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Abstract 

Linear economies often characterize modern societies, where goods are 
produced, consumed and finally disposed of. At the same time, increasing 
amounts of chemicals are being used in various consumer goods. One way to 
reflect the changing amounts of chemicals in consumer goods is to study the 
end products of society, such as sewage sludge in wastewater treatment plants 
(WWTPs) and incineration ashes. Upstream work (where the source of 
pollution is identified and dealt with before the emissions reach the end 
products) is one approach to decrease the amount of unwanted and hazardous 
substances in the end products. 

The specific aim of this thesis is to examine diffuse emissions of some 
heavy metals from various societal goods and the implications for two types of 
end products, sewage sludge (in WWTPs) and to a lesser extent ashes (in 
incineration plants). By doing this, the overall aim – to contribute to the 
general knowledge on diffuse emissions of unwanted substances from goods, 
as reflected in the end products of society – will thus also be fulfilled. This 
thesis is a result of five studies, all conducted using the methodology of SFA 
(substance flow analysis) or MFA (material flow analysis), where the inflow, 
stock and outflow of a specific substance or material is quantified for a 
specific area during a specific time frame.  

The results from four of the studies, with Stockholm as a study object, 
show the urban flows and accumulated amounts (stocks) of the heavy metals 
silver (Ag), bismuth (Bi) and copper (Cu). These studies have sewage sludge 
as a focus. Large inflows and stocks of Ag were estimated for electrical and 
electronic goods and appliances as well as jewellery and silverware. The 
largest identified Ag source with emissions ending up in the WWTP, however, 
proved to be textiles. Plastics had the largest inflow and stock of Bi, while 
cosmetic products were identified as a major source of Bi measured in sewage 
sludge. The largest inflow of Cu was estimated to come from Cu alloys and 
the largest stocks were power cables in infrastructure and buildings as well as 
Cu alloys. The largest outflows of Cu reaching the WWTPs came from tap 
water systems and brake linings. The inflow, stock and outflow of Cu were 
estimated to have increased, compared to a study conducted almost two 
decades previously.  



2 

The SFA for Ag in Stockholm can be considered as a step towards filling 
in the gap in information on the flows of Ag. Scientific SFAs for Bi are 
lacking and the study in this thesis was a first step in identifying and 
quantifying sources of Bi giving diffuse emissions and reaching the sewage 
sludge in WWTPs. The majority of the diffuse emissions of the heavy metals 
from goods reaching the sewage sludge were estimated to be from households. 
The majority of the household sources of Ag, Bi and Cu have been identified 
in this thesis and further studies should explore sources outside households.  

Arsenic is discussed when it comes to diffuse emissions associated with 
the use of wood that has been treated with CCA (chromated copper arsenate) 
and its implications during/after disposal, including the contamination of 
incineration ashes. 35 % of the CCA-treated wood waste in 2010 was correctly 
sorted as hazardous waste, while a large part was still being sorted as 
combustible waste (18 %) or non-toxic wood waste (13 %). 33 % of the CCA-
treated wood waste did, however, not reach any waste sorting system and may 
thus continue to generate diffuse emissions from the wood. 

At this point, between 2 and 5 % of the total deposits of these four metals 
are being mined each year. The current use of these heavy metals can be seen 
not only as a potential environmental problem but also as a loss of resources. 
It would be preferable for these metals to be recovered as a part of a circular 
economy. In this context, urban and landfill mining are alternatives that need 
further exploring, where metals in, for example hibernating electrical wiring 
or landfills can be recovered. Recycling, too, could be increased, especially 
when it comes to Bi and As. These metals today have a recycling rate of less 
than 1 %. There may also be a resource loss when using the contaminated 
sewage sludge. 

Lack of legislation makes it difficult for important actors to implement 
measures. Legislation of diffuse emissions and chemicals in consumer goods 
was thus identified as an important step in handling diffuse emissions from 
goods. 
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Svensk sammanfattning 

Moderna samhällen karakteriseras ofta av linjära ekonomier där varor 
produceras, konsumeras och slutligen blir avfall. Det finns också en ökande 
mängd kemikalier som används i konsumentvaror. Ett sätt att följa den 
förändrade användningen av kemikalier i konsumentvaror är att studera 
samhällets restprodukter, såsom avloppsslam hos reningsverken och 
förbränningsaska. Uppströmsarbete (där föroreningskällan identifieras och 
hanteras) är ett tillvägagångssätt för att minska mängden oönskade och farliga 
ämnen i restprodukterna. 

Det specifika syftet med avhandlingen är att undersöka diffusa utsläpp av 
några tungmetaller från olika konsumentvaror och vad detta har för 
konsekvenser för restprodukterna slam (reningsverk) och till viss del aska 
(förbränningsanläggningar). Genom att göra detta uppfylls också det 
övergripande målet att bidra till den allmänna kunskapen om diffusa utsläpp 
av oönskade ämnen från konsumentvaror som avspeglas i restprodukter i 
samhället. Denna avhandling är ett resultat av fem studier, alla utförda med 
metodiken för SFA (substansflödesanalys) eller MFA (materialflödesanalys), 
där inflöde, stock och utflöde för ett visst ämne eller material kvantifieras för 
ett utvalt område under en begränsad tidsperiod. 

Resultatet från fyra av studierna visar urbana flöden och upplagrade 
mängder (stock) för tungmetallerna silver (Ag), vismut (Bi) och koppar (Cu), 
med Stockholm som studieområde. Den restprodukt som är i fokus i dessa 
studier är avloppsslam. Störst inflöde och stock av Ag utgjordes av elektriska 
och elektroniska apparater samt smycken och silverföremål. Den största 
identifierade källan till Ag som påverkar det undersökta reningsverket var 
däremot textilier. Störst inflöde och stock av Bi återfanns i plaster medan 
kosmetiska produkter uppskattades vara den största källan till Bi mätt i slam 
hos reningsverk. Det största inflödet av Cu motsvaras av Cu-legeringar och 
den största stocken fanns i kraftkablar i infrastruktur och byggnader samt Cu-
legeringar. Störst utflöde av Cu (till reningsverk) kommer från 
tappvattensystem och bromsbelägg. Inflödet, stocken och utflödet 
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uppskattades ha ökat/blivit större jämfört med en studie genomförd omkring 
två decennier tidigare.  

Substansflödesanalysen för Ag i Stockholm kan betraktas vara ett steg för 
att avhjälpa bristen på data för flödet av Ag. Vetenskapliga SFAs saknas för 
Bi, och studien i denna avhandling är ett första steg till att identifiera och 
kvantifiera källorna som ger diffusa utsläpp av Bi som når reningsverken. 
Majoriteten av de diffusa utsläppen från varor som når reningsverken 
bedömdes vara hushållskällor. Vidare har majoriteten av hushållskällorna till 
Ag, Bi och Cu identifierats och fortsatta studier bör därför fokusera på källor 
utanför hushållet. 

Arsenik diskuteras när det gäller diffusa utsläpp relaterat till virke som 
behandlats genom CCA-impregnering (krom, koppar och arsenik) och 
implikationer under/efter avfallshantering, då det kan förorena 
förbränningsaska. Under 2010 sorterades 35 % av det CCA-behandlade 
virkeavfallet korrekt som farligt avfall, medan en stor del fortfarande 
sorterades som brännbart avfall (18 %) eller giftfritt träavfall (13 %). 33 % av 
det CCA-behandlade träet som uppskattades bli avfall nådde dock inte 
avfallsledet och kan därför fortsättningsvis generera diffusa utsläpp från 
virket. 

För närvarande bryts mellan 2 och 5 % av de globala tillgångarna av dessa 
fyra metaller årligen. Den nuvarande användningen av metallerna kan således 
ses som en förlust av resurser och inte bara ett potentiellt miljöproblem. 
Eftersträvansvärt är att de tas tillvara inom en cirkulär ekonomi. I detta 
sammanhang är urban och landfill mining alternativ som behöver utforskas, 
där metaller i exempelvis oanvända elledningar eller deponier kan återvinnas. 
Även återvinningen kan öka, speciellt för Bi och As, vilka idag har en 
återvinningsgrad på under 1 %. Det kan också finnas en resursförlust via det 
förorenade avloppsslammet. 

Bristen på lagstiftning försvårar för de viktiga aktörerna att genomföra 
åtgärder. Lagstiftning anpassad för diffusa utsläpp och kemikalier i 
konsumentvaror har således identifierats som ett viktigt steg för att hantera 
diffusa utsläpp från varor.  
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1 Introduction 

 
Modern societies are often characterized by a linear economy, where goods 
are produced, consumed and finally disposed of. A fast evolution of society, 
together with urbanisation, has led to a rapid increase in the use of materials as 
well as substances in, for example, infrastructure and consumer goods. 
Numerous studies have addressed the problem of increasing amounts of 
chemicals in various consumer goods (Eriksson et al., 2008, Gößling-
Reisemann et al., 2009, Arvidsson et al., 2011), but there is often a 
considerable lack of knowledge regarding the substances’ properties 
(including their toxicity), the amounts used and their flows in society. The 
number of untested chemicals (i.e. chemicals whose toxicities are unknown) in 
commerce today may be as high as 100,000 (Simon, 2014). The total 
production of chemicals in the EU adds up to more than 320 million tonnes 
per year (Eurostat, 2014). The risk of using these substances as additives in 
goods is that they may have adverse effects on human health and/or cause 
environmental harm. There is further a risk that limited resources, such as 
heavy metal deposits, will run out. It is thus of great importance to monitor 
flows of substances in society. 

Numerous substances risk being emitted from different sources, often in a 
diffuse way, and as many of these substances are untested and generally 
unknown, studies of their sources and environmental properties are lacking. 
Finding a precise definition of diffuse emissions is problematic. According to 
the Organisation for Economic Co-operation and Development (OECD, 2001) 
the term diffuse emissions refers to:  

 
…pollution infiltrating the atmosphere from a large non-point 
source. 

 
Diffuse emissions can further consist of many different smaller point 

sources, according to the European Pollutant Release and Transfer Register 
(E-PRTR, n.d.), which states that: 
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Pollution from diffuse sources occurs over large areas from often 
indistinct elements. Although the large numbers of houses and 
vehicles in cities represent many point sources, they collectively 
represent a large, diffuse source of pollution. 

 
This is further supported by Ireland's EPA (2015), which has a similar 

statement: 
 

Pollution from diffuse sources occurs over large areas and 
individually may not be of concern but in combination with other 
diffuse sources can cause environmental impact. 

