al. 2000) reported the drinking water consumption
from tens of households as 60 L/p,d, excluding water for toilet flushing.

Table 3 Observed average greywater flows at the low and high flow periods.

Day (date) Flow Time
─ L/min Hours of the

clock
Tuesday (2001.02.13) 3.4 12.30-15.30 Low flow period
Thursday (2001.02.15) 2.6 10.10-13.10 ─ " ─
Wednesday (2001.02.14) 12.9 17.00-20.00 High flow period
Sunday (2001.02.18) 17.0 11.40-14.40 ─ " ─

Blackwater flow

The level in the tank was measured when the blackwater tank was emptied. Using these data the
specific average blackwater flow was calculated to 28.5 L/p,d for the 18-m3 tank in Vibyåsen
South, see Table 4.

Table 4 Observed flow of black water in Vibyåsen South at the sampling period.

Day (date) Volume Daily
flow

Specific daily
flow

[m3] [m3/d] [L/p,d]
Wednesday (2001.02.14) 8.48 4.2 30.1
Friday (2001.02.16) 7.97 4.0 28.3
Monday (2001.02.19) 11.45 3.8 27.1
Average 28.5

According to (Gutfelt 2001) 2,200 m3 of black water were emptied during the 12 months period
(year 2000) and 1,489 m3 for the 7 months period (Jan-July 2001). These figures are
representative of 266 persons, which means that 23.0 L/p,d of blackwater were produced year
2000 and 26.7 L/p,d of blackwater were produced for the 7 months period in 2001 on an average
yearly basis.

Monitored pollutants

In Table 5 are the observed concentrations of the monitored substances are presented.
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Table 5 The observed concentrations of the investigated substances in the four samples of
greywater and the three samples of blackwater.
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ORDINARY WASTEWATER PARAMETERS
Qsampling occasion m3/h 0.204 0.776 0.157 1.021 0.18 0.17 0.16 -
Ptot mg/l 11 6.6 4.6 7.9 49 58 21 0.002
Ntot mg/l 10 8.0 11 9.7 180 140 130 0.005
BOD7 mg/l 410 350 500 410 1400 1300 410 3
COD mg/l 623 495 682 552 3138 2835 806 30
TS g/kg 0.70 0.57 0.61 0.62 4.29 4.32 0.92 -
VS g/kg 0.36 0.3 0.33 0.32 3.59 3.66 0.42 -
pH - 8.38 7.99 7.56 6.06 8.88 8.87 9.08 -
ELEMENTS
Ca mg/l 38 34 31.7 31.6 82.3 85.1 38.3 0.200
Fe mg/l 0.323 0.567 0.175 0.368 2.4 1.21 0.237 0.020
K mg/l 7.94 8.85 7.91 7.69 74.6 65.7 84.8 0.400
Mg mg/l 6.22 5.79 5.3 5.66 22.1 22.8 6.13 0.140
Na mg/l 92.4 61.4 74.9 81.8 99.1 87 107 0.500
S mg/l 25.7 22.4 23.4 23.2 36.3 30.9 38.5 0.20
Al mg/l 2.25 1.48 3.39 2.65 0.903 0.583 0.124 0.002
Ag µg/l <0.550 <0.550 <0.550 0.118 14 2.89 0.301 0.550
As µg/l <0.990 <0.990 <0.990 <0.990 2.14 2.03 1.83 0.990
Ba µg/l 21.8 18.9 16.5 15.5 45.8 45.3 13.7 1.0
Bi µg/l 0.0637 0.185 0.501 0.568 0.606 0.44 0.495 0.005
Cd µg/l 0.0807 0.0828 0.16 0.0627 0.513 0.505 0.171 0.050
Co µg/l 1.4 1.51 1.33 1.19 1.2 0.895 0.484 0.20
Cr µg/l 2.06 5.46 4.45 2.84 3.7 2.47 <0.902 0.90
Cu µg/l 70.2 66.9 63.1 47.0 153 162 61.9 1.0
Hg µg/l <0.0200 <0.0200 <0.0200 0.0215 1 0.979 0.125 0.020
Mn µg/l 12.6 14.3 9.55 12.1 175 166 47.5 0.90
Ni µg/l 5.79 28.1 5.58 4.45 12.1 9.69 5.76 0.60
Pb µg/l 3.14 2.14 2.26 2.52 3.67 2.39 0.705 0.60
Pt µg/l 0.0534 0.028 0.0166 <0.0110 0.0302 0.011 0.0184 0.0110
Sb µg/l 0.304 0.5 0.676 0.276 0.325 0.245 0.217 0.010
Sn µg/l 1.01 1.92 2.27 4.39 30.1 25.3 8.35 0.050
Te µg/l <0.550 <0.550 <0.550 <0.0495 <0.550 <0.550 <0.0495 0.050
Zn µg/l 55.4 77.8 69 55.3 596 767 213 4.000
PAHs
acenaphthene µg/l <0.05 - - 0.26 <0.05 <0.05 <0.05 0.100
acenaphthylene µg/l <0.07 - - <0.15 <0.09 <0.11 <0.09 0.100
anthracene µg/l <0.01 - - <0.06 <0.01 <0.06 <0.03 0.010
benzo(a)anthracene µg/l <0.01 - - <0.01 <0.01 <0.01 <0.01 0.010
benzo(a)pyrene µg/l 0.04 - - 0.02 <0.04 <0.01 <0.01 0.010
benzo(b)fluoranthene µg/l <0.02 - - <0.02 <0.02 <0.02 <0.02 0.010
benzo(k)fluoranthene µg/l <0.01 - - 0.01 <0.01 <0.01 <0.01 0.010
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benzo(ghi)perylene µg/l <0.02 - - 0.04 <0.02 <0.02 <0.02 0.030
chrysene µg/l 0.01 - - 0.02 <0.01 <0.01 <0.01 0.010
dibenzo(ah)
anthracene

