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Abstract 
This thesis encompasses different types of substance flow analyses (SFA) and material flow 

analyses (MFA). It deals with metals, such as cadmium, lead, zinc, nickel and chromium, in 

society and in the environment. It also includes a study of how much natural resources that are 

brought into the technosphere each year, and a study on the amount of hazardous chemical 

products that are imported or produced in Sweden. All studies are material flow analyses but 

on different scales and in three different traditions: the biogeochemical tradition, the SFA 

tradition and the MFA/economy-wide tradition. Papers I-III are made in a biogeochemical 

tradition, studying metals flow in natural systems. Paper I describes cadmium flows in soil-

water-plant systems by mathematical modeling, paper II is a laboratory study quantifying 

important modelling parameters for different types of soils. Paper III measures metals in 

water from different catchments in order to understand the importance of acidification on a 

number of metals. Papers IV-V are SFAs on metals. Paper IV quantifies lead and zinc flows 

in a city region, the municipality of Stockholm, and identifies important stocks and flows. 

Paper V quantifies the flows and stocks of nickel and chromium in Sweden for a number of 

important uses with a historical time perspective. Papers VI-VII concerns economy-wide 

flows. Here the focus lies on aggregated measures to give an overview of societies use of 

natural resources and chemical products. These studies are complementary to more traditional 

risk oriented types of environmental studies. The economy-wide studies are well suited to use 

together with environmental analysis tools such as the environmental accounts (SEEA). 

A conclusion is that all three types of paradigms or traditions are needed and that they 

complement each other. The biogeochemical tradition is today quite dominating in 

environmental policy. The biogeochemical models give information on how nature affects 

different material flows and how transport processes and residence times in different 

reservoirs affect the forms and occurrence of substances. It may also serve as a starting point 

for detailed analysis of the effect of anthropogenic emissions on natural processes. 

Complementary to this information is material flow studies which also includes society in the 

models, be it in the form of an agricultural regime, a new market for consumer products or a 

change in chemicals policy. The link to society also opens up to consider different types of 

policy instruments, such as environmental taxes or producer responsibility, and may also give 

information on how to avoid harmful substances in dissipative uses.  

 

Key-words: MFA, SFA, chemicals, emission factors, DMI, DMC, TMR, metals, fossil fuels 
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Svensk sammanfattning 
Avhandlingen behandlar olika typer av materialflödesanalyser (MFA) och 

substansflödesanalyser (SFA). Metaller som kadmium, bly, zink, nickel och krom i samhälle 

och natur har studerats. Dessutom ingår en studie som beräknar mängden naturresurser som 

tas in i samhället i Sverige per år och en studie om mängden kemiska produkter som 

importeras och produceras. Alla ingående studier är materialflödesanalyser, men i tre olika 

traditioner eller systemavgränsningar: en biogeokemisk tradition, en SFA-tradition och en 

samhällsövergripande tradition. De tre första artiklarna tillhör den biogeokemiska traditionen 

och behandlar materialflöden i naturen. Den första beskriver kadmiumflöden i ett mark-

vatten-växtsystem med hjälp av matematisk modellering. Den andra är en laboratoriestudie 

för att bestämma viktiga parametrar för modellering och kadmiumflöden i olika jordar. Den 

tredje artikeln är en studie av hur försurningen påverkar en rad olika metallflöden i ett 

avrinningsområde. Artikel IV-V är SFAer om metaller. Den fjärde artikeln beräknar 

upplagring och flöden av bly och zink i Stockholms stad under ett år. Den femte skattar flöden 

av nickel och krom i Sverige under 1900-talet. De två sista artiklarna beräknar samhällets 

användning av naturresurser och av kemiska produkter från inflödessidan. De utgör ett 

komplement till mer traditionella riskbaserade miljöstudier. De är lämpliga att koppla ihop 

med samhällsbaserade miljöanalytiska modeller som miljöräkenskaper (SEEA). En slutsats är 

att alla tre typer av paradigm eller traditioner behövs och att de kompletterar varandra. Den 

biogeokemiska traditionen är dominerande som underlag till dagens miljöpolicy. Den ger 

information om hur ämnen rör sig och påverkas av naturen och om transportprocesser och om 

uppehållstider i olika reservoirer. Den kan också utgöra en startpunkt för ingående analyser av 

den mänskliga påverkan på naturliga system. Som ett komplement till dessa studier behövs 

MFAer som också tar med samhället i modellerna, t ex i form av en viss typ av jordbruk, nya 

produkter eller ändringar i kemikalieanvändningen. Länken till samhället gör det möjligt att 

studera inverkan av styrmedel som miljöskatter, producentansvar, och också ge information 

om hur man kan undvika miljöskadliga ämnen i användningsområden om innebär stor 

spridning. 
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The thesis is based on the following papers, which will be referred to by their roman 

numbers: 

 

I. Palm V, 1994. A model for sorption, flux and plant uptake of cadmium in a soil profile: 

model structure and sensitivity analysis. Water, Air and Soil Pollution 77:169-190. Kluwer 

Academic Publishers 

 

II. Palm V, 1998. Freundlich isotherms for sorption of cadmium onto soil, as functions of soil 

water constituents. In Prost R. (Ed.): Contaminated soils 3rd International Conference on the 

Biogeochemistry of Trace elements. Paris, May 15-19, 1995. Coll. Les colloques, no 85, 

1998. ISBN 2-7380-0775-9. INRA Editions Versailles, France. 

 

III. Lyvén B, Palm V, Haraldsson C and Östlund P, 1998. Trace metals in the Lake Gårdsjön 

Catchments. In Hultberg H and Sheffington R (Eds): Experimental Reversal of Acid Rain 

Effects. The Gårdjö Roof Project. John Wiley & Sons Ltd 

 

IV. Palm V and Östlund C, 1996. Lead and zinc flows from technosphere to biosphere in a 

city region. The Science of the Total Environment 192, 95-109. Elsevier Science 

 

V. Palm V, Bergbäck B and Östlund P, 1995. Nickel and chromium in Sweden. The National 

Chemicals Inspectorate. Report No 14/95. Solna, Sweden. 

 

VI. Palm V and Jonsson K, 2001. Material flow accounting in Sweden: Material Use for 

National Consumption and for Export. Submitted to Journal of Industrial Ecology.  

 

VII. Palm V and Jonsson K, 2001. Indicators on the use of chemicals. The magnitude of 

chemical product use in different industries. Submitted to Environmental Science and 

Pollution Research. 

 

 

 

The papers are appended and reproduced with kind permission from the publishers. Papers I 

and II were appended in my licentiate thesis. In this thesis the focus is on papers III-VII. 
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1 Introduction 
 

1.1 The aim 

The aim of this thesis is to give an overview of a few different types of material flow analyses 

in nature and in society and key results, and thereby contribute to the understanding of 

material flow analyses as environmental systems analyses tools.  

For papers I-III in the thesis, the general aim has been to quantify the flows of different metals 

in the biosphere, in order to understand what mechanisms will decide their redistribution.  

For papers IV-V the general aim has been to identify and quantify certain flows or stocks in 

society of metals of importance for environmental issues, such as how environmental 

problems can be avoided through changes in use. 

For papers VI-VII the aim has been to give an overview of some important economy-wide 

material flows, which can serve as a basis of comparison for evaluating the impact of different 

initiatives to promote resource efficiency and to improve on chemicals policy. 

 

1.2 Background 

Material flow analysis is a broad concept, and studies of varying scope and perspectives are 

being made in this field. The point in common is the use of the law of mass preservation, and 

the use of physical measures of substances or materials within a chosen boundary. Material 

flow analyses (MFA) can cover both substance flow analyses (SFA) of for example certain 

metals, and what is sometimes called ‘bulk material flows’ of materials such as oils, plastics, 

wood etc. Figure 1 illustrates the wide spectrum of materials that can be studied in MFAs. 

Also the geographic or administrative boundary varies between studies. Some studies 

concerns flow of elements in the biosphere or geosphere with a focus on environmental 

compartments such as catchments, forests, farmland or similar. We will refer to these types of 

studies as biogeochemical studies (see e.g. Butcher et al, 1992). Others have a boundary of a 

company, a municipality, a region, a nation or a larger region.  

