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Hårdnande sagor 
Månstrimmans bleka kvicksilversnok 
ringlar i granhuldrans spår. 
Fram på tjärnens vatten  
tågar skingrande dimmor bort  
bank efter bank. 
Storstenen sätter sin gnejsnos i vattnet  
färdig att ryta. 
Den ser tydligare och hårdare sagor  
när åren går. 
De hårdnar till smide. 
Med tiden kan  
de sitta i spännen. 
 
Poem in Swedish, by Harry Martinsson (1971) 
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Abstract 
The intensified use of materials, products and goods in our time involves massive 
consumption of metals and organic compounds that can be released from society to the 
environment in the various stages of production, use and waste. Depending on the 
circumstances this may give rise to environmental risks, as metals in general and certain 
organic substances may be toxic in the short or long term. So where have those metals 
and organic substances been utilized? In which products or environments? Substance 
flow analysis (SFA) is a method to deal with these issues. The results from the analysis 
are quantifications of flows and stocks in a systematic way and within defined system 
boundaries. 

In this thesis four main research areas are identified, which need to be addressed. i) 
Application of SFA on substances that have not been studied in this respect before, 
which can give knowledge about flows and stocks related to consumption of goods.  ii) 
Development of SFA to meet the needs in studies of trends for the substance cycles and 
studies of quantification of potential changes. iii) Assessment of which different agents 
and actions that induce the changes, such as chemical regulations, environmental 
objectives and aims. To what extent can these changes be related to substance flows? 
iv) Finally to assess, how can SFA be useful in environmental decisions? The specified 
aims focus on the metals antimony (Sb), cadmium (Cd), lead (Pb) and mercury (Hg) 
and the group of organic compounds alkylphenol/alkylphenol ethoxylates 
(AP/APEO), in urban environments, exemplified with case studies of Stockholm, the 
capital of Sweden. 

This thesis is a result of five studies. Three were based mainly on the methodology 
of SFA (Paper I-III). It has also been important to develop the chemical analysis of 
metals in goods where there has been a lack of information (Paper IV). Furthermore, 
assessment of policy questions and chemical regulations involve qualitative approaches 
and discussions (Paper I and V). 

The results show urban flows and stocks of the metals Cd, Hg, Pb and Sb and the 
group of organic substances AP/APEO. The results confirm that goods are important 
for the release of the substances studied. For Sb, emissions from brake linings (96%) 
dominate, but there are small emissions from textiles, potential emissions from flame 
retarded goods and probably small point sources. For AP/APEO the textile emissions 
were previously underestimated and the SFA presented here included this and pose 
textiles and cleaning agents as major emission source to wastewater. 

To repeat studies and to compare results from different years was a development of 
the SFA-method, which showed that Cd and Hg are being phased out as the inflow and 
stocks show diminished amounts, whereas the emissions remain approximately 
constant when comparing 1995 with 2002/2003. For Pb it is possible to talk about a 
phase-out of some specific goods, but not in general for inflow and stock. 

The changes in urban metabolism could be related to environmental decisions, e.g. 
effects of local initiatives and in some cases voluntary initiatives, but also as result of 
prevailing chemicals regulation. The utility of SFAs for decision makers may be related 
to methodological issues, such as the accounting approach. However, the utility was 
also found to depend on the structure of the monitoring, that is screening in the 
environment and concentration in wastewaters and sewage sludge precede the source 
mapping conducted with SFA. Substance Flow Analysis will likely continue to serve as 
the broad information tool for one substance at a time, which will offer source 
characterization of diffuse emissions in urban environments.   
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Svensk sammanfattning 
En intensifierad användning av material och varor i vår tid kan ge spridning av 
miljöfarliga metaller och organiska föreningar från samhället till miljön. Detta kan 
medföra miljörisker, eftersom metaller och vissa organiska ämnen kan vara giftiga på 
kort eller lång sikt. Var, när och hur används de här substanserna? I vilka varor och i 
vilka miljöer?  De här frågorna kan besvaras och diskuteras med hjälp av 
Substansflödesanalys (SFA). Resultaten av analysen är kvantifieringar av flöden och 
lager (inlagring i samhället) inom ett avgränsat system. 

I den här avhandlingen identifieras och diskuteras fyra huvudsakliga 
forskningsområden. i) Tillämpning av SFA på ämnen som inte har undersökts i detta 
avseende innan, som kan ge kunskap om flöden och lager relaterade till konsumtion av 
varor. ii) Utveckling av SFA för att möta behoven av kvantifiering av möjliga 
förändringar och studier av trender. iii) Bedömning av vilka olika faktorer och åtgärder 
som leder till förändrade flöden, till exempel miljölagstiftning och miljömål. I vilken 
utsträckning kan dessa faktorer relateras till förändrade ämnesflöden? iv) Slutligen att 
bedöma om SFA är användbart för att fatta beslut i miljöfrågor i staden? Syftet inriktas 
på studier av metallerna antimon (Sb), kadmium (Cd), bly (Pb) och kvicksilver (Hg) och 
de organiska föreningarna i gruppen alkylfenoler/alkylfenol-etoxilater (AP/APEO), 
exemplifierat med fallstudier i Stockholm. 

Denna avhandling bygger på resultat av fem studier. Tre utfördes med SFA som 
grundmetod (Paper I-III). Det har också varit viktigt att utveckla kemiska analyser av 
metaller i varor där det tidigare har varit brist på information (Paper IV). Vidare gjordes 
en utvärdering av beslut som har inkluderat SFA-resultat och en analys av vilka lagar på 
miljöområdet som påverkar flöden av de studerade ämnena (Paper I och V). 

Resultaten visar urbana flöden och inlagring av metallerna Cd, Hg, Pb och Sb och 
de organiska föreningarna i gruppen AP/APEO. Resultaten bekräftar att många varor 
ger emissioner av de ämnen som studerats. För Sb dominerar utsläpp från bromsbelägg 
(96%), men det finns också små emissioner från textilier och potentiella emissioner från 
flamskyddade varor, samt små punktkällor, som bör undersökas mer. För AP/APEO 
har textilier som emissionskälla tidigare underskattats och SFA-resultaten innehåller en 
jämförelse mellan de nya observationerna och tidigare käll-kartläggningar. Textilier 
tillsammans med rengöringsmedel bedöms vara de största källorna av AP/APEO till 
avloppsvatten. 

Att upprepa studier och att jämföra resultaten från olika år var en utveckling av 
SFA-metoden, som visade att Cd och Hg håller på att fasas ut från samhället. Både 
inflöde och lager visar minskande mängder för Cd och Hg, medan emissionerna är 
ungefär konstanta, om man jämför data mellan 1995 och 2002/2003. För Pb påvisades 
en avveckling för vissa varor, men inte generellt för inflödet och lagret. 

Förändringarna i urban metabolism av de studerade ämnena kan relateras till många 
olika beslut, t.ex. till effekterna av lokala och i vissa fall frivilliga initiativ tagna av 
Stockholms Stads Miljönämnd och -förvaltning, Stockholm Vatten och andra lokala 
aktörer. Förändringarna ses också vara påverkade av rådande kemikalielagstiftning. 
Nyttan av SFA för beslutsfattare ses i studierna ha samband med hur SFA har utförts, 
men nyttan konstaterades också bero på strukturen av miljöövervakningen. Det vill säga 
att screening i miljön och koncentration i avloppsvatten och avloppsslam föregår 
källkartläggningar genomförda med SFA. I framtiden kommer SFA sannolikt att 
fortsätta att fungera som en bred informationsmetod för ett ämne i taget, med 
kartläggning av källorna till diffusa emissioner i urbana miljöer som viktigt syfte.  
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1. Introduction 
The intensified use of materials, products and goods in our time involves 
massive consumption of metals and organic compounds that can be released 
from society to the environment in the various stages of production, use and 
waste. Depending on the circumstances this may give rise to environmental 
risks, as metals in general and certain xenobiotic organic substances may be 
toxic in the short or long term.  

Globally, the use of metals increased strongly during the 20th century (USGS 
2009), which is exemplified in Figure 1a and 1b, showing the world production 
of a number of metals. For example, the global anthropogenic cycles for copper 
(Cu), zinc (Zn) and nickel (Ni) exhibit large accumulations in stocks, as more 
metal enters the use than exits (Graedel et al. 2004, 2005, Reck et al. 2008). The 
world production is, for example, 15 million tonnes annually for Cu. That is 
approximately a hundred times more than antimony (Sb) world production and 
thousand times more than cadmium (Cd) world production. Modern societies 
also depend on a massive usage of chemicals in general. The total production of 
chemicals is in the European Union (EU, described for 15 countries) 
approximately 300 million tonnes per year (Eurostat 2009). Figure 2 shows the 
world production of plastics, which is 250 million tonnes yearly in rounded 
numbers (Plastic Europe 2008). Fast accumulation and emission risks have also 
become evident for several organic substances (Diamond and Hodge 2007). 