µg/l <0.01 - - <0.01 <0.01 <0.01 <0.01 0.030

fluoranthene µg/l 0.03 - - 0.03 0.02 <0.01 0.02 0.010
fluorene µg/l <0.05 - - <0.10 <0.05 0.89 <0.20 0.100
indeno(123cd)pyrene µg/l <0.04 - - <0.09 <0.02 <0.02 <0.02 0.030
naphthalene µg/l <0.05 - - <0.05 <0.05 <0.05 <0.05 0.100
phenanthrene µg/l 0.04 - - <0.03 <0.03 <0.02 <0.03 0.100
pyrene µg/l 0.04 - - 0.05 0.02 <0.01 <0.04 0.010
PAH carcinogenic µg/l 0.05 - - 0.05 <0.06 <0.05 <0.05 -
PAH others µg/l 0.11 - - 0.38 0.04 0.89 0.02 -
Sum 16 EPA-PAH µg/l 0.16 - - 0.43 0.04 0.89 0.02 0.300
PCBs
PCB 101 µg/l <0.020 - - <0.020 <0.020 <0.020 <0.020 0.020
PCB 118 µg/l <0.020 - - <0.020 <0.020 <0.020 <0.020 0.020
PCB 138 µg/l <0.020 - - <0.020 <0.020 <0.020 <0.020 0.020
PCB 153 µg/l <0.020 - - <0.020 <0.020 <0.020 <0.020 0.020
PCB 180 µg/l <0.020 - - <0.020 <0.020 <0.020 <0.020 0.020
PCB 28 µg/l <0.020 - - <0.020 <0.020 <0.020 <0.020 0.020
PCB 52 µg/l <0.020 - - <0.020 <0.020 <0.020 <0.020 0.020
Total PCB µg/l <0.070 - - <0.070 <0.070 <0.070 <0.070 0.070
PHTALATES
butylbenzyl phtalate µg/l 6.8 5.2 9 <1.0 <1.0 <1.0 <1.0 1.000
di-(2-ethylhexyl)
phtalate (DEHP)