 



 8 

 
 

Figure 1. Materials or substances that can be of interest for a material flow analysis (Steurer, 1996). 

 

The river basin or catchment as a geographical boundary has been in focus in some of the 

most well known studies, such as the study of metal flows in the Hudson basin (Ayres & 

Ayres, 1988) and the Rhine study at IIASA (see e.g. Anderberg, 1996). The term Industrial 

metabolism was coined, defined and established as a discipline, and the importance of diffuse 

emissions was recognised by e.g. Ayres et al, 1989, Ayres1998 and Ayres & Simonis, 1994.  

 

In Europe, the Nordic countries and the Netherlands have been particularly interested in 

substance flow analysis (SFA) as tools for environmental policy making (e.g. Boisen and 

Hansen, 1993; Bergbäck et al, 1994, Kleijn et al., 1994; Lohm et al, 1994; Bergbäck et al, 

1995; Paper V; Brandt et al, 1996; Hansen et al, 1996a, b, c, d; Hoffman, 1996; van der Voet 

et al 1996 a, b, c; Molenaar, 1998; van der Voet et al, 2000; Jonsson, 2000). Several Swedish 

contributions assessing historical emissions have been made (Bergbäck, 1992; Eklund, 1995; 

Anderberg, 1996, Svidén, 1996). Many studies have been inventories of flows, some with 

today’s flows (Burström, 1996) and others presenting dynamic models suitable for making 

analysis of future emissions (van der Voet et al., 1995a,b).  
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In Austria, Germany and Switzerland MFAs of bulk materials have been of particular interest. 

Some studies have had an interest in waste handling and material flows or regional 

metabolism (Baccini and Brunner, 1991). Others have been concerned with the total input of 

materials from nature to society (e.g. Adriaanse et al, 1997; Hüttler et al., 1998; Weisz et al, 

1998). In some of these studies the importance of the so-called indirect or hidden flows, 

emanating from mining, erosion and other movements of mass have been stressed. A recent 

study has also calculated and compared the output from society, in the form of air emissions, 

water emissions and waste, from several countries, and points out that carbon dioxide flows 

are dominating (Matthews et al, 2000). The coupling between material uses and energy 

demand has been in focus in other studies (Gielen, 1999, Ahlroth, 1999). Physical input-

output analyses have also been performed for some countries such as the Netherlands (Konijn 

et al, 1995), Denmark (Gravgård Pedersen, 1999) and Germany (Stahmer et al, 1997). 

 

1.3 Methodology guides 

A lot has been said on the need for a common framework or methodology, in order to 

facilitate comparisons between studies. Attempts of streamlining certain types of studies 

within this field have also been made. For substance flow analyses (SFA), van der Voet, 

(1996), suggested a framework with three components: definition of the system studied, 

inventory or quantification of stocks and flows and finally interpretation. In Denmark, a 

national guide for SFA (Boisen and Hansen, 1993) studies has been used in a vast number of 

national studies for different materials. For economy wide material flow analyses, a 

methodology guide “for national compilers” was recently published by Eurostat (Eurostat 

2001). 
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1.4 MFA as an environmental policy analysis tool 

This section is based on the results from discussions held in Focus group I on policy relevance 

of MFA during a ConAccount1 conference, (Bringezu et al, 1998b), where the author of this 

thesis was responsible for moderation and protocol. 

 
1.4.1 MFA as a policy tool 

At least two different types of uses of MFA as a policy tool can be identified:  

• MFA as a diagnosing instrument to help actual policymaking.  

• MFA as an information tool creating public awareness of a certain problem or 

solution. 

 

As a diagnosing instrument MFA is most likely used by people with certain knowledge in 

environmental policy, be it on state level or for a region or a company. The actors could be 

organisations, industries, ministries etc. It can also be used to put the management solutions in 

a societal perspective. For instance, if metals such as cadmium or arsenic are banned from 

certain types of uses, but still mined as by products to other metals, they are liable to enter 

other product chains for economic reasons (see e.g. chapter 6 in van der Voet, 1996). 

 

One example of MFA as an awareness tool is to address the total consumption of some 

material in relation to the total impact on the environment (see below).  

 

1.4.2 Examples of environmental problems where MFA can be used 

In Table 1 an attempt is made to list some environmental problems for which MFA could be 

used as a diagnosing instrument or for awareness raising.  

 

 

                                                           
1 ConAccount was a concerted action titled "Coordination of Regional and National Material Flow Accounting 
for Environmental Sustainability", coordinated by the Wuppertal Institute in Germany, CML of Leiden 
University in the Netherlands, the Department of Social Ecology, IFF at Vienna University in Austria and 
Statistics Sweden. The main aims of ConAccount were to inventory activities within the field of Material Flow 
Accounting (Bringezu et al, 1998a) and to serve as a platform for discussions on MFA. ConAccount started 1996 
as a concerted action sponsored by the Environment and Climate Program of the European Union (DG XII) and 
ended 1998. During the ConAccount process two international meetings, both with approximately one hundred 
participants, were organised: a workshop in Leiden in January 1997 (Bringezu et al, 1998b) and a conference in 
Wuppertal in September 1997 (Bringezu et al, 1998c and d). The members of the Steering Committee have 
partly continued their work after the concerted action has ended. One of the activities of the Steering Committee 
is to organise meetings for researchers/policy makers working on/with MFA. In 1998, a workshop followed in 
Amsterdam. In 1999, a conference was held in Vienna, and in 2001 a workshop was held in Stockholm. Since 
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Table 1. Environmental problems where MFA can be of help (Bringezu et al, 1998b). 

Environmental problem substance or material 

Climate change fossil carbon, bulk materials 

Ozone depletion various substances 

Eutrophication nitrogen, food 

Acidification sulphur, nitrogen 

Toxification chemicals, metals, fuels 

Resource depletion resources: non-renewable and renewable 

Land destruction through mining fossil fuel and metal 

Waste management waste 

Equity between generations total consumption 

Equity between regions total consumption 

 

For different substances it is often fairly straightforward to class what environmental 

problems are of interest. For materials this procedure is not equally transparent. From the list 

it appears that handling of bulk materials such as construction materials and fuels are of 

interest for climate change, toxification, resource depletion, waste management, land 

destruction and equity questions. Another ‘material’, namely food, is of interest for 

eutrophication.  

 

 

1.4.3 Policy instruments and actors 

The distinctions between the uses of SFA and analysis of bulk flows are outlined in Table 2. It 

was noted that the use of SFA is already established in several countries, where it is used by 

Environmental Protection Agencies (EPAs) to monitor and evaluate current regulations. The 

analysis of bulk flows has also been made, notably in Germany and Austria, but for 

information purposes rather than for regulation. It was expected that the use of bulk flow 

analysis will become more common in the future, perhaps used as indicator of sustainability 

and also in different scenario work together with other tools. In some of the work conducted 

to see where recycling can become effective, including such materials as paper, glass and 

rubber, the material flow analysis can be of interest.  

 

                                                                                                                                                                                     
2000 the European Environment Agency supports ConAccount by providing the framework for an Interest 
Group under Enviro Windows.  
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Table 2. Distinction of the use of SFA and bulk flow analysis (Bringezu et al, 1998b). 

 SFA Bulk flow analysis 

Type of policy Environmental control, ‘back end 

problem’ 

Resource, ‘front end problem’ 

Main MFA use monitoring, evaluation Scenario work together with 

other tools 

Actors EPA, Chemicals inspectorate Public, branches, ministries 

Main policy 

instruments 

Bans, regulation Information, taxes 

Solutions Substitution Increased efficiency, recycling, 

changes in technology 

State of use Current Prospective 

 
 

 
 

1.5 The system of integrated environmental and economic accounts 

(SEEA) 

In the early 1990:ies, the System of integrated Environmental and Economic Accounts 

(SEEA) was defined and adopted as an international initiative under the UN. The SEEA in 

Sweden has been developed since 1993 as a satellite accounting framework to the national 

accounts. It contains information on physical flows of natural resources, emissions and waste 

divided per industry, and information on economic variables of specific importance to 

environmental issues (Figure 2), as well as physical and monetary accounts for particular 

natural resources such as water and forests (Palm, 2001). A new manual for the accounting 

work is under development (An early version can be downloaded from Statistics Canada’s 

homepage, www4.statcan.ca/citygrp/London/London.htm). By the nature of its composition, 

with a linking between economic and environmental quantities through the international 

industry classification system NACE, the system can be used to assess questions such as the 

environmental pressures linked to product groups (Finnveden et al, 2001), the effects of 

environmental taxes (Sjölin et al, 2000) or the effects on environment from international trade 

(Westin et al, 2000). This economy-wide environmental analysis tool is suitable to combine 

with economy-wide MFAs, if they are divided per industry (Isacsson et al, 2000). 
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Figure 2. Input to and output from the economy (Paper VI). 