So where have those metals and organic substances been utilized? In which 
products or environment? Is it possible to keep track of the substances in 
between production and end-of-life? Substance flow analysis (SFA) was 
developed and has been used as a method to deal with these types of question. 
The results from the analysis are quantifications of flows and stocks in a 
systematic way and within defined system boundaries. The size of flows and 
stocks is often quantified in magnitudes, due to the difficulties to retrieve 
detailed data. The questions may be asked from the perspective of resource use, 
waste management, mapping of sources to emissions and recycling capacity. 

Numerous SFAs have until now been conducted on global (e.g. Villalba et 
al. 2008, see also above), regional (e.g. Saurat and Bringezu 2008, van der Voet 
1996,), national (e.g. Cain et al. 2007, Eriksson et al. 2008, Elshkaki et al. 2004, 
Kleijn et al. 2000, Lohm et al. 1994), city (e.g. Bergbäck et al. 2001, Kennedy et 
al. 2007), municipal (Lindqvist et al. 2002), and per capita levels (e.g. Brunner et 
al. 1994). There have been multi-scale approaches, such as the stocks and flows 
project (STAF) at Yale University. The SFA method is also used in delimitation 
of sewerage (e.g. Hellström et al. 2008, Sörme and Lagerkvist 2002), sediments 
(e.g. Svidén and Jonsson 2001), waste and recycling (e.g. Brunner and Stämpfli 
1993, Eriksson et al. 2002, Morf et al. 2007, Krook et al. 2007) and watersheds 
(e.g. Meybeck et al. 2007, Stigliani and Anderberg 1994). Especially in certain, 
mainly developed countries, SFA has become a widespread tool since the 
introduction in the 1970s (Brunner and Rechberger 2004). 
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Figure 1a. World production (million/thousand tonnes year
-1

) of nickel, lead, 

chromium, zinc and copper from 1900-2007. Produced from data from the US 

Geological Survey (2009). 

 

 

 

 

Figure 1b. World production (million/thousand tonnes year
-1

) of mercury, cadmium, 

silver and antimony from 1900-2007. Produced from data from the US Geological 

Survey (2009).  



 11 

 

Figure 2. World production of plastic (million tonnes  year
-1

), Includes 

Thermoplastics, Polyurethanes, Thermosets, Elastomers, Adhesives, Coating, and 

Sealants and Polypropylene-fibres, but not Polyethylene terephtalates (PET)-,  

Polyamide- and Polyacryl fibres) from 1950-2007.  Produced from data from 

Plastic Europe (2008).  

As part of the global UN agenda, Massey et al. (2008) stress the importance of 
the chemical concentration in goods and articles, with four recent examples: 
lead (Pb) in toys and jewellery, nonylphenol (NP) and perfluorinated 
compounds (PFC) in textiles, and the assembly of metals and xenobiotic 
organic compounds in computers. The main issue is the lack of information on 
the concentration of chemicals along the supply chain of the goods. According 
to the analysis several actors would benefit from a more standardized system 
approach on this matter. The goods spread in society (for example, electric and 
electronic appliances, alloys, surface platings, construction materials, glass, 
plastics, catalysts and medicine) to some extent represent almost all the metals 
in the periodic table (Sternbeck and Östlund 1999). Therefore, the goods as 
potential sources of these substances are widespread and it is difficult to know 
who bears the environmental responsibility for these flows (Lindqvist 2002).  

The emissions from goods are generally referred to as diffuse (or 
dissipative), which, in contrast to the emissions released at point sources, have 
increased their importance in Sweden. This was first shown for chromium (Cr) 
(Anderberg et al. 1989). The environmental problems related to point sources 
remain in areas with intense production and/or insufficient cleaning 
technologies, whereas pollution from diffuse sources will follow the patterns 
and mobility of goods (Lohm et al. 1994). For Swedish conditions, the switch 
from point to diffusive pollution sources is a result of strategies for 
environmental pollution control through the environmental protection act of 
1969, followed by the Swedish environmental code of 1998  
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(see the ordinances of SFS 1969:387 and 1998:808). But the overall regulation 
and management exhibit gaps for the control of diffuse emissions in the 
environment, even though the European development of the Integrated 
Environmental Product Policy (IPP) (EU 2001) as described by Tukker (2006) 
has gone through several steps after the end-of-pipe restrictions were 
introduced in the 1960s and 1970s. Furthermore, the advances were driven by 
“the concept of cleaner production (prevention of waste and emission)” in the 
1980s and ”the concept of products policy” in the 1990s. European chemical 
regulations do now cover very specific products since the introduction of 
directives, such as for Batteries, ELV (end-of-life vehicle), RoHS (restriction of 
the use of certain hazardous substances in electrical and electronic equipment) 
and WEEE (waste from electrical and electronic equipment)1. And as Tukker 
(2006) concludes, this is a complex task for environmental management to 
embrace in total due to the huge number of chemicals in a vast amount of 
produced and consumed goods, which makes the implementation of products 
policies important, but difficult. In the Swedish arena, specific regulation of 
certain products, such as Pb in ammunition, has been introduced (see the 
ordinances of SFS 1998:944). The goods (imported or domestically produced) 
that have metals or xenobiotic organic compounds in applications other than 
vehicles or electrical and electronic equipment have so far largely not been 
regulated on a product basis, but on substance level for phase-out (see the 
ordinances of SFS 1998:944). Palm et al. (2006) offer a wider introduction to 
the IPP as related to the Swedish environmental policy, which together with the 
products directive includes, for example, producer responsibility, environmental 
agreements, eco-labelling, environmental products declarations and product and 
material standards.  

The accumulation of material in society (technosphere) is a sign of densely 
populated areas, that is, urban areas (Brunner and Rechberger 2002). According 
to a recent review of the urban metabolism, the majority of (only a few) cities 
studied show increasing per capita metabolism of wastewater, energy and waste. 
Further, accumulation of toxic material is clearly a sustainability threat 

                                                
1
 Council Directive 91/157/EEC of 18 March 1991 on batteries and accumulators 

containing certain dangerous substances, OJ L 78, 26.3.1991, p. 38–41, including 
Directive 2006/66 EC, OJ L 266, 26.9.2006. 
Directive 2000/53/EC of the European Parliament and of the Council of 18 
September 2000 on end-of-life vehicles - Commission Statements, OJ L 269, 
21.10.2000, p. 34–43 
Directive 2002/95/EC of the European Parliament and of the Council of 27 January 
2003 on the restriction of the use of certain hazardous substances in electrical and 
electronic equipment OJ L 37, 13.2.2003, p. 19–23 
Directive 2002/96/EC of the European Parliament and of the Council of 27 January 
2003 on waste from electrical and electronic equipment (WEEE) - Joint declaration of 
the European Parliament, the Council and the Commission relating to Article 9 OJ L 
37, 13.2.2003, p. 24–39 
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(Kennedy et al. 2007). In the capital of Sweden, Stockholm, studies of the 
accumulation in stocks of goods in relation to occurrence, functions and flows 
of the traditional metals Cd, Cr, Cu, Hg, Ni, Pb and Zn have been synthesized 
for both the technosphere and biosphere (Bergbäck et al. 2001). Stockholm has 
just under 800,000 inhabitants (Usk 2006) and the population density is typical 
for a European city (Kennedy et al. 2007). Diamond and Hodge (2007) 
emphasise the need for studies conducted in an urban perspective of metal and 
organic compound emissions. They point out the negative environmental 
effects, but also stress the potential positive effects of more concentrated flows 
related to increased population density. 

In this introduction, four main areas are identified, which need to be 
addressed. i) The application of SFA on substances that have not been studied in 
this respect before, which can give knowledge about flows and stocks related to 
consumption of goods.  ii) The development of SFA to meet the needs in studies 
of trends for the substance cycles and studies of quantification of potential 
changes. iii) The assessment of which different agents and actions that induce the 
changes, such as chemical regulations, environmental objectives and aims. To 
what extent can these changes be related to substance flows? iv) And finally to 
assess, how can SFA be useful in environmental decisions? 

1.1. Research objectives  

This thesis sets out to analyse stocks and flows of metals and organic 
compounds in an urban perspective, using Stockholm as an example. The wide-
ranging aim is to apply SFA and develop SFA as a tool for measuring flows and 
stocks in society. The results may have implications for those making decisions 
about the environment. Thus, with the major focus on cadmium (Cd), mercury 
(Hg), lead (Pb), antimony (Sb) and alkylphenol/alkylphenol ethoxylates 
(AP/APEO), the more specified aims are: 

 
• To present flows and stocks derived from substance flow analysis for 

an urban area.  
• To relate environmentally important flows to groups of goods. 
• To discuss phase-out of Cd, Hg and Pb and possible indicators. 
• To assess the SFAs as examples of monitoring of societal flows. 
• To relate the changes in urban metabolism to environmental decisions 

and to assess how useful SFA is for decision makers. 
 