 
In this thesis, diffuse emissions relate to metal release from the use of 

societal consumer goods.  
One way to track the changing amounts of goods and chemicals is to study 

media reflecting the overall outflow of the society, in other words the end 
products, including waste and ashes at incineration plants, sewage sludge in 
wastewater treatment plants (WWTPs) and solid waste in landfills. When 
looking closer at sewage sludge, as environmental pollution to a high extent 
has shifted from well-defined point sources to diffuse sources, it is 
increasingly difficult for WWTPs to reduce the levels of hazardous substances 
in their influent water. The Swedish Environmental Protection Agency (2013) 
assesses that upstream work (where the source of the pollution is identified 
and dealt with before the emissions reach the WWTP) is required to decrease 
the amounts of unwanted and hazardous substances in the sewage sludge. The 
quality of sewage sludge in WWTPs in Sweden has increased substantially 
over the past decades, partly because of upstream work, but also due to the 
implementation of environmental legislation and the fact that cities are 
changing from industrial to service and business oriented areas. Upstream 
work and legislation are thus important instruments for creating less polluted 
end products.  

1.1 Research objectives 
Considering the need for upstream work and the current knowledge gaps when 
it comes to diffuse emissions from goods, the overall aim of this thesis is to 
contribute to the general knowledge on diffuse emissions of unwanted 
substances from goods, as reflected in end products of society. 

The specific aim of the thesis is to examine diffuse emissions of some 
heavy metals from various societal goods and the corresponding implications 
for end products, especially sewage sludge and to some extent ashes. This is 
done by analysing the flows of metals in an urban area. The metals chosen as 
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study objects are silver (Ag), bismuth (Bi) and copper (Cu), while arsenic (As) 
is presented and discussed to a lesser extent. These metals are, or may 
become, problematic for end products such as sewage sludge (e.g. because of 
their high accumulation rate when added to soil) or incineration ashes (e.g. 
because of their high toxicity). These end products act as good reflectors of 
substances used in a society. This is especially the case for sewage sludge, in 
which concentrations of various substances are continuously analysed. Sludge 
thus provides information on the flows of elements as well as identifying 
emerging element flows. Special attention is given in this thesis to sewage 
sludge as an end product. Sewage sludge is relatively well studied compared 
to other types of end products since it is monitored in order to comply with 
legislation (which includes limits for heavy metals). This thesis, however, also 
starts a discussion on the situation for contaminated incineration ashes (from 
burning of waste), thus opening up for potential further work towards less 
contaminated ashes. 

The focus is on a national level (Sweden), and the city of Stockholm, the 
capital of Sweden, is used as an example, as the majority of flows of consumer 
goods are found in urban areas. The work is limited to discussing metals 
because of their persistent properties as chemical elements, meaning that once 
dispersed in the environment, metals cannot be degraded but will eventually 
accumulate in soil or sediments.  

Concern over resources associated with diffuse emissions from goods, as 
well as the changes in flows over time, are also discussed in the thesis. Finally, 
possible strategies to decrease the diffuse emissions of heavy metals from 
consumer goods are discussed. This kind of knowledge is an important basis 
for decision-makers and for the implementation of future strategic measures. 
This may thus facilitate a decrease of diffuse emissions as well as create a 
knowledge-based platform for proper actions.  

To fulfil the aim of this thesis, to explore diffuse emissions of specific 
metals in consumer goods, the more specific objectives are: 

• To map out flows and stocks of some heavy metals with 
Stockholm as an example, focusing on the flows to a WWTP. 

• To some extent evaluate changes in flows over time for metals by 
applying updated SFAs and MFAs. 

• To discuss resource concerns associated with diffuse emissions 
from consumer goods. 

• To discuss strategies to reduce diffuse emissions from consumer 
goods. 

• To identify areas for further studies. 
 
These specific objectives were achieved by conducting five scientific 

studies which are summarized in the five articles included in this thesis. Four 
of the articles focus on diffuse emissions of heavy metals (Ag in Paper I, Bi in 
Paper II, Ag and Bi in Paper III and Cu in Paper IV) from consumer goods. 
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Papers I-IV were further limited to diffuse emissions from sources affecting 
sewage sludge. Paper V focused on the flow of As in CCA-treated wood and 
its implications for waste disposal (and thus incineration ashes). 
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2 Background 

2.1 Societal end products 
Societal end products, like sewage sludge and ashes, are valuable from a 

resource perspective, as long as they are not contaminated by hazardous 
substances. 

Sewage sludge is generated in WWTPs, whose main function is to remove 
nutrients from wastewater to provide treated water to recipients. In Sweden 
one aim is to return as much phosphorus from sewage sludge as possible to the 
arable land. The Swedish Environmental Protection Agency (2013) proposes 
that 40 % of the phosphorus in sewage systems should be returned to arable 
land by 2018, without it risking adverse effects to human health or the 
environment. 

There are approximately 470 WWTPs in Sweden that each are equipped to 
handle more than 2 000 citizens. 39 WWTPs are certified by REVAQ, a 
certificate system for Swedish WWTPs that aims to decrease the flow of 
hazardous substances to the WWTPs through upstream work and to increase a 
sustainable return of phosphorus (Swedish Water & Wastewater Association, 
2015). One important factor to consider when adding sewage sludge to arable 
land, which REVAQ emphasizes, is the accumulation rate of various 
potentially toxic substances (such as heavy metals) in soil following the 
application of sewage sludge. The accumulation rate shows how long it takes 
for the concentration of a substance to double when sewage sludge is added to 
soil (Eriksson, 2001). It is presented as a percentage, calculated by taking the 
levels of the metal in the sludge being used divided by the levels present in the 
soil to which the sludge is added (measured in the top 25-cm layer of the soil). 
The Swedish WWTPs certified by REVAQ have established action plans for 
substances with accumulation rates above 0.2 % during one year (REVAQ, 
2014), corresponding to the concentration doubling in 500 years (REVAQ, 
2015). 

Incineration ashes in Sweden are generated by the incineration of industrial 
and household waste. Today approximately 50 % of household waste 
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generated in Sweden is incinerated, while 49 % is recycled and less than 1 % 
ends up in landfills (Swedish Waste Management, 2014). When incinerated, 
the waste decreases to about a fifth of its original weight. The more than four 
million tonnes of household waste treated annually in Sweden, together with 
industrial waste, thus leave a large amount of ash that needs to be dealt with 
every year. Just as sewage sludge, this ash can contain high levels of nutrients 
but it is commonly also contaminated with hazardous substances such as 
heavy metals. Fly ash (fine particles collected from the smoke before it is 
released) and bottom ash (the solid ash that contains non-combustible 
materials, e.g. glass and metals) contain hazardous substances and can thus not 
be reused. If the ashes were less contaminated, the phosphorus in the ash could 
be used in various ways, for example to fertilize wooded areas. Because of the 
contaminants, the usage of the ashes is, however, limited, although they may 
be used as landfill covering and construction material (Swedish Environmental 
Protection Agency, 2014). 

2.2 Metals in focus 
To study the diffuse emissions from goods, and the resulting influences on 
societal end products, some heavy metals were chosen. These metals differ in 
their patterns of use, associated legislation, mobility and toxicity. The 
biological effects of pollution caused by these metals are not central to this 
thesis but are touched upon briefly. The various forms in which the metals 
occur are not discussed to any great extent either. 

2.2.1 Silver (Paper I and III) 
Silver (Ag) has the highest electrical and thermal conductivity of any heavy 
metal. It is known to have been used since 4000 B.C. and historically it has 
been used in many products including medicine, silverware, jewellery and 
coins (Panyala et al., 2008). It has also been used in x-rays and photography, 
although this usage has decreased as digital systems are becoming 
increasingly common. It is used in consumer goods in nano, ionic, colloidal 
and metallic forms (Thomas, 2009). Today Ag is commonly used in electrical 
and electronic products, where it may be used as an alloy. Silver is 
antibacterial and may thus also be found in medical products, such as 
bandages and pharmaceutical products, as well as in various kitchen 
appliances. The Ag ion is one of the most toxic forms of heavy metal 
(surpassed only by mercury) (Purcell and Peters, 1997) and overexposure to 
Ag may lead to Argyra or Argyrosis (Drake and Hazelwood, 2005).  

The accumulation rate of Ag in soil to which the sewage sludge is added 
was on average 0.5 % in 2013 (0.6 % in 2011 and 0.8 % in 2012) for the 
majority of the WWTPs connected to REVAQ. As the level exceeds the limit 
(0.2 %) set by REVAQ (2014) it is considered a prioritized substance. 
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2.2.2 Bismuth (Paper II and III) 
Bismuth (Bi) has historically been used in similar ways as lead and it was not 
until 1735 that Bi was discovered to be a metal in its own right (Enghag, 
1999). Before antibiotics were discovered, Bi was used to treat syphilis and 
may still today be used to treat irritated bowels (Randahl et al., 1997) and 
other gastrointestinal disorders (Salvador et al., 2012). Although it has been 
and still is used in medical and pharmaceutical preparations, there are few 
comprehensive studies regarding the toxicity of Bi (Sano et al., 2005). Luo et 
al. (2012), however, report that Bi nanoparticles are more toxic than most 
previously reported Bi compounds. 

The properties of Bi are similar to some other heavy metals (e.g. lead, Pb) 
but have, according to few studies, been shown to be less toxic (Enghag, 2000, 
Sano et al., 2005). It has thus been used successfully as a substitution for Pb, 
which is why its usage areas today also include fireworks, artist paints as well 
as fishing and hunting equipment. 

The accumulation rate of Bi in soil to which the sewage sludge is added 
was on average 0.8 % in 2013 (0.7 % in 2011 and 0.6 % in 2012) at the 
majority of the WWTPs connected to REVAQ. It is thus a prioritized 
substance according to REVAQ (2014). 

2.2.3 Copper (Paper IV) 
Copper (Cu) is a well-documented essential heavy metal whose use dates back 
to before 4000 B.C. (Enghag, 1999). It is believed to be one of the first metals 
humans learned to use and process in various forms. It has a high electrical 
and thermal conductivity and a high resistance to corrosion as well as the 
ability to improve the mechanical properties of various materials through 
different alloys. Because of these numerous properties, it has had many and 
varying usage areas since its discovery. It is considered to be one of the most 
important metals for a modern society and its largest usage areas include 
infrastructure and electrical and electronic equipment (Sörme et al., 2001a). 
There are also smaller usage areas in machines, consumer goods, transports 
and as chemical ingredients. 

Copper is toxic to various aquatic organisms (Pradhan et al., 2012) and 
microorganisms in biological wastewater treatment systems (Ochoa-Herrera et 
al., 2011). The accumulation rate for Cu has not been estimated in REVAQ. 
Eriksson (2001), however, estimates the accumulation of Cu in soil fertilized 
with sewage sludge. He uses an average concentration of 430 mg/kg dw Cu 
(average weighted concentration based on 48 Swedish WWTPs) in sludge and 
an average presence of Cu in top soils at 25 different sites. The results show 
that it will take approximately 170 years for the levels of Cu to double in soil 
when sewage sludge is added. 
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2.2.4 Arsenic (Paper V) 
Arsenic (As) is a metalloid that has been used since ancient times. It was, 

however, not until the 13th century that As was isolated as a substance. It is 
highly toxic to for example insects, bacteria and fungi (Enghag, 2000). The 
high toxicity of insecticides and herbicides containing As was one reason for 
the development of DDT in the 1940s. It has since had numerous usage areas, 
including as a wood preservative (Paper V). It has also been used as an alloy 
with other metals. Because of its high toxicity, most countries have set limits 
for concentrations allowed in food and drink. 