 

1.6 Some problems associated with the substances discussed  

This thesis is based on work that has mainly dealt with metals. Many metals have been 

recorded as harmful to humans in the work environment. These investigations concern high 

concentrations and frequent exposure situations. To assess what these findings mean in the 

context of lower concentrations of the same metals to the entire population is rather tricky. To 

increase the difficulty, the population as a whole includes sensitive groups such as children, 

pregnant women, allergic people etc. Furthermore, the metals will react with other substances 

and this may both increase and decrease their toxicity. Thus, science cannot be expected to 

give the whole answer to what risks will be at hand. That is of course also a reason why the 

precautionary principle was introduced. 

 

Cadmium is a documented health and environmental risk at low concentrations (Friberg et al., 

1971). Cadmium is a threat to human health in various ways, well known by disasters caused 

by high cadmium concentrations in rice in the Minnamata region that gave skeleton 

deformations to the population, and by problem in workers health. Today, parts of the 

population in the industrial world have concentrations of cadmium in their bodies, which may 

cause urinary problems. A large part of the exposure comes from tobacco smoking, as 

exposure through the lungs is more efficient than exposure through food and water. Risk 

groups are also people who eat too little calcium and iron, so that women may be a group of 

particular concern. Cadmium concentration is rising in the soils due to precipitation from air 

emissions from industry and fuel burning, but also from fertilisers with high cadmium 

content. The content of cadmium in wheat and carrots have been an issue for the farmers in 

Sweden, as consumer groups have put pressure on the content of cadmium in food. 
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Lead is also a metal that is a concern because of health issues. The emissions from leaded 

petrol gave measurably higher concentrations in human bones, and have been suspected to 

cause mental harm. Lead in ammunition is also a problem for birds, as they eat stray bullets 

from shooting ranges and die of toxification. Zinc is toxic to water organisms in 

concentrations which can be expected to be found in acidified lakes. Both chromium and 

nickel are known to cause dermatitis, allergic reactions to the skin. 

 

Nickel has been ranked the most common cause of allergic contact dermatitis (Jansson & 

Mellström, 1991). The main route of harmful exposure to nickel causing contact allergy is 

through ear piercing and jewellery. It is estimated that around 10% of the women and 1% of 

the men in the USA, Finland and Denmark are sensitised to nickel. Investigations on 

schoolgirls aged 8, 11 and 15 showed that 13% of those who had their ears pierced were 

sensitised to nickel in skin tests compared to 1% of those without pierced ears (KemI, 7/93). 

Other investigations on men doing their military service have given similar results (Lena 

Widström, Mälarsjukhuset, Eskilstuna, pers. comm.). It seems that the ailment is becoming 

even more frequent. Several studies have shown that among younger women the percentage 

may be as high as 20-30%. There is a risk that nickel dermatitis can seriously restrict one's 

ability to work and lead to difficulties in finding a job.  

 

Several Swedish and Norwegian studies have been made on people who are exposed to 

chromium in their work. The studies are not able to distinguish the incidence of lung cancer as 

caused by chromium exposure, so that the quantification of an exposure-risk relationship 

cannot be made (EHP, 1991). It is difficult to estimate the risk for the general population by 

extrapolating from occupational conditions. One reason is that there is substantial evidence 

that the carcenogenicity is a function of the rate of cell turnover in the lung. Since the workers 

in the studies made can be expected to have had a large rate of turnover, because of smoking 

and other substances present in the air, such as asbestos, it can be argued that they were more 

vulnerable than the average adult. On the other hand, the whole population will be exposed to 

a certain concentration of chromium in air constantly, not only during working hours. The 

most sensitive individuals, who would be expected to avoid a job where they were exposed, 

are thus not included in the estimation. It must also be considered that high cell proliferation 

rate in the bronchial mucosa is characteristic of the growing individual, who would be more 

sensitive than the average adult (ibid).  
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2. The different studies in the thesis 
The first two articles have been included in the authors’ licentiate thesis, Modeling cadmium 

fluxes in soil-water-plant systems (Palm V, 1996), and will only be briefly summarised here.  

 

2.1 Paper I. A model for sorption, flux and plant uptake of cadmium 

in a soil profile: model structure and sensitivity analysis.  

A model was designed to study cadmium flows in a soil-water-plant system. The project 

sprang out of a concern for how storing and spreading of coal ashes and wood ashes could 

affect the environment. The model tied together information from several disciplines and 

made a theoretical sensitivity analysis of which parameters seemed to decide the distribution 

of cadmium in the system, when it was added on top of the soil. The model worked with three 

major assumptions:  

1. That the soil-water-plant interaction can be described by the existing SOIL model 

(Jansson, 1990), with parameters representing different types of soils, vegetation and 

precipitation patterns. 

2. That cadmium sorbs to the soil according to a linear or non-linear sorption Freundlich 

isotherm.  

S=k . Cn      [1] 

where k and n are experimentally determined constants, C is the concentration in solution, 

mg/l, and S is the concentration in the soil, mg/kg. 

 

3. That the plant receives cadmium passively, as a contaminant in the water uptake, with 

neither active uptake nor active filtering of cadmium. This assumption is a first step, since it is 

not known how the uptake takes place. 

In the sensitivity analysis it was investigated how the distribution of Cd was affected by 

• the 'strength' (k) of the sorption  

• the shape (n) of the sorption isotherm  

• the variability of the water flow, as compared to a constant mean value on water flux 

and on root water uptake 

• other hydraulic parameters, such as the precipitation pattern and the hydraulic 

conductivity of the soil. 
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The 'strength', k, presented in the results was varied between 0 and 200 l/kg. The case where 

k=0 corresponds to a hypothetical situation where Cd behaves as a conservative tracer. This 

might seem odd to test when it is out of the range reported in the literature (5-2500 l/kg). 

However, for the sensitivity analysis of the hydrological parameters, it is convenient that Cd 

is mobile. Very high values such as k=1000 l/kg were tested but will not be presented as no 

changes can be seen during the time period of interest. Results are presented in Table 3. 

 

The modelling results points to the sorption isotherm as an important parameter, deciding how 

quickly cadmium spread in the system. Therefore, the next step of the project concerned 

testing which sorption isotherms are likely in some Swedish soils of different character.   

 

Table 3. Simulated plant uptake of Cd with different isotherms and with different amounts of Cd 
applied to the soil. The approximate concentrations indicate the magnitude of Cd in soil water. The Cd 
plant uptake is given in percent of applied Cd.  
Cd applied 
mg/m2 

k 
litre/kg 

n Approx. Conc 
µg/l 

Cd plant 
uptake % 

10 5 1 10 20 
10 5 0.5 1 0.5 
10 5.4 0.82 3 16 
10 150 0.8 0.1 0.3 
10 105 1 1 2.7 
100 5 1 100 20 
100 5 0.5 100 5 
 
 

 

2.2 Paper II. Freundlich isotherms for sorption of cadmium onto 

soil, as functions of soil water constituents. 

From this laboratory study linear and non-linear isotherms were obtained for three different 

soils, two agricultural soils and one forest soil. The agricultural soils had the largest sorption 

capacity for cadmium, and the forest soils had low sorption capacity.  