This thesis does not present new results of environmental effects or chemical 
properties of the substances involved. In the discussions about chemical 
regulation, the focus is on past and prevailing regulation and to a minor extent 
the new European Chemicals Regulation REACH.    
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2. Background 

2.1. Short site description 

All the case studies were carried out in Stockholm, the capital of Sweden. 
Sweden is located in northern Europe and is a member of the European Union. 
Stockholm had 711,119 inhabitants in 1995 and 771,038 inhabitants in 2005 
(Usk 2006). The city covers an area of 190 km2 of land (90%) and 30 km2 (10%) 
of water. The population density is approximately 4100 per km2 of land (Usk 
2006). The number of people per km2 is typical for a European city (Kennedy 
et al. 2007). Lake Mälaren, west of Stockholm, discharges through the city into 
the Baltic Sea. For orientation, Figure 3 shows the city boundary with the 
districts included in Stockholm City. 

The urbanized area is commonly described as a mixture of multi-storey, 
residential and industrialized. The city boundary is the same as the boundary for 
the municipality of Stockholm. The neighbouring municipalities are also urban 
environments, that is, the city is not purely surrounded by rural land, but is part 
of an urban region. Here, Stockholm will serve as an example of an urban area 
for the studies included in the thesis. 

2.2. Selected study substances 

The metals and organic compounds in this thesis have been selected because of 
their environmental characteristics and for their possibilities to be suitable for 
method development. 

2.2.1. Cadmium, mercury, lead (Paper I) 
The metals Cd, Hg and Pb, have well-documented substance flows and stocks 
(Sörme et al. 2001a,b, Bergbäck et al. 2001) and are included in local as well as 
national aims for reduced use (phase-out). The phase-out aims were specified in 
an objective aiming at a non-toxic environment (Miljömålen 2009, SOU 2000). 
These are among the sixteen overarching themes of the Swedish environmental 
aims, which were decided by the Swedish Parliament (Swedish Government 
2006 and decision protocol 87 in the Swedish parliament). The method for 
following up the phase-out was, however, not specified and therefore Cd, Hg 
and Pb were suitable for a method development of SFA. 

2.2.2. Antimony (Paper II) 
Antimony was selected, as it was prioritized together with several other metals 
(such as Ag, Bi, In, Pd, Pt, Sb, Se and Te) in a national study (Sternbeck and 
Östlund 1999), because of the large and increasing world production, its 
inclusion in many products, as well as indications of toxicity. The background 
studies were fewer and environmental aims do not exist for Sb, but for 
Stockholm Sb has been studied and monitored in the environment (Lithner and 
Holm 2003, Rausch 2007, Sternbeck et al. 2002). 
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2.2.3 Alkylphenol/alkylphenol ethoxylates (Paper III) 
The group of organic compounds: AP/APEO, include the endocrine disruptive 
substance nonylphenol (NP), which is a water framework directive (WFD)2 
priority substance. According to Sternbeck et al. (2003a,b) AP/APEO 
concentrations in lake sediments pose a risk to benthic organisms in 
Stockholm. As organic compounds in general have been sparsely studied using 
the stocks and flow approach, the choice of AP/APEO, was interesting both 
from a substance information perspective and from a methodological 
perspective. 
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Figure 3. Sweden and Stockholm by city district.  

                                                
2
Directive 2000/60/EC of the European Parliament and of the Council of 23 October 

2000 establishing a framework for Community action in the field of water policy. OJ L, 
327, 1-72 Date 22.12.2001.  
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3. Methodologies  
This thesis is a result of studies based mainly on the methodology of SFA, 
which embrace a number of scientific approaches (Paper I, II, III and V). It has 
also been important to use chemical analysis of materials and goods where 
there has been a lack of information (Paper II, III and IV). Furthermore, 
assessments of policy and chemical regulations involve qualitative approaches 
and discussions (Paper I and V).  

3.1. Substance flow analysis  

The thesis deals with metals and xenobiotic organic compounds in a flow 
perspective, with the implication that there are potential inflows, stocks and 
emissions for the studied substances, see Figure 4. The flows of substances are 
therefore studied with the aim of finding their sources, routes and pathways in 
both the society (technosphere) and in the environment (biosphere). The 
substances could be in use or have been used, but not discarded, and/or 
included in a long-lived application. In general, the sources of metals and 
organic compounds were mapped to find the main uses for that specific 
substance, with a focus on inflow and the build-up of stocks. The search for 
sources of emissions is a result not only of indications of possible, but not 
always large, inflows and stocks (as is pronounced for Sb in Paper II), but also 
of indications of occurrence in wastewater treatment system, waste treatment 
and in recipients (as is pronounced for AP/APEO in Paper III). This led to 
data sets, which used descriptions of potential emission and negligible emission, 
see for example Cd, Hg and Pb supplement to Paper I, Table 10 and 11 in 
Paper II and Table 3 in Paper III. 

 
 
 
 
 
 

Figure 4. Schematic illustration of Substance Flow Analysis with inflow, stock and 

outflow. There also are processes and feedback mechanisms, but to simplify, these 

where excluded from the figure. 

 
The SFA-method belongs to a group of approaches, which aim to analyse the 
environmental system (see for example Ayres and Ayres 2002 and Moberg et al. 
1999). Substance flow analysis is among methods within the toolkit of system 
analysis and is used in the emerging field of the industrial ecology. The system 
view reflects the physical environment composed of both the technosphere and 
the biosphere and the connections between its compartments. The 
technosphere refers to the part of the physical environment altered by human 
activity. It is where human activity takes place, in the sense that it is used by 
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humans to create places to live, to reside, to transport, to communicate and 
carry out activities such as cleaning (Brunner and Rechberger 2002). 
Furthermore, the activities give rise to material and substance flows of different 
kinds and accumulation in stocks of man-made origin. To analyse human 
alteration of the environment (and especially the flows and stocks in the 
technosphere) several attempts have been proposed, such as ecological 
footprints (e.g. Rees 1992 and Wackernagel et al. 2006), input-output analysis 
(e.g. Strassert 2002), life cycle assessment (e.g. Udo de Haes 2002), and 
indicators for sustainability (e.g. Lundqvist 2000).  

In general, SFAs are conducted in different ways depending on the tradition 
and on what substances and problems are at issue. In recent years, efforts have 
been made to describe the methodology and to make a common toolkit for the 
community of SFA-practitioners (van der Voet 2002a and Brunner and 
Rechberger 2004). Van der Voet (2002a) proposed a description in three steps 
of the methodology: 1. System definition, 2. Inventory and 3. Interpretation. 

3.2. System definition 

3.2.1. Spatial 
The system boundary defines what is included in the SFA. It refers to the 
geographical boundary as well as the boundary set by interest and, for example, 
data limitations.  

In this thesis, there has been emphasis on the consumption phase of the 
substance flows, which has led to the exclusion of the processes of mining, 
refining, production and manufacture in most cases (further discussed in the 
results). This has led to the identification of the inflows mainly as consumption 
related to goods and foods or as part of trans-boundary flows, such as surface 
water discharge to the Baltic Sea through Stockholm or by airborne deposition. 
The stocks represented the accumulation in the technosphere. Environmental 
stocks, such as air, soils, sediments, water recipients and groundwater have not 
been estimated. Outflows from the technosphere to sewers or the environment 
have generally been termed emissions. Emissions were calculated in different 
ways for different goods and processes; see the specific studies for formulae. 
Outflows to waste were mainly divided in two streams. The first was waste, 
which in recent years has been processed by incineration and the second part of 
the flow was recycling.  

3.2.2. Time scales 
As part of Paper V, the temporal boundaries were analysed and this included 
temporal scales of two kinds: long term and short term studies. The time span 
was put in relation to whether the study in question included calculations of 
stocks or not. If stocks are to be calculated, a longer time scale is usually 
needed, since the stock is often the result of several years of inflow. The stock 
estimations of metals, which are used in Paper I, are a result of the historical 
SFAs (Svidén and Jonsson 2001, Sörme et al. 2001a), which are mainly 
accounted and not modelled. Despite the focus on one year for the recent 
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SFAs, the organic substances also partly have stock estimations (see Table 2 in 
Paper V). For Sb and AP/APEO the stocks were not completely estimated 
(Paper II and III).  

3.3. Inventories 

3.3.1. Different types of SFAs  
There are three distinct approaches to SFA (van der Voet, E. 2002a). In 
Accounting – Bookkeeping, keeping track of flows and stocks by registering them 
afterwards is the main strategy. This has been the main strategy in this thesis, 
see next section for accounting procedures to sample data. 

There are also modelling approaches in SFA. Static modelling specifies a 
steady-state relationship between flows and stocks, as in input-output analyses. 
Dynamic modelling includes time as a modelling parameter and could be 
conducted with a leaching or a delay perspective. In van der Voet, E. (2002b) 
this is further expanded to characterize the emissions based on stocks. 
 