Since 2007 As has been banned in wood preservatives (CCA-wood - 
Chromated copper arsenic) in Europe (Paper V). 

The accumulation rate for As has not been estimated in REVAQ, but 
Eriksson (2001) estimates that it takes more than 1000 years for the 
concentration of As to double when using sewage sludge containing As (in 
concentrations 5.5 mg/kg dw) as fertilizer. These estimates include the same 
assumptions (weighted concentration and presence in top soil) as for Cu. 

2.2.5 Production of metals studied 
The amount mined has increased for all four metals over the past 60 years, 
except for As (Figure 1). Copper is by far the most heavily mined metal 
globally (providing a million tonnes per year) of the four metals while 
Bismuth is the least heavily mined (less than 10 thousands of tonnes per year). 

Figure 1. The globally mined amounts of Ag, Bi and As (thousand t/year, left axis) as 
well as Cu (million t/year, right axis) 1950 - 2014 (U.S.G.S., 2015). 
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2.3 Stockholm 
Papers I-IV used Stockholm, the capital of Sweden, as a study object. Sweden 
is located in northern Europe and has been a member of the European Union 
since 1995. In 2014, the municipality of Stockholm had a population of just 
over 900 000 people. The population has increased by more than 25 % over 
the past 2 decades (the figure was 710 000 in 1995) (Statistics Sweden, 
2015b). The city today is home to approximately 9 % of the Swedish 
population. The city area consists of 190 km2 of land and 30 km2 of water area 
and has a population density of approximately 4500 persons/km2 (Statistics 
Sweden, 2015a). The urbanized area can be described as a mixture of 
residential, administrative and industrial buildings. It is surrounded by water, 
with Lake Mälaren, the third largest lake in Sweden, to the west. The lake 
discharges into the Baltic Sea east of Stockholm via the central parts of the 
city. 

Henriksdal WWTP in Stockholm is the WWTP in Sweden that is 
connected to the greatest number of people (810 000 in 2014). It handled 94 
million m3 incoming water in 2014 (Stockholm Water, 2015). 

2.4 Concentrations of metals measured in sewage 
sludge 
Numerous studies have analysed various metals in sewage sludge around the 
world. The metals that have been most commonly analysed include Cu, Cd, 
Pb, nickel (Ni) and zinc (Zn) (Shamuyarira and Gumbo, 2014, Yang et al., 
2014), but Ag, too, has started to gain some attention (Johnson et al., 2014, 
Shamuyarira and Gumbo, 2014). Some Swedish WWTPs have started to 
analyse Bi (Paper II).  

Copper has been measured in Henriksdal WWTP since the 1970s (Figure 
2) and considerable lower concentrations have been found over the past 
decade compared to the initial concentrations. The concentrations have stayed 
approximately the same since the beginning of the 1990s, which could be 
considered a continued decrease per person when one takes into account that 
the number of people connected to Henriksdal WWTP has increased, as has 
the total incoming volume of water.  
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Figure 2. Measured concentrations of Cu (mg/kg dw) in sewage sludge in Henriksdal 
WWTP 1973 – 2014 (Lagerkvist, Stockholm Water, personal communication). 

 
Silver has been measured in Henriksdal WWTP since the late 1980s, Bi 

since 2004 and As since 2010 (Figure 3). The concentration of Ag was 
initially over 70 mg/kg dw in 1987, but has steadily decreased since 
measurements began (e.g. 41 mg/g dw in 1990 and 28 mg/kg dw in 1995) and 
over the last couple of years has started to level out. The concentration of Bi, 
on the other hand, has increased since measurements began in 2007, and it is 
believed that this can be explained by the increasing use of Bi in, among other 
things, consumer products. The concentration of As has remained 
approximately the same since measurements began in 2010 (4.8 – 5.1 mg/kg 
dw). The changing concentrations over time for the metals measured in 
sewage sludge are discussed further later in this thesis.  
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Figure 3. Concentrations of Ag, Bi and As (mg/kg dw) measured in sewage sludge in 
Henriksdal WWTP 2000 – 2014 (Lagerkvist, Stockholm Water, personal communication). 

2.5 Legislation 
One important instrument to regulate diffuse emissions is legislation. To 
discuss the results of this thesis, as well as strategies to reduce diffuse 
emissions (seen later in this thesis), basic knowledge of relevant legislation is 
warranted. Below follows a short presentation of relevant legislation for 
diffuse emissions from consumer goods. 

Chemical products are commonly regulated, among others in the EU 
Biocides Regulation (528/2012) which covers a very diverse group of 
products, including disinfectants, pest control products and preservatives. 
Chemical products are also covered by REACH (Registration, Evaluation, 
Authorization and restriction of Chemicals), which came into force in 2007 
and aims to ensure a high level of protection when it comes to human health 
and the environment. The European Community Council (Directive 
67/548/EEC) was implemented in 1967 and deals with the classification, 
packaging and labelling of dangerous substances. Its focus is on the inherent 
or intrinsic properties and risks of chemicals with the aim of protecting human 
health and the environment (van Leeuwen and Vermeire, 2010).  

Legislation for chemicals, therefore, does exist, but it is widely 
acknowledged that the management of the risks associated with chemicals in 
consumer goods needs to be improved (Molander et al., 2011). According to 
Molander and Ruden (2012) there are a limited number of legislative rules in 
the EU that cover specific types of consumer products and their chemical 
content. Examples of such legislative measures include the Toy Safety 
Directive (2009/48/EC) and the RoHS (Restriction of Hazardous Substances, 
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Directives 2002/95/EC and 2011/65/EC). There is also an EU Cosmetics 
Directive (76/768/EEC) which makes sure that cosmetic products on the 
European market do not damage human health.  
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3 Methodology 

This thesis is a result of studies based mainly on SFA methodology (Papers I-
IV) but also to a limited extent on MFA methodology (Paper V). Chemical 
analyses were performed to fill in the gaps when there was a lack of 
information (Paper III). 

3.1 Substance flow analyses 
 
Substance flow analysis and MFA have become useful methods for the 
systemic assessment of the flows and stocks of materials within a system 
defined in space and time (Brunner and Rechberger, 2004). The two types of 
analyses follow the fluxes of different materials/substances through the 
technosphere from the production of goods to consumption and finally waste. 

While MFA is a broad concept used for larger materials, such as wood or 
sand, an SFA follows the flows and stock of a particular substance (e.g. 
organic substance or metal). An SFA or MFA follows the flows to find the 
sources, routes and pathways of specific substances in the technosphere 
(society) and biosphere (environment) and further aims to quantify the flows 
and stock. In this thesis, the term “sources” refers to consumer goods 
containing the heavy metals. When these goods are used, various degrading 
processes create emissions from the goods. 

MFA and SFA have been widely used tools since their introduction in the 
1970s (Brunner and Rechberger, 2004). Numerous SFAs have been conducted 
to date, on different levels, for example at country level (Guo and Song, 2008) 
or city level (Kral et al., 2014), but also limited to different end products, for 
example sewage sludge (Papers I and II), sediments (Chevre et al., 2011) and 
waste as well as recycling (Arena and Di Gregorio, 2014). SFAs have been 
conducted for well-known and well-studied substances (Paper IV, Sörme et 
al., 2001a) but also for generally lesser-known substances (Paper II, Huang et 
al., 2014). 
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3.1.1 System definition 
For a successful SFA or MFA, three steps have to be completed (van der Voet 
et al., 1995, Udo de Haes et al., 1997):  

Firstly, the spatial and temporal boundaries of the study system have to be 
defined. The system boundary defines what is included in the SFA or MFA, 
which means limiting the system based on area, function, time and 
material/substance. One example of a system boundary and which was used in 
Paper I-III and partly in Paper IV is shown in Figure 4. It is limited to the 
outflow from goods in use in Stockholm (the stock) to Henriksdal WWTP (i.e. 
incoming water to the WWTP). The spatial limitation is usually a region 
where flows of the selected material or substance within a geographical 
boundary are analysed. The temporal boundary in an SFA or MFA is usually 
set to one year, but longer or shorter time periods may also be chosen. The 
substance chosen in a SFA can be a single substance or a group of substances. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. One example of a typical system boundary, for example used in Paper I-III and 
partly in Paper IV. It is limited to the outflow from Stockholm to a WWTP (i.e. incoming 

water to the WWTP). 
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Secondly, the inflows, stocks, and outflows have to be quantified for the 
substance or material of interest (ibid). Relevant information has to be 
identified and gathered or modelled. Three kinds of models are commonly 
used for SFAs and MFAs, including accounting-bookkeeping (where flows 
and stocks are registered after data has been collected), static modelling 
(where the flows are converted into linear equations based on the steady state 
relationships of flows and stocks) and dynamic modelling (where additional 
information, e.g. time, half-times and retention time of the substance are 
needed as modelling parameters). Models based on accounting-bookkeeping 
are most commonly used when conducting SFAs and MFAs and such a model 
was used in Papers I-IV, while the methodology in Paper V is similar to that 
of static modelling. 

Lastly, the results have to be interpreted (ibid) and communicated to, 
among others, decision makers. This is commonly done through an overview 
of the flows and/or stocks of the substance in an area. 

3.1.2 Data collection 
To quantify flows and stocks, statistics for consumer goods on national and 
international level were used as well as metal concentrations in different 
goods. The sources of data on the national level included statistics on 
international trade (import and export) and the production of commodities and 
industrial services (production) goods gathered by Statistics Sweden (2015a), 
which provide information on the amount, usually in tonnes, of tens of 
thousands of goods. Data was further gathered from other sources such as 
scientific articles, trade associations or experts in the fields.  

International data was scaled to a Swedish level and then a Stockholm 
level, while national data was scaled from a Swedish level to a Stockholm 
level. In some cases the data were recalculated to present figures per person 
and then applied to the municipality of Stockholm. 

Other empirical studies and methods were used to complement or help 
gather data for the SFAs and MFAs, including interviews and chemical 
analyses. 

3.1.2.1 Chemical analysis 
Chemical analyses were conducted as a complement to retrieve data on 
chemical concentrations in goods where data was unavailable. Chemical 
analysis was in particular conducted as part of Paper III. The analysis covered 
Ag and Bi in cosmetic products where samples were prepared, digested and 
finally analysed by Flame Atomic Absorption Spectroscopy (FAAS; 
PerkinElmer AAnalys 400). The process and quality assurance are briefly 
explained in Paper III and further in Amneklev et al. (2014). 
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3.2 SFA and MFA as tools in upstream work 
In upstream work, the aim is to identify sources of unwanted hazardous 

substances. If a substance of environmental relevance is present in substantial 
concentrations in the environment or is detected in sewage sludge or waste, it 
provides a motivation to monitor the substance in the city. 