 

Freundlich isotherms for cadmium (Cd) sorption onto soil were calculated from batch 

experiments with a solid:liquid ratio of 1:10 (by weight). The Cd concentration in soil was in 

the range of 0,03-30 mg/kg soil (10-10 - 10-6 M in soil water). A sandy soil, a clay soil and 

two layers from a podzol were used as sorbents. For each sorbent two isotherms were made; 

one with soil, Cd and water, and the other with soil, Cd and leachate from wood ash. The 

leachate from wood ash has a high pH and contains base cations, sulfate and chloride, which 
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interact with cadmium and may alter the amount of Cd dissolved in water. The aim of the 

study was to get isotherms which can be used for transport modeling of Cd fluxes on different 

soils, as well as to estimate the influence of soil type and soil water constituents on the 

isotherms. The isotherms were compared with calculations on a similar system, with 

equilibrium constants taken from literature. 

 

Plotting the isotherms, it is clear that the soil type is important for the Cd sorption as well as 

the addition of ash leachate (Figure 3). The pH-value in the leachate is not decisive for the 

resulting isotherms, even though the addition of ash leachate gives stronger adsorption in all 

the cases. Most Cd is sorbed on the clay soil, slightly less on the sandy soil and much less on 

the two horizons from the podzol (illuvial and bleached horizon).  

 

Figure 3. Seven isotherms in the same figure indicate the importance of the soil for the sorption 

capacity. (B-horizon without ash not shown, as it lies outside this range) 

 

With linear curves fitted to the data, kd-values range between 40 l/kg for the B-horizon and  

2 800 l/kg for the clay (Table 4a). The mobility is thus very different in the different cases.  

 

To obtain the k- and n-values for the non-linear curves (Table 4a), the least square method 

was performed on the logaritmized data. It can be noted that the n-values increase somewhat 

with increasing pH. The non-linearity makes comparison of the sorption magnitude difficult, 

as the dimensions are not comparable between different n-values. Another difficulty with non-

linear isotherms is of course that the coefficients demand many data points in order to be 

accurately assessed. In cases such as these, where the isotherms can also be described with 

linear isotherms, the coefficients from the non-linear curves are less suitable for modeling 

purposes. 
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Table 4a. The sorption coefficients for the 4 soils, with ash leachate* and without 

soil type kd, l/kg kd*, l/kg k (l/kg)n n k*, (l/kg)n n* 

sandy soil 1 300 1 400 25 0,8 293 0,9 

clay soil 2 600 2 800 17 0,7 86 0,8 

podzol, A-horizon 190 800 0,84 0,6 60 0,8 

podzol, B- horizon 40 1 200 7,4 0,8 - (linear) 1,0 

 

 

From literature several suggested equations for calculating cadmium mobility were tested. To 

evaluate the possibility to generalize the isotherms by using data on the soil water content the 

following equation is used, with parameters K as determined by Berggren (1990) for two 

different soils: 

 
pCd=-log[1/(CEC/X1/2Cd -1)2] - 

- 2log[ {Al3+}1/3KAl/Cd + {Ca2+}1/2KCa/Cd + {Mg2+}1/2KMg/Cd +  

+{Mn2+}1/2KMn/Cd + {Na+}KNa/Cd + {K+}KK/Cd + {H+}KH/Cd ] [2] 

 

Equation [2] was derived assuming that the sorption is an ion exchange, with Cd2+ as the 

dominating species. The values on the Cd-concentrations were compared to the concentration 

in the soil water of the untreated soils. For all soil except the clay soil, the calculated values 

were about a factor ten higher than those measured. 

 

Some empirically derived equations have been presented, that evaluate the influence on the 

isotherms of pH and organic content.   

 

de Haan et al, (1987) 

 q=2,37 (H+)-0,48 τ 0,004 C0,8   [3a] 

 where q is [mol Cd/kg dry soil], C is [mol/l], 

 τ is organic matter in weight percent. 

 

Christensen (1989) 

 log kd =-0,738 + 0,528 pH    [3b] 

 log kd = -1,35 + 0,587 pH + 0,157 τ    [3c] 

 log kd = -0,943 + 0,542 pH + 0,162 τ +0,5 CEC   [3d] 
 log kd = -1,101 + 0,512 pH + 0,512 log τ  [3e] 

 

By using the data set from the experiments in these equations, predictions of the resulting kd:s 

were calculated (Table 4b). As can be seen, the predictions of the kd:s are far from the 
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measured values in most cases. It can be noticed that [3b] to [3e] were derived from sandy 

soils, with organic contents of maximum 4,1 %. Except for the clay case, the measured values 

are always higher that [3a] and [3e], but lower than [3b] and [3c]. The non-linear isotherms 

that have the same n-value (0,8) as [3a], are quite close to the predicted k-values. 

 

Table 4b. The calculated coefficients, using the experimental data set in equation [3a] to 3[e]. 

Experimental k and kd from table 4. * indicates experiments with ash leachate added 
eq no sand sand* clay clay* a-horizon a-horizon* b-horizon b-horizon*
3a k 39 76 43 83 8 26 12 88
3b kd 238 494 211 438 19 71 24 211
3c kd 1178 2650 1646 3703 582 2572 2423 27606
3d kd 1919 4057 2947 6232 1183 4670 4988 47152
3e kd 210 426 206 418 25 91 36 298

kd 
exp. 

1300 1400 2600 2800 190 800 40 1200

k, 
n=0,8 
exp. 

25 86 60 7,4

 
The tested equations predicted concentrations and kd values which differed from the 

experimental values by a factor of ten. As the sorption isotherm is a sensitive parameter for 

prediction of cadmium flows, this means that the equations need further refinement, if they 

are to be used for these purposes. 

 

After my work on the model ended, the model was taken over by a team of workers at the 

Swedish Agricultural University at Ultuna who continued the work (Perttu et al, 2001. 

Manuscript.). 
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2.3 Paper III. Trace metals in the Lake Gårdsjön catchments  

In a large international field experiment of deacidification in the lake Gårdsjö catchment, a 

roof was being built in the forest to prevent acid rain to reach the soil in a smaller catchment 

leading out into the lake. Another catchment was being treated with extra amounts of 

nitrogen, enhancing the acidification process.  

 

Trace metal concentrations of arsenic, cadmium, cobalt, copper, iron, lead, manganese, nickel, 

vanadium and zinc in run-off water where analysed in three different catchments, a reference 

catchment (F1), the roofed catchment (G1) and the nitrogen treated catchment (G2), from 

1991 to 1995. The catchments differed in the amount of acid deposition and trends of 

deacidification were sought for and found (Figure 4a).  

 

Figure 4a. The decreasing metal concentrations in the catchments over time. Relative change in metal 

concentration calculated by least squares fitting of a straight line to all determined concentrations of 

each metal. The error bars denote the standard deviation of the slope calculated at the 1σ level.  

Unfilled triangle: reference catchment, Filled triangle: the roofed catchment. 
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Figure 4b. An example of how metal concentrations vary in time, cadmium (Paper III). 

Unfilled arrows: reference catchment (F1). Filled arrows: roofed catchment (G1).  

Squares: Nitrex Catchment (G2) 

 

This type of analysis, measuring concentration of trace metals in soil water, is in many ways 

difficult to interpret. The concentration of metals in soil water is largely depending on the 

drought and rain patterns in relation to the measurements. Typically, we would record large 

concentrations after the summer droughts and the autumn rains (Figure 4b).  

 

However, the design of the Gårdsjö experiments, where fairly similar catchments in the same 

area where investigated simultaneously, facilitated the interpretation of the data. The 

conclusions were that the studied trace metals did become less mobile over time as the acid 

deposition decreased, with exception for iron and lead. 

 

The effect of less acidifying substances in the rain deposited on the Gårdsjö area was seen as 

decreasing trace metal concentrations in soil water both in the reference catchment and in the 

roofed catchment (where an irrigation system with 80% less acids in the water had taken the 

place of the ordinary rain fall). Over the time period a statistically significant decrease in the 

ratio G1/F1 of the metal concentrations was observed for cobalt, manganese, vanadium and 

zinc at the 2σ level, and for arsenic, cadmium and copper at the 1σ level. 
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2.4 Paper IV. Lead and zinc flows from technosphere to biosphere 

in a city region   

 

The fourth study concerns lead and zinc flows in an administrative area, the city of 

Stockholm. In this study, the stocks of metals in society are calculated. By assessing the 

stocks of metals in contact with surrounding air, soil and water and applying calculated 

emission coefficients, metal flows from society to nature were calculated. By comparing with 

the measured outflow of metals through the sewage treatment plant a picture of the 

anticipated future flows was obtained.  