The leaching model is in short described with the following equations: 
dS(t)/dt = inflow(t) – outflow(t)   (Eq 1) 
S(t) = Stock S at time,t 
dS(t)/dt = change of the Stock over time 
 
In a case where there is no inflow the change may be calculated by 
dS(t)/dt = - C x S(t)    (Eq 2) 
i.e., a constant fraction C of the Stock at the time t will leave the system. 
 
In the delay model, life span is added to the model:  
outflow (t) = inflow(t – L)    (Eq 3) 
L =Life span of the product  

 
This gives an outflow, which equals the past inflow, but is dependent on the life 
span of the product.  

The choice of approach depends on the type of data and emission and time 
aspects, since the dynamic modelling attempts are much more time-consuming. 
The Cd results for stabilizers, pigments, surface plating in Bergbäck et al. (2006) 
and Paper I were based on a leaching model.  

3.3.2. Data sampling  
Several equations and information sources make up the frame for the data 
sampling in accounting studies were adopted from Lohm et al. (1997) and  
Sörme (2003). In the supplementary information to Paper I and Paper II the 
general methods, which are applicable across many of the calculations are 
described.  

The quantifications, described in short, were conducted with one or more of 
the following methods. Transformation of data with top-down scaling from 
national data and European data was used when the data was dependent of for 
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example the size of the population. Example: Data sampled from the Products 
Register or European risk assessments. Stock estimates consisted of average life 
time in the specified good multiplied with inflow or used amounts per year of 
that good. Example: Pb in Batteries. Concentration of substance in the 
specified good multiplied with inflow or used amounts per year of that good, 
was used to get the amount of substance in the specified good. Example: 
AP/APEO in textiles or cleaning agents. Accounted data that directly applies to 
the system of Stockholm existed in some cases, especially when there was a 
request directed to local data providers.  

The interest in the origin of data originates in the notion that SFA may rely 
on different data sources, which were referred to as good-references by Sörme 
(2003). As the goods references are the core of data in accounting, the number 
of references is usually high. Data was sampled from official statistics found at 
the Swedish Chemicals Agency, Statistics Sweden, the Swedish Environmental 
Protection Agency, European Risk Assessments and from interviews with 
representatives from local and national authorities, businesses and members of 
organizations. A significant part of the data on the emission factors has been 
published within the scientific community. The Product Register held at the 
Swedish Chemicals Agency provided data for Cd, Sb and AP/APEO in 
chemical products. Chemical products refer to the chemicals imported, 
produced and put on the Swedish market, but not substances included in 
goods. But there are exceptions; goods such as paint, lacquers and cleaning 
agents are registered. Data of imported goods were retrieved to some extent 
from Statistics Sweden’s trade register. For details in estimations, see Paper 1 
and Paper II – appendices and Paper III. The amount of empirically collected 
material, in contrast to modelled data, was evaluated in Paper V.  

3.3.3. Chemical analyses 
Chemical analyses to retrieve data on chemical concentration in the goods were 
specifically conducted as part of Papers II and IV. The analyses covered Sb in 
brake linings, tires, PET-plastic in bottles, packages and PET-fibres in textiles. 
The sampling, preparations, digestion, analyses, and quality assurance are 
specified in the papers. 

The chemical analyses of concentration in goods, conducted by researchers 
and by authorities, have been used in several of the estimates conducted in the 
SFAs, which are included in this thesis. For example Cd-concentrations in 
batteries (Rydh and Svärd 2003), Sb-concentrations in waste from electronics 
(Morf et al. 2007) and AP/APEO in textiles (Hök 2007) are based on chemical 
analyses. 
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3.3.4. Uncertainty 
The total results in SFA are most often presented with large intervals (min-max 
based on available information) and with magnitudes rather than with a focus 
on finding exact figures. In Paper I the uncertainties was put in relative sizes 
according to the information source (Hedbrandt and Sörme 2001). In Paper II 
the use of their system is even more pronounced. Other approaches are also 
discussed in Paper V.  

In this thesis the results are compiled from Paper I-V. In the results section 
the inflow, stock and diffuse emissions are presented with the mean of the 
intervals or as a point estimate.  If the interval of uncertainty is not described, 
this can be found in the Papers I-V respectively. Some results are presented in 
intervals, due to the fact that it is not possible to know where the point estimate 
should be put. This could be the situation when two different data sources 
provide different data. 

The variation is also problematic to consider and this is discussed in several 
cases of the data sampling. For example Sb in brake linings exhibits a large 
variation, se Table 2 in the result and discussion section. Some parts of the 
results point to missing data. This problem may appear because information is 
not available (e.g. due to secrecy) or because there is a gap in our knowledge. 
This leads to larger uncertainties in the quantification of total flows. 

3.4. Interpretation of the results 

3.4.1. Chemical regulation and agents in policy  
This thesis attempts to show the existing relationships between changes in the 
flows of metals and organic compounds and prevailing chemical regulations, 
environmental objectives and aims. In Paper I the effects of different measures 
and chemical regulations on flows and stocks of Cd, Hg and Pb are discussed. 
This is conducted by an analysis of stakeholders’ actions together with 
legislation that may have affected the development of the metal flows. Paper I 
has a compilation of these legal acts. Paper III also discusses the effect of 
European legislation in a global perspective with a focus on the Water 
Framework Directive2. The policy issue in Paper V mainly involves a discussion 
of the question of usefulness for decision makers, by discussing whether and 
how the studies included in Paper V have had an effect on European and 
national chemical regulation, and on national and local environmental 
objectives. Other agents and aspects may also have influenced this 
development, but only the influence of the selected SFA studies was analysed.  
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4. Results and discussion 
The understanding of flows and stocks of metals and organic substances in 
society (technospere) is crucial in environmental analysis. This thesis embraces 
the notion that the risks associated with these substances must be analysed 
using different approaches, where SFA is one important method. Firstly, certain 
flows and stocks of goods are considered. This is followed by sections, which 
aim at exploring the utility of SFA for monitoring the flows of societal metals 
and organic compounds, for dimensioning of flows and stocks, for trend 
analysis, and for decision makers. Finally, an outlook for future SFA in urban 
environments is presented.  

4.1. Goods as sources of emissions of Cd, Hg, Pb, Sb and AP/APEO 

The results in this thesis stress the importance of goods as creators of flows and 
stocks of Cd, Hg, Pb, Sb and AP/APEO. In summary, it is possible to 
distinguish groups of goods that have been shown to be important and in Table 
1 a compilation is shown for Cd, Hg, Pb, Sb and AP/APEO. Electronic and 
electrical equipment and vehicles/transport are important for all four metals. 
Textiles are important to a major extent for AP/APEO and to a minor extent 
for Sb, but also for other substances (Bergbäck and Jonsson 2008), such as 
brominated flame retardants, antibacterial substances (e.g. triclosan and silver) 
and poly-fluorinated compounds.  

The different human activities as described by Baccini and Brunner (1991), 
to nourish, to reside, to transport, to communicate etcetera, give a simplified 
description of what human life is about. This concept has been used to analyse 
which activities have the greatest environmental effects. The activity “to reside” 
is most essential as most substances analysed in this thesis are found in building 
materials, electronics and textiles.  
 
Table 1. Compilation of the activity and goods, where the substances are used. 

Goods Activity Cd Hg Pb Sb AP/ 

APEO 

Building material
1
  To reside x  x x x 

Cleaning agents To clean, reside     x 

Electronics
2 

To reside, transport, 

communicate 
x x x x  

Textiles To reside    x x 

Vehicles To transport x x x x  

 

1. The building sector refers to floorings, carpets, furnishing, pigments in paint and 

plastic, cable shielding, tube joints, flame retarded plastics, concrete and others. 