Stockholm, which was chosen as the study object in Papers I-IV, is 
assumed to be representative of an average urban city. Substance flow 
analyses and MFAs are useful for the characterisation and quantification of 
substances and materials. Consumption statistics, together with other factors 
such as concentrations, leakage rates and country-specific parameters, may 
then be used to estimate the amount released from the system (e.g. via diffuse 
emissions) as well as accumulated amounts (the stock). This characteristic of 
MFAs and SFAs makes the methods attractive as decision-support tools in 
resource, waste and environmental management. 

One obvious advantage of SFA and MFAs is that they allow the researcher 
to provide a map over both large and small and/or diffuse flows. They are also 
great tools for exploring substances and materials that remain relatively 
unknown (e.g. Bi, Paper II) or rarely measured emission factors or exposure 
situations (Palm, 2002). In this way, if it is found that a substance is not really 
as “safe” as believed, we already know where to find it. 

One problem when using SFAs and MFAs is data availability. The data 
used may vary in quality as well as availability. This is especially apparent 
when trying to quantify flows and stock of rarely studied substances (e.g. Bi in 
Papers II and III) or substances for which the specific flow has not been 
studied (e.g. Ag in WWTPs in Paper I and As in Paper V).  

On the other hand, SFAs and MFAs offer an opportunity to compare 
historical flows and stock with those of today. It is likely that global 
consumption patterns will change in the future. The importance of SFAs and 
MFAs should thus be highlighted as they provide information on where these 
changes may be found. As more and more SFAs and MFAs are being 
conducted today, the opportunity to perform updated SFAs and MFAs will 
also increase (Papers IV and V, Månsson et al., 2009). 

LCA (life cycle assessment) is a method with a similar approach as SFA 
and MFA. It aims to assess the environmental impacts associated with all the 
stages of a product’s life (cradle to grave) or service (Finnveden et al., 2009). 
As the aim of this thesis was to explore the diffuse emissions of selected 
substances from goods and discuss the resource concerns associated with 
these, SFAs and MFAs were chosen as methods. If the resource concerns and 
environmental impacts associated with the specific consumer goods had been 
of greater importance, an LCA would have been more appropriate. 
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3.3 Uncertainty 
Uncertainties will always exist in research. Because of the diverse nature of 
sources and the varying quality of data availability, the results of MFAs and 
SFAs are inherently uncertain (Laner et al., 2014). Data collected from the 
studies conducted, as well as referred to, are thus inevitably associated with 
uncertainties that generally are difficult to quantify. As data occasionally is 
available in only one sample, models requiring statistical distribution can be 
ruled out (Hedbrant and Sörme, 2001). A choice thus has to be made, either to 
use uncertain data and risk confusion or speculation, or to ignore the data and 
thus risk ignoring important detrimental conditions (ibid). However, the data, 
even if uncertain, may still be used for estimations, thus allowing the 
researcher to conclude whether the source needs further exploring or can be 
ignored. 

Different ways of handling uncertainties are used in SFAs, including 
intervals (Sörme et al., 2001a) and grading (Lifset et al., 2012). Uncertainty 
intervals may further be based on addition/subtraction (e.g. ± 10 %), while 
Hedbrant and Sörme (2001) recommend multiplication (e.g. */ 1.10). 

The uncertainty discussion was handled in different ways in the papers (see 
Papers I-V). 
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4 Results and discussion 

4.1 Sewage sludge 
Below follows a presentation of the SFAs and MFAs from Papers I-V. 

Papers I-IV are presented with focus on Stockholm and the implications for 
sewage sludge. A discussion based on Paper V and incineration ashes also 
follows. 

4.1.1 Inflow and stock 
Globally, the use of metals increased strongly during the 20th century and 
more metals enter the technosphere of a city than exit (Månsson, 2009). 

Silver is included in several types of goods (Paper I). The total Ag inflow 
to Stockholm in 2010 was estimated to be 3.2 t of Ag/year and the stock 100 t 
of Ag (Figure 5). The smaller flows have been grouped into “Other” in the 
figure. These include Ag in textiles, cosmetics, cleaning products, medical 
usage, plastic and paint. For the stock, the “Other” include Ag in cosmetics, 
photography, paint and plastic. The largest inflow and stock was associated 
with Ag in electrical and electronic goods and appliances and jewellery and 
silverware, together providing 96 % of the inflow and 98 % of the stock. A 
noticeable inflow of Ag used in photography (55 kg of Ag/year) was also 
estimated, as an interest in traditional, non-digital photography and 
development still exists. The use of amalgam, usually consisting of 
approximately 50 % mercury and 30 % Ag, was banned from use in dentistry 
in Sweden in 2009, but the substance started to be phased out long before that 
date. A large proportion of the population, however, still has amalgam in their 
teeth and a stock of 1700 kg of Ag (2 %) was estimated. 
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Figure 5. Inflow (3.2 t/year) and stock (100 t) of Ag in 2010, Stockholm, Sweden. 
 
Bismuth is a relatively unknown metal, especially in end products (Paper 

II). As the levels of Bi measured in Henriksdal WWTP are increasing, there is 
a need to identify the sources of the substance. The inflow of Bi to Stockholm 
in 2012 was estimated to be 55 t/year and the stock 290 t (Figure 6). The 
majority of the inflow (50 t of Bi/year) and stock (250 t of Bi) was explained 
by Bi in plastics, while smaller flows and stocks were estimated for Bi in 
paints (inflow 2.1 t of Bi/year, stock 21 t of Bi) and in electronic goods and 
appliances (inflow 1.4 t of Bi/year, stock 14 t of Bi). An inflow was also 
estimated for Bi in cosmetics, chemicals and pyrotechnics, but these 
applications are not assumed to accumulate in the stock.  

 

Figure 6. Inflow (55 t/year) and stock (290 t) of Bi in 2012, Stockholm, Sweden. 
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Copper is one of the most commonly used materials in modern society, 
which is why considerably larger inflows and stock than for Ag and Bi were 
estimated for Cu (Paper III). The inflow was estimated to be 3600 t of Cu/year 
in 2013 and the stock 87 000 t (Figure 7). The majority of these amounts were 
found in appliances classed as infrastructure (inflow 490 t of Cu/year, stock 32 
000 t of Cu), in alloys (inflow 1100 t of Cu/year, stock 15 000 t of Cu) and in 
heavy electrical equipment (inflow 870 t of Cu, stock 17 000 t of Cu). Smaller 
amounts were summarised in Figure 7 in the category “Other” which for the 
inflow includes the tap water system, telephone cables and stations, roofs and 
walls, electronics (e.g. TVs and PCs), wood preservatives, electrical 
grounding material, contact cables for railway lines and antifouling agents for 
boats. The “Others” category in stock includes telephone cables and stations, 
electronics (e.g. TVs and PCs), wood preservatives, electrical grounding 
material and contact cables for railway lines. 

Figure 7. Inflow (3 600 t/year) and stock (87 000 t) of Cu in 2013, Stockholm, Sweden. 
 
Paper IV further discusses the inflow and stock in 2013 compared with those 
of 1995, showing a 57 % increase in inflow (+25 % per person) and 6 % 
increase in stock (but -9 % per person). 

4.1.2 Outflow to WWTP 
The outflow from the use of goods in the technosphere can, as mentioned 
earlier, take the form of waste, recycling, wastewater or diffuse emissions to 
air, water, soil and sediments. Quantifying the waste and recycling flows are 
difficult as there is a lack of official continuous measurements of metals. 
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WWTPs in Sweden do, on the other hand, keep good records of 
concentrations of various metals and other hazardous substances measured in 
the water and sludge at the sites. Henriksdal WWTP was one of the study 
objects in this thesis, and contaminants have been measured there for many 
years. 

The Ag concentration in the sewage sludge at Henriksdal WWTP has been 
decreasing almost constantly since 2000 (Figure 3). One large source of the 
Ag measured in the WWTPs is believed to be Ag in textiles (Figure 8) (Paper 
I). Producers use Ag in clothes as an antibacterial agent, allowing them to 
market the clothes as “odour-free”, for example. Clothes are considered an 
important source of the Ag measured in the sludge at Henriksdal WWTP, 
explaining 16 % of the total measured Ag in sewage sludge. The stock of 
amalgam was 1.7 t and a portion of the amounts measured may be explained 
by Ag released from teeth, for example when chewing and thus affecting the 
amount of Ag in urine and faeces. The Ag in urine and faeces may explain 11 
% of the amounts of Ag measured in sludge, where amalgam explains part of 
this Ag (4 %) while Ag in food and beauty products explain the rest (7 %). 
The metal may also be used in medicine, for example for burn wounds. 
Colloidal silver as a health supplement is however not sold in Sweden any 
longer. Neither are toothbrushes or patches containing Ag. The flocculent used 
in the WWTPs also contributes a small amount to the Ag measured in sludge. 
Other usages include sources with a contribution of < 1 kg of Ag/year, 
corresponding to < 1% of the measured amounts. This includes paints, storm 
water, drinking water, plastic, amalgam from dentist practices and photo labs. 
It also includes silverware and jewellery which had the largest inflow and 
stock but an outflow to the WWTP that is considered negligible (< 1 kg). 
Amneklev et al. (2014) further estimated that Ag in cleaning products (used in 
e.g. households) and Ag from vehicle washing facilities also reach the 
wastewater system and thus affect the concentrations of Ag in sewage sludge.  

Figure 8. Sources of Ag in sewage sludge at Henriksdal WWTP 2012. 



30 

As legislation is lacking for Bi, industries are not required to analyse the 
amounts released into wastewater. There is also a lack of studies on Bi in 
consumer products. Paper II was thus an important step in identifying sources 
of Bi. The source of only 49 % of the total amount measured could, however, 
be identified (Figure 9). The largest source of Bi measured in sewage sludge 
in Henriksdal WWTP was identified as cosmetic products, including 
foundation and powder, which was further explored in Paper III. The article 
determined that these cosmetic products may explain approximately 24 % of 
the amounts of Bi measured in sewage sludge. This figure may, however, be 
larger as Wittgren and Pettersson (2013) estimated the contribution from 
cosmetics to be closer to 40 %.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9. Sources of Bi in sewage sludge at Henriksdal WWTP 2012. 

 
Bismuth is also used as a colouring agent in plastics (explaining 12 % of 

the amount measured in sludge at Henriksdal WWTP) and may thus be 
released from plastics in contact with water going into the wastewater system. 
Vehicle washing facilities have measured Bi in their outgoing water 
(explaining 11 % of the measured amounts), but which parts of the vehicle 
actually contain and emit this Bi has not been studied. 

“Other” sources include paint (where Bi is used as colouring agent, similar 
to plastic), urine and faeces, laundry facilities, storm water, drinking water and 
the flocculent used by the WWTP. Other sources of Bi not quantified in Paper 
III, due to lack of data, include chemicals, leakage and drainage water as well 
as sedimentation in pipes. 