There are several reasons for studying a city as a special case. The population is large and the 

amount of building materials is concentrated to a relatively small area. This means that the 

dissipative uses from products are easier to detect in a city region, than in a less densely 

populated area. Also, since the households are connected to waste water treatment plants, 

some of the dissipative uses can be seen as 'fingerprints' in the sludge. However, it is expected 

that the large direct emissions over the time period 1950-1980 are likely to dominate the 

historical emission situation for the city, and that the contributions from products such as 

street furniture, that is street posts, benches, letter bins etc, have remained virtually unnoticed 

until recently. 
 

By identifying the main product categories and quantifying the pools of metals, the amounts, 

flows and use of lead and zinc in the city of Stockholm have been studied. The emissions of 

metals into different environmental media are estimated (Table 5a and b). The pools and 

flows in the biosphere are estimated, and compared with the anthropogenic pools and 

emissions. Finally, the product emissions are compared with the measured dissipative use, 

based on the metal concentrations in the sludge at the main waste water treatment plant and in 

storm water (Figure 5).  
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Figure 5. The flows with the water sewage system including the waste water treatment plant at 

Henriksdal in Stockholm.  

 
    rain 0,9 tonnes Pb    
    2,4 tonnes Zn   80 % Pb 
incoming water     1 tonne Pb 60 % Zn 
(to households etc)     13 tonnes Zn sludge 
    Stockholm city  waste water treatm.  
0,035 tonnes Pb        
0,070 tonnes Zn        
   storm water to soil and recipients   
 From soil   1,5 tonnes Pb  water to recipient  
 to recipient  20 tonnes Zn  20% Pb   
 ?     40 % Zn   

 

The amount of lead that is recorded in the waste water treatment plants can mainly be 

explained by deposition. However, emissions from many of the product categories quantified 

for lead in Stockholm are not likely to collect at sewage treatment plants. Instead, the 

emissions are more likely to be noticed in the storm water, the soil and the sediments around 

the city. In total, about 45 000 tonnes of lead and about 6 000 tonnes of metallic zinc are 

quantified in the study. The product emissions were roughly estimated to 12 tonnes of lead 

each year. There are however, large uncertainties in the emission factors. The city can 

definitely be regarded as a source of zinc pollution. This can be seen in the flows that are 

registered in the waste water treatment plants, and the estimated storm water flows. From 

these estimates, the city appears to contribute with about 30 tonnes of metallic and biogenic 

zinc each year to surrounding waters and to sludge. For the product groups and the emission 

factors used in this study, a zinc emission of about 17 tonnes per year was estimated, with the 

main contributions from street furniture, tires and buildings.  
 

We also calculated and applied different emission factors for uses in different environments. 

Emission factors are important but largely missing components of the material flows of 

environmentally harmful substances. For lead, many of the stocks are large, but relatively 

immobile. The lead coming in by precipitation largely reflects the output in the sewage 

sludge. However, for zinc, the picture is different, as there are many local sources of 
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pollution. This means that the future emissions are dependent on the action of the local 

companies, the residents and the administration. The administration is also working 

practically with material flow analysis as a tool to communicate to the concerned people how 

their material choice of e.g. roofs and street furniture can affect the metal emissions from the 

city. The emission factors for corrosion processes depend on the surrounding environment 

(air, soil, water) and on the size of the surface exposed. This implies that it may be equally 

interesting to register the surface of metal exposed as it is to know the amount in weight. 

Emission factors related to both weight and to surface area are thus of interest. However, in 

this study only emission factors related to weight are used. 
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Table 5a. Lead amounts in products in Stockholm municipality, as estimated in this study. 

 wwtp = waste water treatment plant. 

products amount  

(tonnes of lead) 

surrounding 

media 

recipient for 

emissions from 

product 

batteries (cars, lorries, trucks, 

stationary) 

6 700-8 900 acid, 

encased 

out of the system 

cable sheathing (electricity) in 

buildings*  

680 air 

 

 

cable sheathing (electricity) 

outdoors  

11 600 soil soil, ground water 

cable sheathing (telephone) 

outdoors 

8 900 soil  

cable sheathing (gas pipes) 

outdoors 

120 soil  

ammunition the last 10 years 55 soil  

petrol since 1946  4 200 water/soil sediment/soil 

lead jointed waste pipes in 

buildings*  

8 000 water 

(inside) 

wwtp 

lead jointed water pipes 

outdoors  

2 000 water/soil wwtp 

PVC pipes  120 water/soil wwtp 

chimney cases  300-1 000 rain** sediment 

balancing weights for wheels  40-60 rain** sediment 

yacht keels 800-1 250 water sediment 

fishing weights since 1973  50-80 water sediment 

sum of the above 44 000-47 000   

* Buildings includes flats and offices, but not industrial buildings. ** The surrounding media is 

outdoor air, but the corrosion is also depending on whether the metal is sheltered or exposed to rain. 
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Table 5b. Amount of zinc in certain products, as estimated in this study. 

Zn tonnes Media 

roofs and building surfaces 1 600 rain* 

lamp posts 342 rain* 

street furniture 800 rain* 

cars (tires not included) 1 500 rain* 

tires 200 rain* 

water pipe couplings 1 000 water 

batteries used in the last 10 

years 

900 acid, encased 

Sum (rounded) 6 300  

* The surrounding media is outdoor air, but the corrosion is also depending on whether the metal is 

sheltered or exposed to rain. 

 

Emission factors related to weight 

For lead, some estimations of the corrosion of products in soil and in air have been made. The 

estimations concern a roof, i. e. a plane surface, a cable, i. e. a cylinder, and shotgun pellets, i. 

e. spheres. From these studies, emission factors for lead products are calculated (Table 6a).  

Table 6a. Emission factors for lead products (See Paper IV for references) 

Product Media Emission [weight/(weight year)] 

shotgun pellets soil 0,01 

cable soil 0,00012 

lead roof rain/air 0,0005 

 

                                                           
2 Thanks to Richard Obernosterer, Austria for pointing out the error in the printed article. 
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The roof study was performed in Denmark, on an ancient church from the twelfth century. 

The lead roof was about 2,5 mm thick and is normally re-laid every 100 or 200 years, (the old 

sheets of lead are melted down and new lead is added). An addition of 10 percent of lead 

every 200 years corresponds to about 11 kg of lead per m2 of roof area over a period of 800 

years. This would give a yearly emission factor of about 0,1/200 = 5 . 10-4 kg/kg and year 

(Table 6a). 

 

The lead sheathed cables were studied in sandy soils, boulder clay, sedimentary clay and 

gyttja clay. The cables were put in the soil 30 to 45 years ago and of the lead released, 83-98 

per cent was found within five centimetres of the cables. In the majority of the investigated 

soils, background lead levels were found 25-35 cm below the cables. The acidic gyttja clay 

was an exception, where lead seemed more mobile.  

 

The quantities of released lead were found to be between 0,8 and 19,5 grams of lead per meter 

of cable. The cable contained about 2 kg of lead per meter. The emission factor is estimated to 

be of the size 20 g/2000 g=0,01 or 1% of the cable in a time period of 40 years, or 0,025% per 

year. Since 20 g was the upper limit of the estimated lead release, a general emission factor 

was estimated to be 0,001 weight/weight and year (Table 6a). 

 

The shotgun pellets study indicated a rapid transformation process when compared to the roof 

and the cable. Within 6-13 years, 5-17 percent of the metallic lead was transformed. The 

transformation processes proceeded more rapidly in cultivated than in natural or grassland 

soils. It was estimated that all the metallic lead of pellets would be transformed within 100-

300 years. The emission factor was estimated as lying in the range of 0,05/6= 0,008 and 

0,17/13= 0, 013 weight/weight and year (Table 6a). 

 

If these emission coefficients are combined with the information on lead products in different 

media, the flow from the ammunition in Stockholm becomes about 55 kg per year to the 

surrounding soils. For the cable, the yearly emitted amount would be 20 tonnes per year to the 
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surrounding soils. For the lead on building details and other details in contact with both air 

and water, the emissions would be up to about 5 tonnes per year to the waste water treatment 

plants or directly with storm water to the recipients.  