2. Electronic and Electrical Equipment 
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To continue, Cd is included in several types of goods, as shown in Paper I and 
Figure 5. Large stocks are found in stabilizers and pigments in plastics, alloys, 
surface plated metals and in Zn applications. NiCd-batteries (open and 
sealed/closed) create the major inflows and pronounced stocks. The major 
sources for Cd emissions are, however, found in other goods, such as artist's 
paints, vehicles and detergents. In total the diffuse emissions were 29 + ? kg 
year-1 in 2003. Foods, detergents and fertilizers have inflows, which equal 
emissions. Artist's paints have an inflow larger than the emission. Impurities in 
Zn (such as galvanized goods) are a large and very uncertain emission source 
(quantified to 0.01-10 kg in 2003) representing potential emissions. For Cd, car 
washes are minor point sources, but on the larger scale there are no point 
source emissions (KUR 2008) and atmospheric deposition from trans-boundary 
emissions are approximately 11 kg year-1 in 2003-04 (Johansson and Burman 
2006). Thus, the diffuse emissions are of significance. 
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Figure 5. Cadmium distribution of goods in Stockholm in 2003 - inflow, stock and 

emissions. See Paper I for details and references. Diffuse emissions include: 
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-1

 and Drinking water 0,5 kg year
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Mercury exhibits the largest stock in dental fillings, but the inflow has more or 
less ceased, whereas amalgam emissions of 12 kg Hg year-1 in 2002 were found 
to be the largest emission source, see Paper I and Figure 6. The Hg inflow is 
mainly from light sources (such as fluorescent compact lamps, aiming at energy 
savings), corresponding to 14 kg Hg year-1 out of a total of approximately 30 kg 
Hg year-1. There may be minor emissions of Hg from this use, but the main 
outflow is through waste and collection of hazardous waste. To promote 
collection of these lamps is very important. Potential emissions (not quantified) 
can probably be released from sewage sediments, especially at dentist clinics. 
Point sources of Hg, such as crematoriums (1 kg year-1) and businesses (5 kg 
year-1) are important (KUR 2008) and the atmospheric deposition was 2 kg 
year-1 in 2003-04 (Johansson and Burman 2006).   
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Figure 6. Mercury distribution of goods in Stockholm, in 2002 - inflow, stock and 

emissions. See Paper I for details and references. 
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Lead is still used in many goods and in vast amounts and is found in a large 
stock (43,000 tonnes), see Figure 7 and Paper I. Lead in shielded power cables 
and telecommunication cables in the ground is half of the urban stocks. The 
major inflow is from batteries (start-, traction- and stationary-), but as is the 
case for Cd, the major emissions sources are found in other applications, such 
as sinkers (2.5 tonnes year-1) and ammunition (1.5 tonnes year-1). The Pb 
atmospheric deposition was 200 kg year-1in 2003-04 (Johansson and Burman 
2006 ). 
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Figure 7. Lead distribution of goods in Stockholm, in 2002 - inflow, stock and 

emissions. See Paper I for details and references  
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The SFA of Sb provided data on estimated amounts in goods, and as shown in 
Figure 8, Sb was present in a considerable stock of approximately 430,000 kg.  
There was an inflow of approximately 45,000 kg Sb year-1 (Paper II). 
Furthermore, the diffuse emissions from goods in the city were estimated at 
720+? kg year-1. This estimation is based on studies by Hjortenkrans, et al. 
(2007) and Paper IV of brake lining wear (710 kg year-1) and tyre wear (1.4 kg 
year-1), and new data on textile leakage (4.5 kg year-1). Flame retarded goods 
were posed as a likely large emission and waste source, but have not yet been 
quantified, due to lack of knowledge. A comparison with point sources’ 
emission showed that diffuse emissions are most important for Sb, however 
there may be small businesses and car washes that are important (KUR 2008, 
Lagerkvist 2008).  
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Figure 8. Antimony distribution of goods in Stockholm, in 2005 - inflow, stock and 

emissions. See Paper II for details and references. Textiles Sb emission refers to 

leakage and wear of polyester fibres. 
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The AP/APEO-results in Paper III were substantiated by several years of 
source studies conducted by the Stockholm Water Company (Lövfén and 
Wahlberg 1997, Andersson and Sörme 2006). A study conducted by the 
Swedish Nature Conservation Foundation also provided crucial information 
about the textile concentrations of AP/APEO (Hök 2007). The amounts were 
in an interval of 4000-13,000 kg year-1 for the inflow and 2000-7000 kg year-1 of 
wastewater emissions, see Figure 9. By combining the available information, it 
could be shown that textiles were major contributors to wastewater, and that 
cleaning agents also contribute to some extent (300 kg year-1). A stock of 
AP/APEO was estimated at 240,000 kg, the main contributors being concrete 
used historically in harbours and bridges. There are no large point sources in 
the area. 
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Figure 9. AP/APEO distribution of goods in Stockholm, in 2004 - inflow, stock and 

emissions. See Paper III for details and references. 

 
 

Several results in this thesis show that small concentrations of metals and 
organic compounds give rise to considerable emissions to the environment. In 
Table 2, AP/APEO and Sb are shown as examples of the relationship between 
goods' concentration and emissions. AP/APE emissions from textiles are 
released directly as a consequence of washing, whereas Sb in brake linings is 
released as the brake linings are worn. Sb concentration in brake linings was   
310 mg kg-1 as a grand average with a large variation (up to 8 % Sb) in the 
analysed brake linings (Hjortenkrans et al. 2007). The study of brake linings 
points to the importance of including all common brands on the market. The 
emissions from polyester have so far only been studied to a minor extent, but 
leaching tests indicate a flow from polyesters due to washing and probably also 
wear.  
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Therefore analyses of usage and concentrations provide enough information to 
estimate emission for certain goods, but for general knowledge about flows of 
emissions of metals and organic compounds, it is important to look also at 
parameters, such as wear rates and degradation tests, and to conduct leakage 
tests. The results presented here have implications for the regulation substances 
of goods in Reach3. Brake linings' grand average concentration of Sb is, for 
example, lower than the stipulated 0.1% concentration in goods, but there are 
several samples of higher Sb concentration than 0.1%. In addition, a 
concentration of less than 0.1% AP/APEO in textiles creates major emissions. 
This is certainly an issue in future applications of Reach.  
 
Table 2. Concentration, usage and emissions of AP/APEO and Sb. (Further details 

are found in Papers II and III) 

Substance Goods Concentration Average n Consumption Estimated 

Emission 

  mg kg
-1 

mg kg
-1 

 kg kg year
-1 

AP/ 

APEO 
Textiles <1-10,700 514 37 160,000,000 

2000-

7000
2 

 Cleaning 

agents 
<100-69,000 35

3 
39 100,000,000 300

3 

Sb Brake 

linings 
0,85-79,000 310 62 ?

1 
710

1 

 Polyesters 100-195 134 9 30,500,000 5
4 

1. Quantification was not based on consumption statistics, instead it was based on traffic data 

(Hjortenkrans et al.  2007) 

2. Estimated max emission: 514 mg kg
-1

 * 160,000,000 kg * Transformation-coefficient 0,085 

3. 300 kg was reported to Products Register and  

4. Estimated emission: 30,500,000 kg * 0.2 mg/kg (leaked share according to chemical 

analyses) * assumed washing time * Transformation-coefficient 0,085 

                                                
3Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18 December 
2006 concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH), establishing a European Chemicals Agency, amending Directive 1999/45/EC and 
repealing Council Regulation (EEC) No 793/93 and Commission Regulation (EC) No 1488/94 
as well as Council Directive 76/769/EEC and Commission Directives 91/155/EEC, 
93/67/EEC, 93/105/EC and 2000/21/EC. OJ L, 396, 1-850 Date 30.12.2006.  
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4.2. Utility of SFA for urban environments 

4.2.1. SFA to follow societal flows of metals and organic substances  
What amounts of environmentally relevant substances are metabolised in an 
urban area? How many substances are involved? Which are to be monitored? 
As a city is a condensed area of human activity, the amount is likely to reflect 
the distribution of the global usage of chemicals. The recovery and refining of 
chemicals together with their production and manufacture are carried out to a 
lesser extent in the city itself, but the city relies on the use of such chemicals 
from elsewhere. The city is instead an import area of foods, goods, products 
and long-range pollution (compare with theories of the “grey areas” (Anderberg 
1996) or “hinterland” (Obernosterer and Brunner 2001). The city has, 
moreover, been termed “a chemical hot spot” with reference to the stocks of 
chemicals (Brunner and Rechberger 2002). As stated in the methodologies 
section, the studies included in this thesis are notable for the fact that the 
system boundary excludes these flows and instead the focus is on the flows 
within the boundary, that is, on mainly consumption and only partly on 
production and manufacturing. The city also exports pollution, such as effluent 
from the WTTPs and airborne emissions and emissions from recycling 
procedures. The number of chemicals in technospere as registered at the 
European Chemicals Bureau (ECB) in EINECS (European Inventory of 
Existing Commercial chemical Substances) is approximately 100,000 substances 
(ECB 2008). In Reach’s preregistration approximately 50,000 substances were 
listed (ECHA 2008). The ranking and prioritisation among the substances is not 
a part of this thesis. However, ways must be found to choose between all the 
hazardous substances and assess the risks of chemicals (Eriksson 2002). 
Methods, such as CHIAT, were developed to aid the urban management in the 
selection (Baun et al. 2006, Eriksson et al. 2007).  