The largest identified source of Cu at Henriksdal WWTP was estimated to 
be Cu released from the tap water system (Paper IV) and traffic (brake linings 
+ asphalt wear) (Figure 10). Also, Cu in roofs annually contributes a small 
amount to the total Cu measured in sewage sludge at Henriksdal WWTP. This 
is estimated based on the assumption that 50 % of the Cu from brake linings, 
asphalt wear and roofs (as 50 % is assumed to reach the WWTP via storm 
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water and the remaining 50 % reach the water recipients) and 100 % of the Cu 
in tap water system reach the WWTP. Compared with a study from 1995 
(Sörme et al., 2001b) (same assumptions on how much of the emissions reach 
the WWTP as for 2013), changes can primarily be seen for brake linings and 
the tap water system (Figure 11). The increase in the amount of Cu released 
from brake linings is explained by the increasing number of vehicles in use in 
Stockholm, which reflects the increasing population. The fact that less water 
was used per person in 2013 and heaters and heat exchanges containing Cu 
were being replaced by stainless steel and enamel varieties is the main 
explanation for the decrease in Cu released from tap water.  

Figure 10. Sources of Cu in sewage sludge at Henriksdal WWTP 2012. 
 
 

 
Figure 11. Sources of Cu in sewage sludge at Henriksdal WWTP 1995 (Sörme et al., 

2001b). 
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4.1.3 Inflow, stock and outflow per person 
Results can also be presented per person in order to improve comparability 
and applicability to other cities. Papers I, II and IV discuss the inflow and 
stock per person of Ag, Bi and Cu in Stockholm (Table 1).  
 

Table 1. Inflow, stock and outflow per person of Ag, Bi and Cu in 
Stockholm. 

Metal 
(Year) 

Inflow per 
person (g/person 

and year) 

Stock per person 
(kg/person) 

Outflow per person 
(mg/person and 

year) 
Ag (2010) 4.2 0.14 341 
Bi (2012) 71 0.37 751 
Cu (2013) 4000 100 18 000 
1 Limited to identified sources and outflow reaching Henriksdal WWTP (see Paper I-III for 
more information) 

 
The inflow and stock of Cu is considerable higher than that of Ag or Bi, 

which correlates with the fact that this metal is also mined more extensively 
(Figure 1). Bismuth was associated with a higher inflow and stock per person 
than Ag, while Ag is mined in larger amounts than Bi. Stockholm was used as 
a study object for both estimations and is considered to be representative of an 
urban area. The difference between the metals can be explained by Bi being an 
emerging metal, especially in urban areas, while Ag is gradually being 
replaced by other substances, for example in photography and as an 
antibacterial agent. 

Paper IV discusses the changing flows and stock of Cu, showing an 
increase in inflow per person (+ 25 %) while the stock has decreased (-9 %) 
between 1995 and 2013. A similar trend could not be seen for per person 
stocks in other countries. In fact, no clear trend of increasing or decreasing 
stocks per person could be concluded, either in developed or developing 
countries (Paper IV). 

An estimation of the changing flows of Bi could not be conducted as no 
adequate studies have been performed to enable such a comparison. 

Only a few SFAs have been conducted for Ag (Table 2) and, as for Cu, no 
clear trend for the flows or stocks could be estimated based on these studies. 
This is mainly because of the lack of studies. As seen in Table 2, the inflow 
and stock vary depending on year and study area. That the inflow and stock 
per person in Stockholm is approximately one fourth of that in Austria, with 
only two years between the studies, seems unreasonable. It is also 
unreasonable that the stock per person in Austria is more than 50 times as 
large in 2012 as it was in Europe as a whole in 1997. This difference may be 
due to different methods used to estimate the flows and gives an indication of 
the difficulties that arise when estimating flows and stocks. It also shows that 
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the results should not be considered exact but can instead be seen as an 
estimation of the current situation. In Paper IV this was addressed by using 
similar calculations for the two years compared. 

 
Table 2. Inflows and stock of Ag in various areas. 

Area (Year) Ag inflow 
(g/person) 

Ag stock 
(g/person) 

Stockholm (2010)1 4.2 140 
Europe (1997)2 15 8 
Austria (2012)3 17 420 
1 Paper I 
2 Based on Lanzano et al. (2006) and the population of analysed countries 
in 1997 
3 Based on Gsodam et al. (2014) and the population of Austria 2012 

 
Some municipalities in Sweden measure concentrations of various 

substances in the outgoing water from a neighbourhood area (e.g. containing 
domestic households). These are then compared with the concentrations in the 
incoming water to the WWTP to identify whether households can be 
considered the largest source of the substances measured in sewage sludge. 
Based on two WWTPs in Sweden, 29 - 50 % of the Ag and 36 - 60 % of the 
Bi measured in sewage sludge originate from household sources (mProv 
Consult, 2012, Stockholm Water, 2015).  

Papers I-II and Amneklev et al. (2014) have determined that 90 - 100 % of 
the Ag and Bi flows come from households, which means that the consumer 
products that emitted these metals to the wastewater system have been 
identified and to a large extent quantified. Sources outside the household, such 
as industries and businesses, do, however, need to be explored further, both to 
identify which kind of activities release the metals but also to quantify the 
amounts. 

The concentration of Cu has been measured in outgoing water from a 
neighbourhood in Stockholm in 2012 (Stockholm Water, 2015), indicating 
that the largest sources of Cu released to the wastewater system is found 
within households (89 %). This is supported by Norström et al. (2010) who 
estimates this figure to be 80 - 100 %. These estimations, however, do not 
include storm water which reaches the wastewater systems within household 
areas. In Paper IV the largest sources of Cu measured in sewage sludge at 
Henriksdal WWTP were estimated to be tap water and brake linings. 

4.2 Ashes 
The results and discussion in this thesis are mostly limited to diffuse emissions 
reaching the WWTPs. However, another major end product in Sweden is 



34 

incineration ashes from the burning of waste. For a circular economy it is of 
great importance to reuse these ashes and a discussion is thus warranted on 
how cleaner ashes can be achieved. 

Paper V discusses the inflow of CCA-treated wood in Sweden over time. 
The use of As in treated wood has been phased out and was finally banned in 
2007. The As inflow during the 1960s was about 150 t/year and during 1970s 
increased to about 300 t. It started to decrease in 1980 and finally reached an 
abrupt end with 149 t in 2003, 4 t in 2004 - 2005 and 1 t in 2006. Copper in 
treated wood, on the other hand, has shown a steady increase, which is 
expected since it has replaced As and Cr in treated wood. This is further 
discussed in Paper V. 

The MFA conducted for CCA-treated wood (Paper V) allows a discussion 
of waste to some extent. Since 2007 the use of As in treated wood has been 
banned in the EU, including Sweden. However, since the life expectancy of 
the wood may be up to 30 years, As may continue to affect the waste stream 
until the late 2030s. It is therefore important to examine how the wood is 
disposed of, meaning not just that individuals need to sort it as hazardous 
waste, but also that they have to be offered the chance to do so. Both 
individuals and municipalities thus play an important part in the correct waste 
management of CCA-treated wood. In 2011 Sweden implemented the 
European directive on waste (2008/98/EC), which lists a waste hierarchy. 
According to this hierarchy, societies should primarily aim to prevent the 
generation of waste. Reusing the goods is considered the second best choice 
alternative and material recovery of the waste is the third. As the second to last 
step, the waste can be incinerated (energy recovery) and the least preferred 
alternative is to place it in landfill. 

If the CCA-treated wood is not sorted as hazardous waste, but is instead 
treated as ordinary wood, it will end up in incineration plants not equipped to 
handle the hazard level. The chemicals in the wood thus risk being emitted 
into the air (as no advanced filtering is needed when burning “clean” wood) 
and risk contaminating fly and bottom ashes, which limits their use.  

Official data for metals in incineration ashes are not available to the same 
extent as for sewage sludge. Nor do most other studies focus on quantifying 
the concentrations and/or try to identify sources and flows of the metals. Li et 
al. (2011) does, however, identify the most frequent metals in fly ash as Zn, 
Pb, Cr and Cu. 

Allaska (Värmeforsk, 2011), a Swedish official database providing figures 
on the concentrations of organic substances and metals measured in ash, has 
gathered data on the concentrations of various metals in fly and bottom ash 
from incineration plants burning waste (Table 3).  
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Table 3. Measured concentrations of Cu and As in incineration ash (fly 
and bottom) from burning of waste in Swedish incineration plants 
(Värmeforsk, 2011). 
Metal Median 

(mg/kg dw) 
Mean  

(mg/kg dw) 
Min  

(mg/kg dw) 
Max 

(mg/kg dw) 
Cu (fly ash) 2300 3400 78 16 000 
As (fly ash) 84 280 6.7 3200 
Cu (bottom ash) 2700 3700 100 14 000 
As (bottom ash) 38 55 17 180 

 
Data for Ag and Bi were not available for bottom ash. For fly ash, only one 

sample of Ag and Bi was reported in Allaska. This is not considered enough to 
draw any conclusions and the figure has not been included in Table 3. The 
concentrations of Cu and As did, however, vary considerable between the 
reported concentrations (based on 76 various reports), as seen by the min and 
max value in Table 3. It can further be concluded that the concentration of Cu 
in the ashes is considerable higher than As, which is logical as Cu is one of the 
most commonly used metals in modern society (and its usage is increasing, 
see Paper IV) while As is banned in an increasing number of consumer goods 
(Paper V). 

In order to be allowed to spread bottom ash on arable land in Sweden, the 
same requirements as for metals in sewage sludge apply (Hjalmarsson et al., 
1999).  

4.3 Diffuse emissions 
As this thesis and other studies indicate, the diffuse nature of emissions 
complicates the quantification of flows. Other studies have identified diffuse 
emissions from goods as the major source of heavy metals in sewage sludge in 
WWTPs (Bergbäck et al., 2001, Hjortenkrans et al., 2007, Sörme and 
Lagerkvist, 2002) and looking at measured amounts in WWTPs is one way to 
see the corresponding outflow from society, thus providing a starting point to 
try to identify sources. The WWTPs are, however, not just initial receivers of 
these diffuse emissions, but they may also receive contaminants that have 
other compartments as their first receiver, for example soils or storm water. 
These in turn may, when functioning as a first receiver, transport the 
contaminants further and affect ground water as well as water recipients. 
Bottom sediments in coastal regions have, for example, been considered the 
ultimate sink for a number of contaminants, including toxic metals 
(Fathollahzadeh et al., 2014). There is still a lack of knowledge regarding how 
these contaminants are released (e.g. corrosion), their initial receivers, their 
pathways to and from their initial receivers as well as the distance they can 
potentially travel. 
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Coppoolse (1992) identified some activities which can cause significant 
pollution by diffuse sources: 

• Public services 
• Agriculture 
• Households 
• Traffic 
• Navigation1 
• Angling 
• Hunting 
• Construction 
• River bank protection2 

This classification has been used in this thesis to identify where diffuse 
emissions of Ag, Bi, Cu and As from goods can be found, based on the results 
from Papers I-V (Table 4). 