 

For zinc, corrosion rates have been established in many studies as it is of vital importance for 

rust-proofing properties. The corrosion depends on the SO2-concentration and on the amount 

of wet hours. The emission factors may be smaller than what can be calculated from the 

corrosion rate, since some of the corrosion products may remain on the surface of the zinc for 

some time. Corrosion rates varied between 3-6 g/m2 and year in a 5 year essay (1984-1989) 

of zinc in Stockholm city, depending on whether the surface was exposed to rain or not. The 

emission factor of zinc on a weight/(weight year) basis from an untreated plane surface has 

been estimated to be 1% in a low atmospheric corrosivity (Table 6b). From the products that 

have been quantified so far, the corrosion of zinc would then amount to about 17 tonnes per 

year, with street furniture and tires as the dominating product categories.  

 

Table 6b. Zn emission coefficients. 

Product Media Emission factor  

[weight/(weight 

year)] 

corrosion agent, plane surface, low atm 

corr. 

rain* 0,01 

corrosion agent, plane surface, mean atm. 

corr 

rain* 0,1 

painted zinc surface, brass rain* 0,001 

tires  friction against road 

surface 

0,025 

* The surrounding media is outdoor air, but the corrosion is also depending on whether the metal is 

sheltered or exposed to rain. 
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2.5 Paper V. Nickel and chromium in Sweden. 

The fifth study concerned the flows and stocks of almost a century of different uses of nickel 

and chromium, and was commissioned by the National Chemicals Inspectorate. It also 

described some of the problems that were anticipated with accumulation or high 

concentrations of these metals. This study highlights two very important aspects of MFA: The 

role of the rarely measured emission factors and the role of the rarely known exposure 

situation.  

 

The emission factors for chromium uses can be assumed to be very different. The 

quantitatively largest use is in stainless steel, with very small emission factors from the 

product itself, but where air emissions from steel smelters have earlier been an environmental 

burden on the local environment. Other uses, in leather or in paint, can be assumed to emit 

large parts of the substance from the product use. Chromium in cement is also a concern for 

workers health as there is a risk for allergic reactions. Emission factors were calculated for the 

major uses (Table 7) and used to schematically estimate the product emissions over time.  

 

For nickel, little data is available on concentrations in nature or on flows. A major concern is 

the very common contact allergy problem, where quantitatively small amounts of nickel in 

direct contact with skin gives as many as 20% of the growing population nickel allergy. There 

is legislation being put forward to decrease the problem, by prohibiting nickel in these types 

of uses. 

 

Factors for the emissions of different metals from products are of vital importance when 

estimating where the chromium and nickel in society will eventually end up. Such factors 

have been assessed for chromium and some other metals in different uses (Ayres & Ayres, 

1993). The authors stress that the assessment is made crudely and conservatively, because of 

lack of data on emissions from products. The emission factor stands for the amount of the 

metal that has become mobile in a 10 year period. In order to compare with other studies we 

choose to present them as yearly emissions factors here. The yearly emission factors range 

from 0,0001 for stainless steel up to 0,005 for chromates in paint . The emission factor is 

regarded as covering losses due to wear, corrosion, flaking, weathering and leaching of 

different products.  
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Ayres & Ayres (1993) divide the emissions into two categories: production emissions and 

consumption emissions. Production emissions cover the ordinary emissions that have been in 

focus during the 70s. Consumption emissions come from the product, and this is what is 

covered by the emission factor discussed above. Under direct emissions, we consider the 

emissions to air and water that come from the production stage and the emissions from oil 

combustion to air. Under the same heading we include the emissions to air from incinerating 

municipal waste. The consumption emissions will cover those from the wear of products 

during their lifetime, from municipal waste water treatment plants, from the landfills of 

municipal waste, from the landfilled material such as sludge and slag from the production 

stage, and from ashes from incinerating municipal waste.  

 

For nickel no earlier estimates of emission factors have been found. Therefore we have 

chosen the yearly emission factors 0,002 for nickel plating, in analogy with chromium plating, 

and 0,002 for small batteries. The emission from open batteries is disregarded since most of 

them are exported and the effective recycling ought to render them a low emission factor. For 

chromium in wood preservatives, an emission factor of 0,002 has been established, based on 

material in Finnveden & Antonsson (1992).  

 

The emissions for chromium (and for nickel in stainless steel) are calculated. Since import 

statistics are lacking for many years, it was assumed that the import figures from the 

beginning of the century are valid for 5 years before and after their recorded date. The 

emission factor for the decade was then divided by 10 and assumed to be valid as emission 

per year (Table 7 and Table 8). The emission each year is then calculated and subtracted from 

the amount accumulated in the technosphere.  

emissiont= emission coefficient*(accumulated amountt-1+imported amountt) 

For pigments, wood, preservatives and plating the import data can only be crudely assessed 

from a total. These emissions are estimates. The emissions for all products except stainless 

steel have been calculated in two different ways. First the accumulated Cr was calculated to 

give of a weighted sum of the different emission factors, and then divided according to the 

percentage of use. This method overestimates emission factors for products with low emission 

factors and underestimates emissions from products with high emission factors. The other 

calculation was made assuming that the average percentage of use was constant from 1920-

1992, which is not likely, but gives an emission proportional to the emission factor.  
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Table 7. Estimated yearly consumption emission factors for chromium 
product  Yearly emission factor for chromium 

[weight/(weight year)]  
stainless steel 0,0001 
pigments 0,05 
wood preservatives 0,02 
tanned leather 0,005 
Cr plating 0,002 
 

For chromium, all the products listed seem to give substantial emissions. The uncertainty in 

the emission factors makes comparisons between the products difficult. Nevertheless, if the 

emissions from stainless steel and from the other uses taken together are plotted as a function 

of time, some interesting points can be noted (Figure 6). Today the emissions from the 'other 

uses' dominate. However, the emission trend for these uses has been decreasing since 1970 

because of a decline in import. For stainless steel no decrease in the import is seen and so the 

accumulation in the technosphere still appears to be rising. 
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Figure 6. Estimated chromium consumption emissions in Sweden 1920-1992 
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Table 8. Estimated product yearly emissions factors for nickel. 
product  Yearly emission factor for nickel  

[weight/(weight year)] 
stainless steel 0,0001 
sealed batteries 0,002 
catalysts, Ni-plating 0,002 
 

For nickel the statistics of other products than stainless steel are difficult to follow, and time 

trends such as those made for chromium cannot be made.  

 
Concluding discussion about amounts and flows 
The total net import of chromium is totally dominated by steel products. However, the 

longevity of various steel products as well as the recycling of them will delay the flows from 

the technosphere to the biosphere. Chromium compounds like chromates and chromic acid 

from pigments, tanning and chromium-plating will probably be released to the environment in 

a shorter time perspective. It is difficult to determine which products are responsible for the 

largest chromium emissions to the environment today, since the emission factors are 

uncertain. For nickel, the main sources seem to be diffusive emissions from stainless steel and 

direct emissions from oil products.  

 
The emissions will be dependent on the type of waste management. If pigments and wood 

preservatives are incinerated, a small amount of the metals will spread in air, even if most of 

the metals are collected with the ashes. Most of the oil products will also be burned and so 

some of the nickel will be spread in air. Otherwise it is more likely that the chromium and 

nickel will spread with water, some of it adsorbing to the soil and some coming out in ground 

water and lakes. There, it can sediment and 'disappear' from the biosphere, or be taken up in 

plants and by other organisms in the water. We summarize a few important conclusions: 

• Today there is a net import of both chromium and nickel into Sweden, mainly for use in 

stainless steel but also for other uses.  

• The amount of chromium and nickel in the Swedish technosphere is accumulating. 

• The consumption emissions appear to be larger than the production emissions. 

• The amount of nickel is estimated to be of the same size as the production emissions 

although lack of data makes the consumption emissions difficult to quantify. Emissions 

from oil combustion and municipal waste water treatment plants dominate the production 

emissions. 
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• The products that are possible to recycle are stainless steel, alloys and batteries. For 

stainless steel the import of nickel and chromium is large and so the diffusive emissions 

show an increasing trend. 