For environmental monitoring in general, the existing chemicals policy 
governs the monitoring process. For Stockholm City the monitoring is steered 
by environmental and chemical regulations, but for more proactive work a new 
approach has been adopted. In essence it states that if a substance of 
environmental relevance is present in the environment or detected in sewage or 
wastes, it is a motivation for monitoring in the city (compare with Jamtrot et al. 
2009, Bergbäck and Jonsson 2008). Substance flow analysis is then useful as a 
tool for the source characterisation, but not for prioritising among too many 
substances. The monitoring of societal flows by means of SFA has been 
proposed as a method by several authors (e.g. Ayres 1978, Ayres et al. 1989, 
Ayres and Simonis 1994, Bergbäck 1992, Baccini and Brunner 1991, Brunner 
and Rechberger 2004, Jonsson 2000, Lindqvist 2002, Sörme 2003, van der Voet 
1996). The fundamental thought is that sources of trace chemicals may be 
better estimated if data from consumption and production are retrieved than if 
environmental chemical analyses are performed as monitoring (Ayres 1978). 
The data (consumption statistics) are empirical evidence of what substances are 
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expected to be found later on in the environment, spread as emissions to the 
environment, captured as rest fractions in cleaning devices for wastewater or 
air, or ended up as waste. However, to be able to relate consumption statistics 
to amounts of substances, certain chemical information is needed, such as 
concentration, leakage rates, emission coefficients, country-specific parameters 
etc. Furthermore, a systematic approach is required. This thesis provides 
insights into this in Paper I, II, III, IV and V.  

4.2.2. Dimensioning of flows and stocks 
Dimensioning substance flows and stocks with the aid of SFA have been 
conducted previously in urban areas. Among the first studies of city metabolism 
was Wolman’s hypothetical American city  (1965). Kennedy et al. (2007), 
conducted a review of existing city metabolism studies, in which eight 
metropolitan regions were compared. Three of the included studies are from 
the 1970s, one is from the end of 1990s and six are from 2000s. This is an 
indication of the development of the studies of flows of cities. However, the 
studies cover mainly material flows and only to minor extent substances, so it is 
difficult to compare them to the Stockholm example. The studies in Hudson 
Raritan River in NY had a great impact on the development of the method 
(Ayres and Rod 1986), since they provided a new type of estimation based on 
emission factors. For Stockholm, stock and flow analyses were first conducted 
for Hg, Cd, Pb, Cu, Zn, Cr and PCB (polychlorinated biphenyles) in 1992-1994 
(Miljöförvaltningen 1994). In Paper V it was possible to assemble data from the 
SFAs conducted in Stockholm from 1995 and onwards. The data of 12 
substances was aggregated and put together in Table 3.  
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The main advantage of SFA is the possibility it provides to map (and potentially 
model) not only the large, but also the small, diffusively arisen flows and stocks. 
In particular, there is a need to measure the flows of substances that may have 
potential risks for health or the environment. Organic compounds have 
previously been sparsely analysed with a stock-flow approach. However, a 
couple of studies have been conducted with an urban system boundary (Paper 
III, Jonsson et al. 2008), where a great deal of data for the dimensioning was 
found in the European risk assessment of existing chemicals. Ideally the 
interpreted results from SFAs should be returned to the creators of the risk 
assessments, but this is probably not yet happening. The experiences gained 
from the SFAs of organic compounds are that there are some more parameters 
to take into consideration, such as water-solubility, degradation properties and 
volatilisation. However, the application of the SFA on organic compounds has 
not so far led to any specific methodological development. Paper III showed 
how SFA is applied to a large group of organic compounds in dimensioning the 
emissions ending up in wastewater. 

An overarching difficulty is how to retrieve data of good quality. When 
inflows are to be dimensioned, one of the major obstacles is the lack of data on 
the amounts of certain metals and organic compounds in imported goods. In 
the studies of Sb, the difficulties related to analyses of a substance in goods 
were pronounced due to the chemical analysis and the gathering of the 
information, which was used for the estimations (Paper II and IV). The 
standard procedure used in the beginning proved to give large errors and it was 
a problem finding a chemical procedure for the digestion process (which 
precedes the chemical analyses) of soils, brake linings and tyres (Paper IV). The 
recovery of Sb for some methods tested was <10%, which indicated a need for 
revision of certified and recommended digestion procedures. It was concluded 
that if the aim is to study only Sb and not to conduct multi-element analyses, it 
is best to use a wet digestion method optimized for Sb. However, the problem 
of carrying out estimations of Sb in imported goods remained unsolved. A new 
database called “Varuguiden” is under development at the Swedish Chemicals 
Agency. The guide will most likely provide some of the missing data on imports 
in a systematic way. Trade statistics have been useful, but, for example, in flame 
retarded goods with Sb as a synergistic compound, the variation in chemical 
composition in all the different goods is enormous and cannot be quantified 
other than for the magnitude. But if large scale chemical analyses of 
concentrations in representative samples of the goods that make up a large 
proportion of the imports are conducted, it is possible to improve 
dimensioning of the flows and stocks, as was done for Sb in brake linings and 
APEO in cleaning agents (Paper II and Paper III). However, for AP/APEO in 
textiles, the findings were more coincidental, as an array of pollutants was 
tested in textiles as part of a focused project at the Swedish Society of Natural 
Conservation (Hök 2007). Earlier this source was considered minor because of 
prevailing European regulations (Anderson and Sörme 2006). 
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The quality of the data leads to the drawback of uncertainty in the SFAs. In the 
Stockholm examples multi-sample data are very rare. There is mostly only one-
sample data. However, the system of Hedbrandt and Sörme (2001) is adopted 
for several of the Stockholm-studies. They proposed a system for dealing with 
uncertainties in society-derived data, which is to an extent built up of fixed 
intervals of uncertainties, depending on the sources of the information. There 
are no other large-scale examples of other statistical methods for dealing with 
SFA’s uncertainty yet, even though propagation with Gauss law and Monte 
Carlo analysis is proposed (Cencic 2004). Another uncertainty is the inheritance 
problems in data sampling between years, which may be underestimated. This 
can only be remediated by an increased availability of data. 

4.2.3. SFA to follow phase out and usage patterns 
SFA offers an opportunity to compare historical records of data with today’s 
stock and flow. This, in turn, is useful when phase-out or usage patterns are 
studied. Previous results of Cd, Hg and Pb were included in a follow-up study, 
making it possible to compare data from the study years 1995 (Cd, Hg and Pb), 
2002 (Pb and Hg) and 2003 (Cd) (Paper I). The main conclusions were that it 
was possible to follow the policy-induced decrease of inflow and stocks of Cd 
and Hg, but Pb’s development was more uncertain. For example, it was 
estimated that Cd stocks decreased from 120 tonnes to 80 tonnes, see  
Figure 10.  

 

 

Figure 10. Cadmium stocks (kg) in 1995 and 2003 (Details in supporting 

information to Paper I). Note, batteries in cars was not quantified as a single 

category in 1995.  

However, even if stocks have decreased, there were still diffuse emissions from 
goods in 2002/2003, amounting to 20-24 kg Cd year-1, 19 kg Hg year-1 and 900-
2000 kg Pb year-1. Thus it is important to include any emissions in any indicator 
that follows the phase-out. 
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Other indicators are also available. Substance flows and stocks can be used to 
investigate the accumulation and deaccumulation rates in society. Accumulation 
occurs when inflows exceed outflows and deaccumulation is significant in the 
opposite situation, where outflows are larger than inflows. When the inflows 
and outflows are equal, the stock is constant. If stock estimates are available for 
different years, it is possible to analyse yearly stock changes and to compare 
accumulation and deaccumulation (see Paper I, Table 2). In Table 4, the stock 
changes are shown for Cd, Hg and Pb.  
 
Table 4. Total stocks per capita* (kg) and average yearly stock change per capita 

over the period 1995 and 2002/2003(= (STOCK2002/3 minus STOCK1995) / 7 or 8 

years) (units kg year
-1

).  

Substance Stock  

1995 

Stock 

2002/2003 

Stock change from 

1995 to 2002/3 

 kg kg kg year
-1 

Cd 0.16 0.11 -0.01 

Hg 0.01 0.01 -0.0003 

Pb 68 56 -2 

* Population = 761721 persons 

 
These are basic concepts in SFA, but there are also small outflows, which may 
be of large environmental importance as emissions. A study focused on 
emissions to, for example, wastewater may put less effort into quantifying the 
related outflows to waste. Flows of waste are significant for the total outflows 
and in the balance account for determination of accumulation or 
deaccumulation. It is important to bear in mind that a focus on emissions may 
lead to problems of missing data. If there are incomplete data sets, the SFA 
may instead include estimations or calculations based on the law of mass 
conservation (van der Voet 2002a). This may give valuable information about 
potentially large amounts, even though not quantified. This is further discussed 
below for Pb in this section. In Figure 11, the substances for which inflow and 
outflow estimates for Stockholm exist are illustrated with accumulation or 
deaccumulation per capita.  
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Figure 11. Accumulation or deaccumulation (kg capita
-1 

year
-1

) (=INFLOW minus 

OUTFLOW from emissions, waste and recycling). Cu, Cr, Ni and Zn was studied in 

1995 (Bergbäck et al. 2001), Hg and Pb in 2002 (Paper I), Cd in 2003 (Paper I), 

AP/APEO in 2004 (Paper III), ClP in 2004, DEHP, PBDE in 2005 (Jonsson et al. 

2008) and Sb in 2005 (Paper II). 