 
Table 4. Activities where diffuse emissions of Ag, Bi, Cu, and As from 

goods can be found. 
Activity Ag Bi Cu As 
Public 
services 

X X X  

Agriculture     
Households X X X  
Traffic X X X  
Navigation   X  
Angling  X   
Hunting  X   
Construction   X X 
River bank 
protection 

  X X 

 
As seen in Table 4, Cu is the metal (compared to the other three in this 

thesis) that is used in the most activities. Bismuth is a metal whose use is on 
the increase (compared to a couple of years ago), for example to replace lead 
in fishing and hunting equipment. Silver and As have more specific activities 
estimated in this thesis. The three activates for As are mainly based on its use 
in CCA-treated wood. The diffuse emission from CCA-treated wood is an 
example of a complicated quantification. This type of wood has been banned 
and has not been sold on the Swedish market since 2007. The life expectancy 
of this wood can, however, vary from approximately 10 years to over 40 years 
(Paper V). Studies show that up to 13 % of the As may leach from the wood 
within the first 3 years (Shibata et al., 2007), while lower amounts of Cu are 
                                                        
1 Including leaching of antifouling paint from boats (Coppoolse, 1992) 
2 Including leaching of reused (e.g. industrial) waste (Coppoolse, 1992) 
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also being released. Paper V estimated that on average 30 % of the total As 
content in the treated wood leaches into the surrounding soil and water during 
the wood’s lifetime (i.e. as diffuse emissions). That CCA-treated wood has 
been taken out of service does not mean that the diffuse emissions will stop, as 
CCA-treated wood in, for example, landfills has been shown to leach As after 
disposal (Khan et al., 2006). One large problem with CCA-treated wood is 
how it is handled during disposal. In EU it is classified as dangerous goods 
and should thus be sorted as such (EC 849/2010, EC 2000/532). According to 
Krook (2006), approximately 100 000 t of treated wood (rounded number) 
were estimated to have entered the Swedish waste management system in 
2003, of which only 20 000 t (11 %) were separated as hazardous waste and 
treated accordingly. The situation has improved and in 2010 42 000 t (35 %) 
was correctly sorted (Paper V). A large part is, however, still being sorted as 
combustible waste (17 - 22 % in 2003, 18 % in 2010) or non-toxic wood waste 
(14 - 17 % in 2003, 13 % in 2010). Thus, while there has been an 
improvement since 2003, CCA-treated wood has continued to appear in other 
waste flows to plants not equipped to handle these hazardous substances. Both 
the air released and ash produced by these plants may thus be contaminated. It 
has, for example, been found that CCA-treated wood is the only relevant 
source of the arsenic found in slag and ashes from combustion plants (Swedish 
Waste Management, 2012). Natural wood typically contains less than 2 mg 
As/kg wood (Jermer et al., 2001), while CCA treated wood initially contains 
considerable larger concentrations of As, over 2 g As/kg (Mercer and Frostick, 
2012). This may explain the difference between the min and max values of As 
in Table 3, as some incineration plants may have received and incinerated 
some CCA-treated wood with the waste. Continuously updated MFAs for 
CCA-treated wood would give further information on the changing flows and 
the success of any measures taken. 

Paper V also reveals that 33 % (36 - 50 % in 2003) of the CCA-treated 
wood waste estimated to have entered the Swedish waste management system 
could not be found in the quantified incoming flows at the incineration plants. 
These flows can be classified as “missing” and at risk of being lost to the 
environment as diffuse emissions (leakage) from the CCA-treated wood in 
use, corresponding to 40 t of As being emitted annually, alongside the already 
assumed 30 % leakage. 

4.4 End products as reflectors of societal metal 
flows 
Whether sewage sludge and incineration ashes are good reflections of societal 
consumption can be debated. There are several advantages as well as 
disadvantages to using these end products to follow metal flows in the 
technosphere.  
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One advantage with sewage sludge as a reflector is its coverage. 90 % of 
the Swedish population is connected to a WWTP. For the 20 European 
countries where data is available (Eurostat, 2015a), the average portion of the 
urban population connected to a WWTP is 76 % (Table 5).  

 
Table 5. The average proportion of the urban population connected to 

a WWTP in European countries in 2013 (Eurostat, 2015a). 
Country Connected in 2013 (%) 
Bulgaria 75 
Czech Republic 85 
Denmark 91 
Estonia 82 
France 82 
Latvia 71 
Luxembourg 99 
Hungary 75 
Malta 100 
Poland 70 
Romania 47 
Slovenia 63 
Slovakia 64 
Finland 83 
Sweden 87 
Norway 85 
Switzerland 98 
Albania 77 
Serbia 58 
Bosnia and Herzegovina 35 
Average 76 

 
The data collected for sewage sludge in Sweden further covers a long time 

period, over 40 years when it comes to Cu (Lagerkvist, personal 
communication, Stockholm Water). There are also organisations actively 
monitoring the development of current and emerging substances. In Sweden 
these include the Swedish Water and Wastewater Association. The data is 
hence continuously monitored and officially made available. 

Examples of the disadvantages of using sewage sludge as a reflection of 
societal consumption include the fact that not all substances are monitored and 
that not all emissions from society end up at the WWTPs. To introduce new 
substances for monitoring may also be difficult, especially without legislation. 
One solution to the lack of legislation is REVAQ, as WWTPs certified by 
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REVAQ are required to analyse the concentrations of 60 substances every 
year (Petersson, 2015). Another disadvantage is that it is improbable that 100 
% of the flows in the sewage system reach the WWTP, as there may be 
leakage from, as well as sedimentation within, the sewage pipes.  

Measurements of sewage sludge further only give aggregated information 
on the emissions from society. Information on the respective sources 
(household, industries etc.) is needed. The WWTPs are limited in what they 
can do to manage activities in society that affect the wastewater (Sörme et al., 
2003). This instead demands cooperation between the actors, for example by 
using instruments for upstream work (Norström et al., 2010, Wittgren and 
Pettersson, 2013). Wittgren and Pettersson (2013) recommend SoFi (Source 
Finder) as a tool for upstream work. The aim of SoFi is to identify and 
quantify sources of trace elements in incoming water to WWTPs. It uses a 
template of commonly analysed heavy metals (e.g. Cu) where it splits the 
sources of the metals into various activities, including households, small 
businesses, large businesses, storm water and leakage and drain water. The 
tools further estimate the size of the contribution of the trace elements from 
the various activities. This can be considered a solution for mapping out the 
aggregated flows reaching the WWTPs. Lack of data is, however, a critical 
deficiency when estimating source distribution. Continuous studies of metals, 
for example by conducting SFAs and measurements at various locations in the 
waste water system, can be considered a complement and can improve the 
opportunity to conduct upstream work. 

The burning of household and industrial waste generates the majority of 
incineration ashes in Sweden today and is considered an important solution for 
dealing with the large amount of waste generated annually. Here, too, it is 
important to follow the metal flows and try to identify the sources of the 
contaminants in the ashes. However, the present lack of official data on 
measurements makes it difficult to quantify the flows. Data on concentrations 
of contaminants over time in incineration ashes are now being gathered by the 
incineration plants, making the quantification of sources of contaminants in 
ashes a possibility in the future. 

Quantifications of outflows of substances from society over time can be 
made with the help of sewage sludge and incineration ashes. Here upstream 
work is important for sewage sludge, but may also be used as a tool to better 
understand the problem with incineration ashes. Conducting SFAs and MFAs 
and comparing them to measurements from end products can further be used 
to anticipate the future of the flows (Palm, 2002). 
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5 Concern for the future 

Diffuse emissions of toxic substances are in themselves a concern as they 
may cause environmental harm, but there are other significant concerns as 
well. Using sewage sludge on arable land is a way of recovering phosphorus. 
The Sewage Sludge Directive 86/278/EEC encourages the use of sewage 
sludge in agriculture and regulates its use in order to prevent harmful effects to 
soil, vegetation, animals and humans. This has been adapted by Swedish 
regulations (SNFS 1994:2), which states that a maximum of 600 g Cu/ha land 
may be spread on arable land in Sweden today. New limits have been 
suggested for metal concentrations in sewage sludge in 2015, including 600 
mg/kg Cu and 5 mg/kg Ag (Swedish Environmental Protection Agency, 
2013). These limits are expected to be lowered further by 2023 and 2030. 
Comparing the concentrations measured with current and suggested limits 
shows that if the concentrations of Cu in the sewage sludge remain similar to 
those in 2014, they do not risk exceeding the new limits (Figure 12). The 
concentration of Ag will, however, have to decrease to meet the new limits. 
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Figure 12. The concentrations of Cu and Ag in sewage sludge at Henriksdal WWTP 
(mg/kg dw, orange and blue piles) in 2014 (assumption that the concentrations remains 
similar in black dotted lines), and the suggested limits for 2015, 2023 and 2030 (red dots). 

 
Bismuth is not mentioned in the current legislation or in the new 

suggestions. Comprehensive studies of Bi are also lacking. According to 
Petrovic et al. (2013), the spectrum of chemical stressors considered in risk 
assessments has historically been narrowly restricted to high volume 
commercial products or those unintentionally produced as ubiquitous by-
products of industrial processes. These thus only include a few chemicals 
compared with the tens of thousands in commercial use. They also, most 
likely, represent a very small subset of the unknown numbers of yet-to-be-
identified chemicals (both anthropogenic and naturally occurring). Even if we 
know how the familiar and, according to some, “safe” chemicals (e.g. Bi) 
work, we do not know what happens when they occur in different forms or 
when combined with others. One example is mentioned by Randahl et al. 
(1997), who indicate that an intake of Bi may increase the release of lead or 
block its secretion, thus increasing the release of lead in the blood stream. The 
toxicity and various forms of the metals have, however, not been further 
studied in this thesis. 

5.1 Resource concern 
Considering the long on-going discussion on economising resources (World 
Commission on Environment and Development, 1987) and moving towards a 
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circular economy (International Resource Panel, 2011), the amount of 
resources lost every year is alarming (e.g. Paper IV). 

Using SFAs and MFAs to provide information on the flows and stock of 
substances or materials makes it possible to identify concerns with usage as 
well as to identify where resources leave the system. Metals in consumer 
goods often lead to diffuse emissions but another important aspect to consider 
is resource loss, when diffusely emitted from the goods in use but also during 
disposal. The diffuse emissions as well as gaps in knowledge on the stocks of 
the metals are of great concern, as corresponding metal deposits are finite. 
Approximately 2 % of the remaining Cu deposits are mined every year 
(U.S.G.S., 2015). The corresponding numbers are 5 % of the remaining Ag 
deposits, 3 % of the remaining Bi deposits and 5 % of the remaining As 
deposits (which is considered unknown, but estimated by U.S.G.S. (2015) to 
be 20 times the annual global production). 

Besides gathering data on diffuse emissions, such as identifying where 
metals leave the system, improvements for conserving resources should also 
be implemented in other areas. Important factors include recycling and 
substitution, but also the possibility of urban and landfill mining as well as 
considering resource loss associated with spreading sewage sludge on arable 
land. 