µg/l 30 32 160 8.4 4.4 <1.0 <1.0 1.000

di-cyklohexyl phtalate µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.000
di-isobutyl phtalate µg/l 8 8 6.2 <1.0 1.4 <1.0 <1.0 1.000
di-n-butyl phtalate µg/l 9.2 7 9.4 1.8 1.3 <1.0 <1.0 1.000
di-n-octyl phtalate µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.000
di-n-propyl phtalate µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.000
dipentyl phtalate µg/l <1.0 <2.0 <2.0 <1.0 <2.0 <1.0 <1.0 1.000
diethyl phtalate µg/l 28 15 38 4.2 3.2 <1.0 1.1 1.000
dimethyl phtalate µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.000
ORGANOTIN COMPOUNDS
dibutyl tin ng/l 252 - - 3000 96.2 - 21.2 1.000
diphenyl tin ng/l <1.0 - - <1.0 <1.0 - <1.0 1.000
dioctyl tin ng/l 20.1 - - 20.5 16.2 - <1.0 1.000
monobutyl tin ng/l 431 - - 990 35.5 - 16.4 1.000
monophenyl tin ng/l <1.0 - - <1.0 <1.0 - <1.0 1.000
monooctyl tin ng/l 99.8 - - 28.8 8.4 - <1.0 1.000
tetrabutyl tin ng/l <1.0 - - 30.5 <1.0 - <1.0 1.000
tributyl tin (TBT) ng/l 209 - - 287 <1.0 - 3.8 1.000
tricyclohexyl tin ng/l <1.0 - - <1.0 <1.0 - <1.0 1.000
triphenyl tin ng/l 5.5 - - <1.0 <1.0 - <1.0 1.000



12

Grey water Black water

01
.0

2.
13

01
.0

2.
14

01
.0

2.
15

01
.0

2.
18

01
.0

2.
14

01
.0

2.
16

01
.0

2.
19

D
et

ec
tio

n
lim

it

SOLVENTS
benzene µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.000
ethylbenzene µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.000
naphtalene µg/l <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 5.000
total xylenes µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 1.000
toluene µg/l <1.0 1.1 1.9 1.4 <1.0 <1.0 <1.0 1.000
ALKYLPHENOL ETOXILATES
4-nonylphenol µg/l 3.43 2.82 5.95 2.98 4.2 5.23 2.3 0.010
4-NF-dietoxilate µg/l 8.78 4.02 15.9 6.44 1.71 7.49 <0.050 0.050
4-NF-heptaetoxilate µg/l 24.1 9.14 10.9 10.1 - - - 0.050
4-NF-hexaetoxilate µg/l 32.6 18.9 40.9 20.2 - - - 0.050
4-NF-monoetoxilate µg/l 4.7 2.75 6.73 2.95 2.91 3.91 0.913 0.050
4-NF-nonaetoxilate µg/l <0.10 - - - - - - 0.100
4-NF-oktaetoxilate µg/l 23.8 <0.10 <0.10 <0.10 - - - 0.100
4-NF-pentaetoxilate µg/l 33 15.5 49.7 20.9 - - - 0.050
4-NF-tetraetoxilate µg/l 58.6 21.1 61.4 24.1 <0.050 <0.050 <0.050 0.050
4-NF-trietoxilate µg/l 26.1 11.8 36.2 16.4 <0.050 10.6 <0.050 0.050
4-oktylphenol µg/l 0.123 0.089 0.156 0.081 0.282 0.2 0.085 0.001
4-OF-dietoxilate µg/l 0.601 0.236 0.6 0.239 0.267 <0.001 <0.001 0.001
4-OF-heptaetoxilate µg/l 0.436 0.226 0.226 0.17 - - - 0.001
4-OF-hexaetoxilate µg/l 0.808 0.387 0.484 0.263 - - - 0.001
4-OF-monoetoxilate µg/l 0.116 0.075 0.206 0.083 0.096 0.143 0.075 0.001
4-OF-octaetoxilate µg/l 0.138 0.095 <0.001 0.109 - - - 0.001
4-OF-pentaetoxilate µg/l 2.6 0.787 0.882 0.413 - - - 0.001
4-OF-tetraetoxilate µg/l 3.1 0.647 0.88 0.404 <0.001 <0.001 <0.001 0.001
4-OF-trietoxilate µg/l 4.74 0.717 0.697 0.372 0.083 0.083 <0.001 0.001
BROMINATED FLAME-RETARDANTS
decabromobiphenyl
(DeBB)

µg/l <0.010 <0.010 <0.010 <0.010 <0.010 - <0.010 0.010

decaBDE µg/l <0.010 <0.010 <0.010 <0.010 <0.010 - <0.010 0.010
heptaBDE µg/l <0.002 <0.002 <0.002 <0.002 <0.002 - <0.002 0.002
hexabromo
cyclodecane (HBCD)