 
Since the results in Paper I include results from two different years it was 
possible to compare the estimated accumulation with the net stock change, as 
shown in Table 4 and Figure 11. For Cd and Hg there was fairly good 
agreement, since they both show deaccumulation and negative stock change. 
Cadmium, however, may have missing data for outflows as there are large 
uncertainties in the waste flow estimation. The per capita deaccumulation for 
Cd is 0.004 kg year-1, and that may be an underestimate. The discussion about 
phase-out of Cd must also embrace the fact that the major Cd inflow is still the 
NiCd-batteries (although decreasing), which are exempted in chemical 
regulations, and to question this usage in a phase-out perspective. For Hg the 
national ban has won legal status in 2009 (Kemi 2004, 2009). 

For Pb another type of explanation must be suggested for the difference in 
stock change (-2kg per capita) and accumulation (+0.3 kg per capita), as there 
were some large uncertainties in the stock, mainly the estimation of shielded 
cables and accumulators (batteries). Furthermore, the stocks, inflow and 
outflow estimations are of different origin due data availability. This 
methodological issue is pronounced in the case of Pb batteries (start-, traction- 
and stationary-batteries). The data may give an impression of contradicting 
information since the inflow is estimated using transformed national import 
and export data, the stock using data from representatives of business and the 
outflow using data from the recycling company. This reflects both the strength 
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and the weakness of accounting studies. By using the different sources of 
information there are different possibilities to get the “right” information, but 
also a risk for increased uncertainties. In the supporting information to Paper I 
it is stated: “There is a large uncertainty in the data covering both inflow and 
stock and it is thereby not possible to say whether there has been an increase or 
decrease compared to 1995. Altogether it is clear that the number of cars has 
increased, but the total accumulator stock and flow is more uncertain”. So, as 
noticed for Pb in Paper I it is not always clear if the missing data is really 
missing or if it appears as a consequence of uncertain information. In summary, 
the missing Pb data was regarded as an uncertainty issue. Altogether the SFA 
for Pb shows that this metal is not undergoing any general phase-out, but 
certain goods such as PVC, brake linings, TVs and computer screens have been 
considerably reduced between 1995 and 2002. Note that the emission factors 
applied for brake linings cover the year 2005 (Hjortenkrans et al. 2007). 

Furthermore, the per capita estimations in 1995 of Cu (3 kg), Cr (0.3 kg), Ni 
(0.2 kg), and Zn (2 kg) showed that these metals accumulate (data from 
references in Paper V). Antimony is also accumulating, but it is not clear if the 
size of the accumulation is a result of missing outflow data (Paper II). Future 
large outflows are possibly to come, indicating a consideration for future 
management of Sb. Accumulation occurs for the organic substances 
AP/APEO (Paper III), Di(2-ethylhexyl) phthalate (DEHP) and 
polybrominated diphenyl ethers (PBDE) (Jonsson 2008), whereas chlorinated 
paraffins (ClP) deaccumulate (Jonsson 2008).  

It is, however, important to emphasise that a small stock may give important 
emissions. The accumulation or deaccumulation rate is dependent on reliable 
datasets, without too much missing data. Estimating emissions has had priority 
over estimating the accumulation rates. Therefore the emission estimates are 
more reliable as such. It is also important to mention other substances e.g. 
pharmaceuticals and the widely used group of parabenes in this respect, as they 
represent small stocks of substances, with corresponding emissions mainly to 
the wastewater treatment system (Eriksson 2008, Naturvårdsverket 2008, 
Wahlberg et al. 2009). When the focus in a study was set on emissions, the 
accumulation/deaccumulation concept is less useful. 

An indicator for phase-out may be based only on inflow data, but as argued 
by Bergbäck et al. (2001), Kleijn et al. (2000), van der Voet et al. (2002b), stocks 
must be included and the long time-scales that are needed for a complete 
phase-out must be considered. Concentrations of Cd, Hg and Pb in sewage 
sludge, which are decreasing, are a relevant phase-out indicator for the total 
diffuse emissions from the city (Paper I).  
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4.2.4. SFA – utility for decision makers and methodological approaches and 
advances 
This section aims to relate the changes in urban metabolism to environmental 
decisions and evaluate the utility of SFA for decision makers. Here, two main 
uses of SFA in environmental decisions are discussed: one use is evaluating 
what has happened in the past and the other is oriented towards the future. The 
first involves monitoring in the sense of measuring, accounting or keeping 
records of certain parameters, but it could also serve as a basis for analysis of 
factors that have had an effect on the development. The other answers 
questions such as “What measures could be taken?” and it may serve as a tool 
for decisions about measures such as regulation of uses, phase out, or 
environmental objectives. This is an issue of what the SFA should be used for 
and not a methodological question of how to conduct SFAs. It can be 
considered a fourth step since the (earlier mentioned) common description (van 
der Voet 2002a) involves three steps: 1. System definition, 2. Inventory and 3. 
Interpretation. Lindqvist (2002) discussed the adaptation of SFA to local 
authorities and suggested the step of capacity to influence as useful for the broad 
attempt to address the related factors; economy, regulations, psychological and 
social aspects, which interact in environmental management. Furthermore, “it 
includes the attempt to analyse who is, or would be, responsible (if anyone) for 
the substance flow, and to what extent the composition of these flows may be 
influenced (and by whom)”.  

As for environmental management, mainly the effects of local initiatives 
such as those conducted by local environmental authorities (City of Stockholm 
Environment and Health Administration), the local water distributor and 
wastewater treatment company (Stockholm Water Company) and voluntary 
initiatives were studied (Paper I). Furthermore the chemical regulations were 
analysed. Changes in Cd, Hg and Pb flows (as presented in Paper I) can be 
related to all these factors.  

The SFAs conducted in the Stockholm area have been used for monitoring 
and for making environmental decisions about measures to be taken, that is, 
they have been utilized by the decision makers to various extents (Paper I, 
Paper III and Paper V). The studies in this thesis have focused on 
environmental objectives and chemical regulations. One of the steering 
documents for the decisions in the local arena for environmental policy is the 
Environmental and Health Review (Stockholm 2008), which has included many 
SFA results (Paper V). In the latest version (2008), this document interpreted 
sources of emissions. The most important sources of emissions for the 
different substances are presented, with information based on the conducted 
SFAs. Recent SFAs of organic hazardous substances, such as alkylphenols, 
plasticizers and flame retardants (Jonsson et al 2008 and Paper III), have also 
started to be incorporated in the Environmental and Health Review (Stockholm 
City 2008).  
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However, there are examples of usefulness for other agents. Decision makers 
of the European policy process of the End-of-Life Vehicle directive1 utilized 
the study of metal content in brake linings (Westerlund 2001), since it gave 
crucial information about Pb in relation to other emission sources in the SFAs 
included in Bergbäck et al. (2001). Results were included in the preparatory 
work, which described the technical details in view of possible amendments of 
the ELV-directive (Lohse et al. 2001). In Paper III, the results were interpreted 
with the prevailing regulations for Nonylphenol (NP) in mind. There are 
contradictions in the zero emission aims in the Water Framework Directive 
(WFD)4 and other EU policies, such as the risk evaluation and the 
recommendations of limitations for NP and branched 4-nonylphenol, which 
regulate restricted use but not a ban in several applications. The results in Paper 
III may possibly serve as a background document for AP/APEO regulations. 

So is it possible to see any specific methodological reasons for the 
usefulness of SFAs in the Stockholm example? Four explanations were posed 
(Paper V). The first is a method question, whereas the others describe the 
structure of the monitoring. 

 
1. The SFAs were in general of the accounting type.  The repeated studies for 
Cd, Hg and Pb evaluated the situation at present and spotted trends, but also 
made a comparison of different management regimes (Paper I), as described by 
van der Voet (1996). A method discussion according to Daigo et al. (2008), 
however, questioned this approach for being too unsystematic. The experience 
from Paper 1 is, however, that passages from different methods are needed, as 
accounting may be complemented with modelling. Dynamic modelling is rare 
in the Stockholm studies. The Cd results for stabilizers, pigments and surface 
plating in Bergbäck et al. (2006) and Paper I were, however, based on a leaching 
model. This was probably a successful way of modelling these emissions since 
an analysis of life expectancy and lifespan of stabilizers, pigments and surface 
plating, indicate long life-spans and goods in a saturated market phase, two 
criteria important in determination of model approach (van der Voet 2002b). A 
negative aspect of the accounting approach is that the sampling of data is often 
time-consuming and the effort put into the different studies usually takes one 
or more years and involves one or more people (see also Lindqvist 2002, Daigo 
et al 2008). However, what may be achieved is information (empirical material) 
from different sources, providing a more complete picture of the stocks, flows 
and sources of emissions. The empirical data sampling (i.e. the studies) has 
been conducted by researchers and officers at the Department of Environment 
and Health Administration, Stockholm City, in some cases in cooperation.  