5.1.1 Recycling 
To understand the key challenges of metal recycling in the 21st century it is 
necessary to distinguish between so-called new scrap and old scrap 
(International Resource Panel, 2011). New scrap is generated in 
manufacturing processes and has a short life (weeks or sometimes months) 
until it is returned to the production process. Old scrap, also known as end of 
life scrap, can be recycled within weeks (e.g. a beverage can) or years (e.g. a 
car). The most important parameter to measure the efficiency of a recycling 
system is its recycling rate, which does not include new scrap mentioned 
above). If an end of life recycling rate is, for example, 40 %, it thus means that 
60 % of the metal is lost. Today, only 18 metals have an end of life recycling 
rate greater than 50 % (ibid). These include Al, Cr, Fe, Pb and Zn. They also 
include Ag and Cu, according to the International Resource Panel (2011). For 
Ag this is mainly due to coins and jewellery. Sources of Ag not commonly 
recycled are electronic scrap and photographs, both containing Ag that should 
be correctly recycled when at end of life. A large part of the recycled Cu 
comes from infrastructure. 

The end of life recycling rates for Bi and As are less than 1 %. For Bi and 
As there is a large potential for increasing the recycling rate, but there is also 
room for improvement for Ag and Cu. Information on the flows of these 
metals can be gathered by SFAs and MFAs, which helps identify the pathways 
of the metals. 
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5.1.2 Substitution 
Substitute materials can (when warranted) usually be found for most 

applications. Cu in brake linings is an example of an application where 
substitute materials could make a significant difference to the environment as 
well as the WWTPs (where brake linings are the source of 39 % of the Cu 
concentrations measured in sludge). For Cu in electrical applications, 
aluminium (Al) may work as a substitute. While the conductivity of Al is not 
as good, it costs less and is abundantly present in the earth’s crust. For tap 
water systems, galvanized steel and zinc (Zn) are already used today, and 
these materials could be used to a greater extent as alternatives in systems 
containing Cu.  

The concern with substitute materials, however, is that one may end up 
solving one problem only to create another. Aluminium and Zn as 
replacements for Cu, for example, are easier to obtain but they are also 
associated with negative effects when emitted to the environment above 
critical concentration levels. Substitution is therefore not considered a 
sustainable solution, but rather a last resort after increasing the recycling rate 
and resource efficiency in newly developed products. 

Silver in amalgam is no longer used and it should be removed from other 
consumer goods as well, rather than being substituted. Bismuth is today 
commonly used to replace more toxic substances (e.g. lead) in consumer 
goods; an estimation of replacements is not further discussed. Arsenic in 
CCA-treated wood has been banned since 2007, and thus no further discussion 
on substitution materials is warranted. 

5.1.3 Urban and landfill mining 
All forms of uncontrolled losses of resources (such as heavy metals) are 
unsustainable (whether via sewage sludge, incineration ashes or landfill) as 
ore deposits are limited. One example is metal stocks no longer in use. 

Urban mining is a relatively new concept, where unused (“hibernating”) 
stocks of metals in urban environments are gathered (“mined”) and reused 
(Krook and Baas, 2013). Copper is one metal commonly of interest in urban 
mining and Kapur and Graedel (2006) estimate that the global stock of Cu in 
the technosphere is comparable to the size of the remaining known geological 
stock. Wallsten et al. (2013) further estimate that approximately 20 % of the 
total stocks of Al and Cu in a Swedish city are in hibernation. Urban mining 
may also be an option for other metals as demand increases and deposits 
decrease. 

Landfill mining is also of interest and aims at excavating, transferring and 
processing buried materials taken from active or closed landfills (Hogland et 
al., 2004). All the waste, sludge and incineration ashes that end up in landfills 
each year may contain valuable metals that have the potential to be recovered. 
While previously the aim was to solve traditional landfill management issues, 
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such as lack of space, pollution, remediation and fuel recovery for energy 
production, the focus has now started to move towards the possibility of 
recycling the excavated material (Hogland et al., 2004, Krook et al., 2012). 

Urban and landfill mining thus needs further exploration, as they may be 
the source of potentially large stocks of valuable metals. The municipal 
landfills in Sweden alone may contain 600 000 t of Cu, 1 - 1.2 million t Al and 
13 million t Fe and steel (Geological Survey of Sweden, 2014). 

Potential stocks to mine can be found not only in unused stocks of goods in 
urban environments and landfills, but also in the environment. Extracting 
dissipated metals (originating from corrosion and other diffuse emissions) 
from soils is another alternative source (Reijnders, 2003) that needs further 
exploration. 

5.1.4 Fertilizers on arable land 
There are two resource concerns associated with using end products (such 

as sewage sludge and incineration ashes) as fertilizers on arable land. Firstly, 
when the sewage sludge (and possibly the incineration ashes) is spread on the 
land, the hazardous heavy metals are added to the soil as well, resulting in a 
very low chance of retrieval. In 2014, different concentrations of the heavy 
metals were measured at Henriksdal WWTP (Figure 2), giving total amounts 
per year in sewage sludge, which based on the population connected to the 
WWTP corresponds to different amounts per person. If one assumes that these 
concentrations were representative as an average for all WWTPs around the 
world, the amount of the heavy metals annually ending up in sewage sludge 
can roughly be estimated. In Europe 76 % of the population is connected to a 
WWTP (Table 5). The 20 countries listed in Table 5 together have a 
population of 210 million people, meaning that 15 t Ag, 29 t Bi, 1700 t Cu and 
19 t As end up in sewage sludge every year (if one assumes the same average 
metal concentrations as in Henriksdal WWTP). More than half of these metal 
concentrations are then spread onto arable land (Eurostat, 2015b), meaning a 
large portion of these metals is added to soil with a very limited possibility of 
recovering them. A large portion of the global population still lacks a 
connection to a WWTP (e.g. in China, India and other heavily populated 
countries) or is connected to a WWTP that is not fit to handle higher levels of 
and/or emerging contaminants, meaning that there is a clear risk that the 
metals will end up directly in the environment. This is an example of an 
unsustainable resource loss. 

The second concern is that the end products that are too contaminated to be 
used on arable land may instead be placed in landfills or used as cover for old 
mines. The amount of sewage sludge that may be spread may, however, also 
decrease as the acceptable limits for heavy metals are lowered in the future. 
Returning phosphorus must thus be achieved by cleaning the sewage sludge or 
incineration ashes of contaminants, for example by metal recovery (Pathak et 
al., 2009, Karlfeldt Fedje, 2010), phosphorus recovery (Kalmykova and Fedje, 
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2013) or upstream work (Swedish Environmental Protection Agency, 2013). 
Metal and phosphorus recovery is however still being explored, and thus 
upstream work is today one practical way of cleaning the sludge and ashes.  
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6 Strategies to reduce diffuse emissions 
from goods 

In order to be able to deal with the diffuse emissions from goods, problem 
areas (e.g. the largest sources contributing to the measured concentrations of 
the metals in sewage sludge) and important actors have to be identified so as 
to explore where measures can best be implemented.  

As there is a considerable lack of regulation on contents in consumer 
goods, the diffuse emissions are difficult to regulate. The Swedish 
Environmental Protection Agency (2013) assesses that, through upstream 
work, it may be possible to increase the amount of sewage spread on arable 
land by 20 % in the next 15 years. The strategies discussed in this thesis thus 
focus on upstream work and diffuse emissions from goods reaching the 
wastewater system. As strategies to handle diffuse emissions from CCA-
treated wood are discussed, some attention will also be given to ashes from 
incineration plants. 

6.1 Problem areas identified 
This thesis has identified important problem areas or goods for each heavy 
metal studied. These areas are recommended for further studies to decrease the 
diffuse emissions of each of these metals and thus their concentrations in 
sewage sludge. 

Silver and Bi are mentioned in REVAQ as having accumulation rates of 
0.6 - 0.8 % between 2011 and 2013, and thus exceed the limit of 0.2 % in 
sewage sludge at approximately 80 % of the certified Swedish WWTPs 
(REVAQ, 2014). Silver in textiles was identified as a source corresponding to 
a noticeable amount of Ag measured in sewage sludge at Henriksdal WWTP 
(Paper I). Silver in textiles does not count as a biocide, meaning it is not 
affected by the regulation of biocides (EU regulation 528/2012). According to 
the manufacturers, Ag is used in clothing because of its antibacterial effect, 
with the result that the clothes will smell less of sweat. A study by the 
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Swedish Chemicals Agency (2011) does, however, show that almost 90 % of 
the Ag in clothes washes out within 10 washes, which means the Ag soon 
reaches the wastewater system. It can thus be concluded that using Ag in 
clothes is a resource loss. 

Bismuth is a relatively unknown metal, which has shown steadily 
increasing concentrations in sludge in Swedish WWTPs (Paper II). One large 
source of measured Bi in WWTPs has been identified as cosmetic products 
(Paper III). It is, however, not mentioned in the EU Cosmetics Directive 
(76/768/EEC). The legislation also states that cosmetic products should have a 
content label, which is not the case for all products in Sweden today (Paper 
III). As the metal is still relatively unknown, only a few studies have 
considered the toxicity of the metal, including Luo et al. (2012). Bismuth is 
therefore defined as being relatively safe, but there is a large knowledge gap.  

The Cu concentrations in sludge in Swedish WWTPs have decreased since 
measurements began in 1973 (Figure 2). This is due to, among other things, 
the closing down of industries that released Cu. Diffuse emissions of Cu from 
goods have however increased (Paper IV) and an important contributor is the 
increased emissions from brake linings, where the brake pads are worn down 
when used, resulting in emissions of Cu particles. 

One important measure for reducing pollution in ashes at the incineration 
plants is making sure that the waste is sorted properly. CCA-treated wood is 
one example of a waste fraction in which we have seen the importance of 
correct sorting during waste disposal. CCA-treated wood is the only relevant 
source of the As found in ashes in incineration plants, meaning that As in 
CCA-treated wood can be identified as a problem area. As a large part of the 
CCA-treated wood waste is not correctly sorted as hazardous waste, it risks 
contaminating slag and ashes for at least an additional 20 years. 

The largest contributor of diffuse emissions of Bi and Cu is households 
(Table 4, Paper I-IV). For Cu, this is supported by Norström et al. (2010), who 
concluded that 80 - 100 % (rounded numbers) of the Cu in wastewater 
originates from household sources. 

6.2 Important actors for handling diffuse emissions 
from goods 
Activities where diffuse emissions of Ag, Bi, Cu and As from goods can be 
found were presented in Table 4. Important actors to handle the diffuse 
emissions of heavy metals include: 

• The Swedish Water and Wastewater association 
• The WWTPs / incineration plants 
• Government 
• Producers / manufacturers 
• Business owners 
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• Individuals / households / consumers 
In 2003, Sörme et al. (2003) stated that the (then) existing environmental 

legislation did not handle diffuse sources, but was rather primarily designed to 
handle point sources. The situation is similar today. The Swedish 
Environmental Protection Agency (2013) recommends upstream work, which 
includes identifying and if possible quantifying diffuse emissions from goods. 
They suggest that legislation be implemented urging all WWTPs in Sweden 
conduct upstream work.  