• Wood preservatives, plated material, tanned leather, oil and pigments are not easily 

recycled. The calculated consumption emissions from these uses are large. However, it 

can be seen that the use of chromium in these non-recyclable product categories is 

diminishing. Thus, the calculated trends for diffuse emissions from these products show 

that the emissions are starting to decrease.  

• The link between exposure to nickel and chromium and effects on nature and man is 

difficult to quantify, partly due to difficulties in separating the effect of the metals from 

other environmental factors, partly to lack of understanding of combined effects with 

other environmental factors. Different toxic effects depending on the form of the metal 

complicates the issue further.  

• The most evident risk to man in the short run is contact dermatitis, through various skin 

contacts with nickel and chromium.  

In the long run the risk of disturbances in the aquatic ecosystems and in soils must be 

considered, since both nickel and chromium are toxic at higher concentrations. 
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2.6 Paper VI. Material flow accounting in Sweden: Material use for 

national consumption and for export.  

 

In this study, the aim was to calculate the total natural resource input, expressed as direct 

material input or direct material consumption for Sweden per year, and to compare with other 

industrialised countries. The results show that the direct natural resource input (production 

and imports) to Sweden during 1987- 1998 amount to about 25 tonnes per capita and year 

(Figure 7a) (water and air are not included). This figure is higher than most comparable 

international estimates (Table 9).  

 

When compared to international studies it is evident that the forest resources in Sweden make 

the biomass use larger than in many other countries, and much is exported. The metal industry 

is also dominant and exports large amounts of the iron, copper, lead and other metals.  

 

Due to the energy system, with hydropower, nuclear power and a large share of biomass as 

fuel, the use of oil and coal is not as large as in many other industrial economies. Sweden and 

Japan have fairly similar oil consumption according to these studies (Adriaanse et al, 1997). 

Still, the fossil fuel use is the only resource in this study where there is a political goal to 

decrease the use substantially in the future.  

 

As always, sand and gravel make up a large part of the natural resource input. Also in this 

area, Swedish figures are larger than what is found in other countries. However, we believe 

that this difference is largely depending on data availability. Earlier studies have shown that 

the most commonly reported industrial statistics underestimate the physical flows of large 

aggregates such as sand and gravel due to cut-off limits for small enterprises and 

establishments. The so-called industrial statistics, which are primarily used for economic 

assessments, have system boundaries that cover most of the economic flows, but sometimes 

as little as 30% of the physical flows. In this study, raw material statistics was often taken 

from other sources than the industrial statistics in order to cover the physical flows better. 
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The fact that Sweden is a small country with a relatively large export of raw materials such as 

forestry and ores is evident in the results (Figure 7b). If we separate the export from the 

domestic material consumption the per capita figures decrease with about 5 tons per capita. 

This difference is important to be able to distinguish, in order to separate life style changes 

from changes in exports of raw materials. 

 

 

 

Figure 7a. DMI per capita in Sweden 1987- 1997 (Paper VI). 

 

 

Table 9. DMI in tons per capita for USA, Japan, Germany, Austria, the Netherlands and Sweden in 

1991. (Adriaanse et al, 1997 and own calculations) 

 DMI/ capita DMC/ capita 

 USA Japan Germany Sweden Sweden 

Non- renewables      

Fossil fuels 8 3 6 3 2 

Ores 1 1 1 2 0 

Industrial minerals 0 2 1 1 1 

Construction minerals 7 9 10 11 11 

Total non- renewables 16 15 18 17 14 

      

Renewables      

Raw material for food production    2 2 

Forestry    6 4 

Total renewables 4 2 3 8 6 

      

Total  20 17 21 25 20 
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Final demand in monetary terms is presented as national consumption and exports. National 

consumption is defined as domestic production plus imports minus exports. Especially for 

small countries such as Sweden or the Netherlands the effect of export goods may dominate 

international comparisons between countries. To be able to assess the resource input for 

consumption, export will have to be subtracted from the DMI, resulting in DMC (Direct 

Material Consumption). Also, the DMI of different countries is not suitable for adding, as 

double counting of imports and exports may then occur. 

 

One important issue is what natural resource use could then be regarded as sustainable? By 

comparing with scenarios that have been produced by the Swedish EPA in the project 

Sustainable Sweden 2021 (EPA 1999), the current use of fossil fuels is clearly unsustainable. 

A reduction of carbon dioxide emissions with 50% is needed to reach the suggested 

environmental goal on climate gases by 2050, with further increases after that (SOU 2000). A 

phase out of the fossil fuels put greater stress on the use of forest resources both for 

transportation and heating purposes. A sustainable level of wood use was also established in 

the EPA study, with criteria for meeting the environmental goals on biodiversity, which is 

higher than today’s wood use. Also for the food sector some changes were recommended, in 

order to reach the environmental goals on eutrophication. To compare these scenarios with the 

consumption of material resources in tons is a future task. In future studies, we also intend to 

account for the energy consumption needed to handle these materials today, in order to 

estimate the options for energy efficiency measures such as recycling and substitution of 

materials.    

 

Comparisons of the input with waste statistics from 1993 (SCB 1998:8) indicate that solid 

waste (excluding mining waste) amounts to about 10 % of the input. The recycled materials 

are about 5% of the amount of virgin resources brought into society each year. This indicates 

that recycling is of some importance, but rather small compared to the yearly consumption of 

natural resources.  

 

However, it has to be noted that this comparison can be made in many ways. To define and 

measure what is waste and what is recycled is by no means a settled question. Large parts of 

the material flows cannot enter into recycling as it is measured. Food processing will generate 

biomass waste that can, in principle, be brought back to farmlands, but large parts of the 
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nitrogen and phosphorus included will end up at the municipal waste water plants, often too 

contaminated to be regarded as useful. Fossil fuels are mainly burned, generating waste in the 

form of carbon dioxide and as ashes. The construction minerals and metals will accumulate in 

society for a long time before they are discarded. Thus, the waste fractions that are included in 

recycling is mainly rather well-defined materials or products, such as paper, glass, batteries, 

tires, beverage cans, electronics, cars and other vehicles. The internal recycling in industries is 

not recorded in recycling statistics. 

 

Attempts have been made to link the input data on natural resource use to emissions and 

waste by means of a reallocation with monetary input/output analysis (Isacsson et al, 2000). 

However, the results point to that a further disaggregation of the monetary input/output tables 

are needed in future studies. 

 

In the future, results from this type of accounting could also be used to assess the increase of 

stocks in society. However, due to incomplete data on solid waste, no such estimates are 

included now. The time series have their focus on the input side, as the output statistics have 

not been produced with the same frequency. To make it possible to compare the use of 

material between different sectors of society, the input and output should be divided into 

aggregated industries (by NACE3). 

 

                                                           
3 Nomenclature générale des activités economiques dans les communautés Européennes 
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Figure 7b. Material flows in the Swedish economy 1997 (Paper VI). 
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2.7 Paper VII. The magnitude of chemical product use in different 

industries.  

The last study included in this thesis is entirely input based and strongly connected to the 

integrated environmental and economic accounting system (SEEA). The SEEA can be 

described as a system of physical accounts that are linked to the economic activities as 

described in the national accounts. In practice this means integrating data on emissions, waste 

generation and natural resource use with the economic statistics on industries, product groups 

and sector categories in the national accounts, thus forming a satellite system of accounts 

around the national accounts. 

  

This study aims to give a broad picture of our use of chemical products, by aggregating 

chemical products on the basis of health hazardous properties, and presenting the results 

divided between different types of industries. Environmental policy of chemicals has mostly 

been concerned with a perspective of one substance, or a group of similar substances, at a 

time. This view needs to be complemented by data giving an overall picture of chemical use, 

preferably without drowning the reader in specific chemical details. Especially in information 

systems and environmental decision tools the chemicals issue is largely omitted due to 

difficulties in finding data.  

 

Environmental accounting is a system designed to combine environmental and economic data. 

Due to the complexity of chemical use, data covering issues on toxicity are normally not 

included in the systems. We suggest some broad chemical product indicators, adapted to fit 

into environmental accounting. They give a picture of the national consumption of chemical 

products, divided between different industries. 