                                                
4
 Directive 2000/60/EC of the European Parliament and of the Council of 23 

October 2000 establishing a framework for Community action in the field of water 

policy. OJ L, 327, 1-72 Date 22.12.2001.  
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2. It has been a strength to have access to both the environmental monitoring, 
which indicates the existence of hazardous substances in different 
environmental compartments, and to SFA for source mapping. 
3. To include parameters such as incoming waters to WWTP or sewage sludge 
concentrations and how much the various sources contribute to the pollutants 
found, is a move closer to the users. This focus on emission sources is directly 
related to measures and environmental decisions.  
4. Each study is rich in details, but has been interpreted and, in most cases, 
presented to local decision makers in a more straightforward way, before the 
stage of inclusion in environmental aims.  
 

4.3. SFA in the future urban environment 

In the future, there is likely to be extended global consumption patterns, where 
the flows of goods and stocks must be studied in several ways.  

SFA will be important as a broad tool to synthesize information of one 
substance at a time. The utility of SFA will, according to this thesis, be of 
continued importance, as the analyses can provide total flows and stocks 
together with details about diffuse emissions from goods. It is likely that future 
SFAs will address flows and stocks of additional substances, in order to provide 
decision makers with further environmental information. Especially the 
substances, which are emerging together with new applications and techniques, 
will then be of probable interest. 

We are probably approaching a time of decreased risks of environmental 
contamination in urban areas, as several of the most toxic substances are 
already regulated and have started to be phased out, at least in richer societies 
and urban areas (Lee 2006). Nevertheless there is a need to study what is 
already in use in society and if the stocks are decreasing or not. The emissions 
related to such stocks must also be continually estimated. If goods increase the 
societal flows of metals and xenobiotic organic compounds, the demand of 
SFA knowledge will be more pronounced as the increased metabolism must be 
followed using methods that can analyse diffuse emissions. However, SFAs do 
not offer the possibility of solving the problem of unwanted substances in 
goods, neither do they detect contributions from brand new applications of 
such substances, for example, substances known to be xenobiotic, hazardous or 
toxic. For these substances, the information input to the authorities must come 
from producers near raw material production in the supply chain. If there are 
concerns about the concentrations of certain metals or organic compounds in 
specific goods, then strategies directed towards specific control actions must be 
used, such as the European alert system, which warns of certain dangerous 
goods  (Rapex 2009).  

So future SFA should, based on the experiences from the Stockholm 
example, consider the following parameters when an SFA of accounting type is 
conducted: Compile information from all sources, such as official statistics 
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(local, national and European) including the Products Register, the new 
“Varuguiden”, Trade Register, and Pollutant Release and Transfer Register 
(KUR), business associations, science literature and experts. If needed, do 
complementary chemical analyses of concentrations in goods in a systematic 
way, study release and leakage behaviour and consider life-spans. Furthermore, 
analyse the data to find major flows and stocks. And finally, interpret the results 
and evaluate how the results are related to chemical regulations and 
environmental decisions. 

5. Conclusions 
The urban environment receives emissions from human activity. In order to 
quantify and determine the sources of some of these emissions, substance flow 
analyses of metals and organic compounds have been conducted. This thesis is 
intended to fill a gap in our knowledge about substances not studied in this 
respect before, such as the flows and stocks of Sb and AP/APEOs. For the 
cycles of Cd, Hg and Pb, the trends over time previously were sparsely studied 
and there was a need for a quantification of potential changes. Different agents 
and actions have induced changes, such as chemical regulations and 
environmental objectives and aims, and to what extent these can be related to 
substance flows may be important results for environmental decision makers. 

The results show urban flows and stocks of the metals Cd, Hg, Pb and Sb 
and the group of organic substances AP/APEO. Uncertainties in the results are 
generally large, but managed in intervals. The data in the analyses are based on 
official statistics (local, national and European), information from business 
associations, interviews with environmental managers, transformation of results 
from the scientific community and chemical analyses. Thus, the possibilities to 
systematize data sampling have not been improved due to the fact that 
knowledge of substances flows are held by all the different agents mentioned 
above. The questions of finding out the right sampling size in order to include 
common brands on the market as well as further studies of life-spans of goods 
are important for future research.  

The results confirm that goods are important for the release of the 
substances studied. For Cd, vehicles and cars (40%) and artist's paints (15%) 
were major emissions, and Cd in Zn is still a potentially large source. For Hg it 
was confirmed that amalgam in teeth is the major source (63%) for Hg 
emission.  For Pb, emissions (75%) from ammunition and sinkers are most 
important although the estimation is based on the total outflow to the 
environment. For Sb there is a dominance of emissions from brake linings 
(96%), but there are potential emissions from flame retarded goods, which, 
however, are probably smaller in comparison to brake linings. For AP/APEO 
the importance of textiles was previously underestimated, but new findings 
included in the SFA showed that this is the major emission source. 
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To repeat studies and to compare results from different years opened the way 
for a discussion of the phase-out of Cd, Hg and Pb. The study showed that Cd 
and Hg are being phased out with considerable success as the inflow for 
2002/2003 shows diminished amounts, whereas the emissions remain 
approximately constant. For Pb the uncertainties in data make it hard to say if 
the Pb stock is increasing or decreasing. Certain groups of goods have 
decreased, for example, PVC, electrical and electronic applications, 
ammunitions and sinkers. Thus it is possible to talk about a phase-out of Pb to 
a specified extent, but not in general. Concentrations of Cd, Hg and Pb in 
sewage sludge, which are decreasing, are relevant phase-out indicators for the 
total diffuse emissions from the city. Accumulation or deaccumulation as an 
indicator must not be used other than for theoretical discussions, as the missing 
data especially in the outflows to waste and recycling is misleading. 

To predict what will be found later on in the environment, SFA as a tool to 
monitor societal flows is in general useful. However, in this thesis, no 
environmental monitoring was conducted to validate this statement. In the 
cases of Cd, Hg, Pb, Sb and AP/APEO, however, the concentrations in sewage 
sludge have been useful as a validation point. 

The changes in urban metabolism could be related to environmental 
decisions, such as effects of local initiatives taken by the local environmental 
authorities (City of Stockholm Environment and Health Administration), the 
local water distributor and wastewater treatment company (Stockholm Water 
Company) and voluntary initiatives. The utility for decision makers of SFAs 
may be related to methodological issues, such as the accounting approach, but 
the utility was also found to depend on the structure of the monitoring, that is, 
screening in the environment and concentration in sewage sludge precedes the 
source mapping conducted with SFA. The results are communicated to 
decision makers in a straightforward way. 

Regulation of diffuse emissions from goods must continue to have a wider 
scope. There are chemical regulation aimed at reducing Cd, Hg and Pb in the 
sector of transportation (ELV-directive) and electronics (RoHS-directive), but 
future regulation needs to embrace substances directly emitted from diffuse 
sources, such as chemicals in cleaning agents and remains in textiles. 
Furthermore, the major stocks included in building materials must be 
considered as emission sources. Despite large emissions, chemical regulations 
do not apply to Sb in brake linings. Chemical regulations for Cd, Pb and 
AP/APEO are contradictory, as WFD aims at phase-out, but according to 
other regulations the use may be restricted but permitted. Mercury has recently 
been included in a national ban, which will strengthen Hg-trends already seen. 

To end this thesis with a future outlook, SFA will likely continue to serve as 
the broad information tool, in which information of one substance at a time 
will be synthesized. The value may, especially, be to map the sources to diffuse 
emission from new techniques and applications in relation to existing 
knowledge. 
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8. Abbreviations 
AP Alkylphenols 
APEO Alkylphenol ethoxylates 
ClP Chlorinated paraffins  
Chiat Chemical Hazard Identification and Assessment Tool 
Cu Copper 
Cr Chromium 
ECB European Chemicals Bureau has changed their name to “The 

Consumer Products Safety and Quality Unit” 
ECHA European Chemical Agency  
EINECS  European Inventory of Existing Commercial chemical Substances) 
ELV “End-of-life vehicles”-directive 
EPA United States Environmental Protection Agency 
ESIS  European chemical Substances Information System 
DAT Diantimonytrioxide 
DEHP Di(2-ethylhexyl) phthalate  
NP Nonylphenol 
KEMI Swedish Chemicals Agency 
KUR Pollutant Release and Transfer Register 
Pb Lead 
PCB Polychlorinated biphenyles 
PBDE Polybrominated diphenyl ethers  
PET Polyethylene terephtalates 
PFC Perflourinated compounds 
PVC Polyvinylchloride  
RoHS “Restriction of the use of certain hazardous substances in electrical 

and electronic equipment”-directive 
Sb Antimony 
SEPA Swedish Environmental Protection Agency 
SFA Substance Flow Analysis 
USGS United States Geological Survey 
UN United Nations 
WFD “Water framework”-directive 
WWTP Wastewater treatment plant 
Zn Zinc 

 