WWTPs have a limited ability to influence the levels of heavy metals in 
sewage sludge (Sörme et al., 2003). They may, for example, influence pipe 
sedimentation and chemicals used as flocculent. Other actors that may be able 
to influence and identify sources of heavy metals to the WWTP are therefore 
often producers and contractors of materials. These actors may in turn respond 
to market demands or be forced to make changes through legislation or 
economic instruments. 

One conclusion in this thesis is that households are a large source of 
diffuse emissions of the chosen heavy metals from goods. The government has 
the ability to act on a local, regional, national and international level, thus 
influencing household consumption in various ways. The Swedish Water and 
Wastewater association has a smaller chance of actually affecting the 
emissions, but they could act as advocates. They can also encourage research 
and data gathering on upstream work. By using the certification system 
REVAQ, the Swedish Water and Wastewater Association can monitor current 
hazardous substances as well as discover new ones, as the certified WWTPs 
must monitor them to a greater extent than none-certified WWTPs.  

6.3 Where can we implement measures? 
To decrease the amount of hazardous substances in sewage sludge and 
incineration ashes, upstream work, for example with the help of SFAs and 
MFAs, provides a first step in identifying where measures have to be taken. 
The updated SFA on Cu and updated MFA on As in CCA-treated wood 
further show how informative it can be to conduct such studies.  

Legislation is lacking on chemicals in consumer goods as well as on 
diffuse emissions (Sörme et al., 2003). A first priority should therefore be to 
adjust the legislation based on the current situation, consequently requiring 
manufacturers to supply data on chemical content of consumer goods, so that a 
more complete quantification on diffuse emissions can be made. This should 
be implemented for chemical additives in consumer goods as well as regularly 
updated for new chemicals used. One example of this is the EU Biocides 
Regulation 528/2012, which today requires producers to label their goods if 
they have been treated with a chemical (e.g. treated with an “antibacterial 
agent”). The regulation is now being improved to include a demand for 
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producers to label their goods with the kind of chemicals they have been 
treated with (Swedish Chemicals Agency, 2012).  

For products where current legislation is in place, more pressure should be 
placed on the manufacturers to really fulfil the requirements. One example of 
this is the demand for labelling of cosmetic products, which is not currently 
being fulfilled for all cosmetic products in Sweden (Paper III). 

Measures can then be implemented on various levels, including globally, 
Europe-wide, nationally or regionally. They may also be implemented by 
various actors. The government is however limited due to the lack of 
legislation. The Swedish Waste and Wastewater Association may to some 
extent influence manufacturers, for example, they have in the past persuaded 
some brands to stop using Ag in their products (REVAQ, 2013). They also 
work with informing governments as well as supporting research and data 
gathering. A dialog between governments and manufacturers, as the Waste 
and Wastewater Association has already started to do, can educate the 
manufacturers on the importance of being forerunners and thus gain 
competitive advantages.  

Sörme et al. (2003) concluded that WWTPs can only to a limited extent 
manage sources of diffuse emissions. It is further problematic for them to 
recycle the phosphorus in sludge at the same time as the heavy metals ending 
up in sludge decrease. The WWTPs’ influence is limited because they only 
handle the outflow from society, corresponding to the incoming water to the 
WWTP. Through upstream work the focus should instead be on handling the 
problem in society, for example the inflow and stock of the metals. Upstream 
work helps, but with the lowering of the limits for heavy metals in sewage 
sludge, the current level of upstream work is not enough. It should be applied 
to more areas, more substances as well as include more actors. 

In case substitution is not possible, or is already in place but where it has 
yet to lead to a change, for example for Ag in amalgam and As in treated 
wood, correct handling of the hazardous goods is important 

Cosmetic products have been shown to be a source of Bi measured in 
Henriksdal WWTP. The metal is also starting to get attention in other WWTPs 
in Sweden. Without legislation it is, however, difficult to implement measures. 
All cosmetic products must have a label listing any substances that make up 
more than 1% of the product (EU Cosmetics Directive 76/768/EEC), thus 
allowing consumers to make informed choices. It has been shown in this thesis 
that domestic households are a diffuse source of the studied metals. It is also 
common knowledge that demand controls the market. Palm et al. (2006) 
demonstrated that the volume of consumption is an important factor in 
environmental pressure from products, and individuals can thus influence 
diffuse emissions, for example by changing their consumption patterns. 
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6.4 Recommended future work 
The above discussion can be summarized and used as a base for a discussion 
regarding recommended future work. Based on the ten activities identified by 
Coppoolse (1992), one large source of diffuse emissions to WWTPs of Ag is 
households (textiles, urine and faeces). For Bi the largest sources are 
households (cosmetics) and traffic (vehicle washes). Traffic (brake linings) 
has been identified as a large source of diffuse emission of Cu to the WWTPs. 
Hjortenkrans et al. (2007) identified brake linings as a large source of diffuse 
emissions of Cu, which is supported by Paper IV. As studies are also lacking 
on the pathways of the urban emissions of Cu from brake linings, there are no 
estimations on the contribution of Cu to the diffuse emissions to air, water 
recipients and storm water.  

The mapping of diffuse emissions from goods is far from complete. 
Further scientific studies on, in particular, the sources of Ag, Bi and Cu 
outside of households are needed. According to Palm (2002 SFAs have 
already been established by several countries where they are used by 
governments (EPAs) to monitor and evaluate current regulations. Substance 
flow analyses and MFAs will, and should, therefore likely continue to serve as 
broad information tools in which information of one substance at a time in an 
area will be analysed. Updated SFAs will further need to be conducted to 
identify new sources and new pathways as well as the ways in which the metal 
leaves the system.  

Important actors must work towards updated and relevant legislation. 
Legislation will give governments the opportunity to put pressure on the 
manufacturers. Today there are not enough instruments that can be used by 
important actors to implement measures. 

Household sources have been estimated to be a large contributor to 
concentrations of Bi and Cu measured in sewage sludge, while the sources of 
Ag are most likely found outside of households (e.g. industries and diffuse 
emissions to storm water). Households also generate large amounts of waste, 
which to a large part is incinerated. Analyses performed by municipalities in 
Sweden show that almost 80 % of the contents of the household rubbish bag 
may be sorted into different fractions (e.g. plastic and metal). Björnsson 
(2015) identified important factors for a more circular use (thus leading to less 
hazardous substances in the ash) of the waste, including economic incentives, 
(such as introducing a tax based on the weight of household waste), which 
would encourage the population to sort their waste into different fractions, 
either because they wanted to become more environmental friendly (Hage et 
al., 2012) or in order to avoid the extra cost (Dahl, 2010).  

Future (scientific) work is therefore of great importance and is needed to  
- continue the characterization of major Ag, Bi and Cu sources in 

society, not only to WWTPs but also in solid waste, and to  
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- study which measures can be implemented in order to reduce the 
emissions from major sources. 
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7 Conclusions 

From the results of this thesis it can be concluded that the largest identified 
source of Ag with emissions ending up in the WWTP was textiles. Substance 
flow analyses for Ag are generally lacking, especially at a regional level, 
which is why the SFA for Ag in Stockholm is an important step towards 
starting to characterise the flows and stock of the metal. 

Scientific SFAs for Bi are also lacking. The one included in this thesis 
provides a first step towards identifying and quantifying sources of diffuse 
emissions of Bi affecting the sewage sludge in WWTPs. Cosmetic products 
are the major source of Bi measured in sewage sludge.  

When compared to an earlier study conducted nearly two decades ago, the 
inflow of Cu to the growing city of Stockholm has increased while the stock 
remains relatively unchanged. The outflow expressed as diffuse emissions to 
soil and water have increased, where the emission increase from brake linings, 
due to increased traffic volumes, is of greatest quantitative importance.  

The majority of the diffuse emissions of goods reaching the sewage sludge 
were estimated to be from households. The majority of the household sources 
of Ag, Bi and Cu have been identified and further studies should explore 
sources outside the household.  

CCA-treated wood leads to diffuse emissions of As both while it is in use 
and after disposal, that is, by contaminating the incineration ashes. Compared 
to a previous study, incomplete sorting of the CCA-treated wood is still a 
problem that may have significant environmental implications; contamination 
of combustion ashes and slag prevents their further use. 

The majority of current usages of the heavy metals studied can be seen as a 
resource loss and should be recovered as a part of a circular economy. Besides 
gathering data on diffuse emissions, improvements in conservation of the 
resources should also be implemented in other areas. These important factors 
include recycling and substitution, but also the possibility of urban and landfill 
mining as well as reducing the resource loss associated with spreading sewage 
sludge on arable land. In all these areas there is room for improvement as well 
as further studies. 
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Upstream work, together with improved sorting of hazardous waste, will 
lead to less contaminated end products, thus increasing their usage potential. 
The lack of legislation makes it difficult for important actors to implement 
measures. Legislation on chemicals in consumer goods causing diffuse 
emissions was identified as an important instrument for handling diffuse 
emissions from goods. 

Besides pushing for updated, relevant legislation, areas that need to be 
studied further include updated SFAs and MFAs for heavy metals. These 
would give information on changing flows and stocks of the substances but 
also identify new sources and/or new pathways affecting end products such as 
sewage sludge and incineration ashes. 
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8 Tack! 

Jag vill härmed visa min uppskattning för de personer som bidragit till denna 
avhandlings framväxt. 

Först ett stort tack till mina handledare Bo Bergbäck, Louise Sörme och 
Anna Augustsson för er vägledning, goda idéer och allmänt stöd genom alla 
kritiska steg. Detta arbete skulle inte vara där det är nu utan era kritiska 
kommentarer. Era råd, tips och uppmuntran har hjälpt mig i rätt riktning mot 
denna avhandling. Tack för att ni gav mig möjligheten att genomföra denna 
resa. Det har varit lärorikt men även väldigt roligt med presentationer, kurser 
och artikelskrivande. 

Vidare vill jag tacka mina kollegor och vänner som både på och utanför 
kontoret gett stöd och som jag kunnat föra diskussioner med. Ibland har jag 
behövt ett bollplank och ibland har det helt enkelt hjälpt att få tänka på något 
annat en stund. Tack för många trivsamma stunder. Ett särskilt tack till Sara 
Gunnarsson för din hjälp med laboratoriearbete samt Ymke Mulder för din 
hjälp med språkgranskning. 

Jag vill tacka min underbara familj för ert stöd i med- och motvind. Jag 
skulle inte vara där jag är i dag utan er. 

Slutligen ett tack till Fakulteten för hälso- och livsvetenskap på 
Linnéuniversitetet för denna möjlighet. Tack till Svenskt Vatten, vars 
finansiering och kunskap hjälpt mig genomföra detta arbete. Tack till Familjen 
Kamprads stiftelse för er hjälp med finansiering. Dessutom ett stort tack till 
Stockholm Vatten, främst Ragnar Lagerkvist och Maria Kotsch för er expertis. 
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