µg/l <0.001 <0.001 <0.001 <0.001 <0.001 - <0.001 0.001

hexaBDE µg/l 0.0069 0.0034 0.002 0.002 0.0012 - <0.001 0.001
nonaBDE µg/l <0.002 <0.002 <0.002 <0.002 <0.002 - <0.002 0.002
octaBDE µg/l <0.002 <0.002 <0.002 <0.002 <0.002 - <0.002 0.002
pentaBDE µg/l 0.76 0.18 0.17 0.21 0.12 - 0.086 0.001
pentaBDE 100 µg/l 0.11 0.03 0.026 0.033 0.014 - 0.021 0.0001
pentaBDE 99 µg/l 0.64 0.14 0.12 0.16 0.095 - 0.059 0.0001
tetrabromobis phenol-
A (TBBP-A)

µg/l <0.001 <0.001 <0.001 <0.001 <0.001 - <0.001 0.001

tetraBDE µg/l 0.24 0.099 0.1 0.066 0.053 - 0.034 0.001
tetraBDE 47 µg/l 0.22 0.086 0.092 0.049 0.05 - 0.022 0.000
triclosan µg/l 3.75 0.56 5.9 3.5 3.6 1.36 <0.50 0.500
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Specific mass flow

For a few example substances, the specific mass flows were calculated on the basis of the average
specific greywater flow 66.4 L/p,d and the average specific blackwater flow 28.5 L/p,d, see Table
6.

Table 6 Specific mass flows of a few example substances were calculated from the observed
concentrations (see Table 5) and the specific average greywater flow, 66.4 L/p,d,
and blackwater flows, 28.5 L/p,d.

GREYWATER BLACKWATER
[g/p,d] [g/p,yr] [g/p,d] [g/p,yr]

Tot-N 0.64 234 4.56 1664
Tot-P 0.50 182 1.53 557
COD 39.0 14250 85.1 31070

[mg/p,d] [mg/p,yr] [mg/p,d] [mg/p,yr]
Ag 0.0078 2.9 0.16 59.5
Cd 0.0064 2.3 0.011 4.0
Cu 4.10 1498 3.58 1307
Sb 0.03 11.0 0.007 2.6
sum 16 EPA-PAH 0.02 7.2 0.009 3.3
DEHP 3.8 1396 0.13 46.0
4-nonylphenol 0.25 92.0 0.11 41.0
4-oktylphenol 0.0070 2.6 0.005 1.8
hexaBDE 0.0002 0.09 0.00003 0.01
tetraBDE 0.0084 3.0 0.0012 0.45
triclosan 0.23 83.0 0.07 26.0
tributyl tin (TBT) 0.016 6.0 0.00011 0.04

DISCUSSION
In this investigation substances were monitored in raw grey- and blackwater from a separate
wastewater system for households. Substances investigated totalled 105, where 34 of these were
not detected in any of the fractions, meaning that 68% of the selected substances were actually
observed. The undetected substances may, however, be present in the wastewater, but in lower
concentrations than the analytical methods could manage.

The number of samples was restricted to four samples of greywater and three samples of
blackwater. The time for collecting the subsequently blended samples of greywater was restricted
to 3 hours so as to avoid chemical transformation of the samples’ constituents. The results from a
3-hours mixed sample may be doubtful and difficult to interpret when compared to fully reliable
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results representing a 24-hours blended sample. These circumstances entail that the results must
be interpreted carefully.

The selected indicator substances were primarily chosen on the basis of several lists of priority
hazardous pollutants identified by different environmental authorities. These indicators for
hazardous substances were supplemented with ordinary wastewater parameters as Ptot, Ntot,
BOD7, COD, pH, TS, and VS. The concentrations of the investigated substances were presented
in Table 5 without any preparation of data. The presented specific mass flows were calculated
from the observed concentrations on the basis of the estimated specific average flows of grey and
black water. It is important to remember that there are considerable variations of the flow from
day to day, week to week, throughout the year. Accordingly, those specific mass flows should be
interpreted with caution. The yearly mass flows were calculated as 365 multiplied by the daily
mass flows.

CONCLUSIONS
In this paper data of monitored pollutants found in raw grey- and blackwater from ordinary
Swedish households using a separate wastewater system were presented. The substances
investigated totalled 105; 71 of these were detected (Table 5).

The specific greywater flow was estimated to 66.4 L/p,d for Vibyåsen North (169 persons). The
specific blackwater flow was estimated to 28.5 L/p,d for Vibyåsen South (141 persons).

Examples of the specific mass flows for some of the investigated substances were presented on a
daily and a yearly basis (Table 6).
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