 

The objective of this work is to incorporate the issue of chemicals in a national environmental 

assessment tool, by developing two methods for quantifying and aggregating chemical 

product use information in the UN environmental economic accounting framework SEEA. 

Data on chemical products labelled as dangerous to health is taken from the Product register 

at the Swedish Chemicals Inspectorate and aggregated to national consumption as well as 

divided by industry for the years 1996-1999. Two different aggregation methods are tested. 

The broadest method starts with the EU-classification of inherent risks. The other method is 
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based on the companies’ own risk labelling of products, according to the risk for chronic 

diseases. 

 

Aggregation on labelling of inherent properties (lip) 
The first aggregation method, which is the broadest category and focuses on direct inherent 

properties, sorts out those chemical products that are labelled as very toxic (T+), toxic (T), 

corrosive (C), harmful (Xn) or irritant (Xi), according to Directive 67/548/EC (Classification 

and labelling of dangerous substances) (Figure 8). For health hazardous substances there are 

rules on how to label chemical products on the grounds of the content of a hazardous 

substance. The label ‘Dangerous for the environment’ is not included in the aggregation yet, 

because it is rather new and only a few chemical products have yet been labelled. A new 

directive has recently suggested methods for how to interpret the labelling of chemical 

products containing environmentally classified substances. However, as soon as the reporting 

is working better we propose that it should be included. The rules for classification of 

substances and labelling of chemical products can be viewed at www.kemi.se 

 

Symbols and indications of danger 

 

T+ 

 
Very toxic 

 

T 

 
Toxic 

 

C 

 
Corrosive 

Xn 

 
Harmful 

Xi 

 
Irritant 

 

 

 
N 

 
Dangerous for 

the environment 

 

 

 

Figure 8. Classification and labelling of dangerous substances (Directive 67/548/EC) 
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Aggregation on labelling of risk phrases for chronic diseases (CSMR – Carcinogenic, 

Sensitising, Mutagenic, Reprotoxic) 

The second aggregation method focuses on the chemical products that are labelled as being 

able to cause cancer, sensitisation either by inhalation or by skin contact, as well as those with 

documented mutagenic and reproductive hazardous properties. The R-phrases that were 

sought for are listed in Figure 9. The directive 67/548/EC contains many more risk phrases 

than those chosen for the second aggregation method (see e.g. www.kemi.se).  

The reasons for choosing the categories in figure 9 are twofold: 

• To give a picture of the amount of chemical products with properties that can give 

chronic diseases to those exposed.  

• To focus on such categories where the underlying data classification is available for 

many chemical products.  

 

The amount of chemical products in this group becomes smaller than with the first 

aggregation method, as many R-phrases signalling acute toxicity or other acute effects are not 

included here. 

 

In the category Carcinogenic, the R-phrases R45, R49 and R340 are included. In the category 

Sensitisation R42 and R43 are included. The R-phrases R60-R63 are included in the 

Reproductive toxicity category. Mutagenic are then R40 and R46. Also in this case, as for the 

first aggregation method, there are very few chemical products that have data on 

environmentally damaging properties, and we propose that these categories can be added to 

the aggregation method in the future. 
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Figure 9. Labelling of risks, with the risk phrases used in the search for chemical products, for the 

groups mutagenic, sensitising, carcinogenic, reprotoxic and dangerous for the environment. The 

results from searching for R50-R59 are not shown in the results as the reporting has only just started 

and thus the data series are not representative of the use. 

 

Single risk phrases 

R 40 Possible risks of irreversible effects 

R 46 May cause heritable genetic damage 

 

R 42 

 

May cause sensitisation by inhalation 

R 43 May cause sensitisation by skin contact 

 

R 45 

 

May cause cancer 

R 49 May cause cancer by inhalation 

R 340 Some risk of cancer cannot be excluded after frequently repeated 

exposure 

R 60 May impair fertility 

R 61 May cause harm to the unborn child 

R 62 Possible risk of impaired fertility 

R 63 Possible risk of harm to the unborn child 

 

R 50 

 

Very toxic to aquatic organisms 

R 51 Toxic to aquatic organisms 

R 52 Harmful to aquatic organisms 

R 53 May cause long-term adverse effects in the aquatic environment 

R 54 Toxic to flora 

R 55 Toxic to fauna 

R 56 Toxic to soil organisms 

R 57 Toxic to bees 

R 58 May cause long-term adverse effects in the environment 

R 59 Dangerous for the ozone layer 

 



 43 

Fossil and non fossil chemical products 
The chemical products have been divided into two groups, the fossil fuels and the rest. This is 

due to the fact that the fossil fuels are so dominating that other chemical products are not 

properly viewed when the two groups are shown together. Some of the chemicals in the ‘non-

fossil’ grouping will be of fossil origin, but not used for fuelling purposes. This division can 

hopefully be better termed in the future, but for now the labels ‘fossil fuels’ and non-fossil 

chemical products’ are used for lack of better.  

 

Depending on the choice of aggregation method and system boundary the magnitude of 

hazardous chemical products in Sweden lies between 30 and 40 million tonnes (Figure 10), 

approximately equivalent to 3 or 4 tonnes/ capita and year. Major hazardous chemical product 

groups are petroleum-based products with between 25 – 30 million tonnes per year, 

depending on method.  

 

The largest groups are chemical products with carcinogenic and health hazardous properties, 

mainly petrol and diesel. These chemical products are rarely mentioned in the toxics debate, 

but could very well belong there. Since all countries have statistics on oil consumption, it also 

implies that information on a large part of the chemical product flow is already existing and 

thereby possible to use as indicators. However, for the non-fossil chemical products, the 

information from the Swedish Product register is unique.  

 

In magnitude, the industries Basic chemical production, Non-metallic mineral production, and 

Pulp- and paper industry dominate the non-fossil chemical products, when expressed as 

tonnes per industry. By expressing the results as tonnes of non-fossil chemical product per 

value added in different industries, the possibility to use the non-fossil chemical product 

results as a first estimate also for other countries than Sweden can be tested. 

 

Hopefully, this study, based on data from the Swedish Chemical Product register, will be a 

first step towards quantification of chemicals in society. The study shows that a very large 

part of the hazardous chemical products are fossil fuels. Of particular concern, from a 

toxicological point of view, are uses in densely populated areas where burning of fossil fuels 

for transportation and heating purposes causes health problems, and in coastal waters where 

oil spills from boats and runoff from roads causes disturbances on the water life. 
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Figure 10. Totals of fossil fuels and non-fossil chemical products 1996-1999, labelled for inherent 

properties (lip) 

 

The total amount of non-fossil chemical products has increased over the period 1993 to 1996 

up to 10.4 million tonnes (Figure 11), probably to a large extent because of better reporting as 

the routines have been established. However, it can also be noted that the chemical products 

labelled as corrosive have decreased. The largest group is the class (Xi), irritant, with 4 

million tonnes, followed by the classes corrosive, harmful, toxic and very toxic, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Totals of Non-fossil chemical products, lip, 1993-1999 

 

 

The results show that the proposed indicators based on both aggregating methods can be 

constructed and divided per industry. A division between fossil fuels and other (non-fossil) 

chemical products seem fruitful. In general, we find that these methods can be a good starting 

point for including chemicals as a topic in the environmental accounting system. 
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3 Discussion and overall conclusions 
This thesis encompasses different types of substance flow analyses and material flow 

analyses. It deals with metals, such as cadmium, lead, zinc, nickel and chromium, in society 

and in the environment. It also includes a study of how much natural resources that are 

brought into the technosphere each year, and a study on the amount of hazardous chemical 

products that are imported or produced in Sweden. 

 

All studies are material flow analyses but on different scales and in three different traditions: 

the biogeochemical tradition, the SFA tradition and the MFA/economy-wide tradition. 

  

Papers I-III are made in a biogeochemical tradition, studying metals flow in natural systems, 

with a focus on the state of the environment and the concentrations and flows in various 

compartments. Paper I describes cadmium flows in soil-water-plant systems by mathematical 

modeling, paper II is a laboratory study quantifying important modelling parameters for 

different types of soils. Paper III measures metals in water from different catchments in order 

to understand the importance of acidification on a number of metals. 

 

Papers IV-V are SFAs on metals and concerned with the environmental pressure from 

different activities to the environment. Paper IV quantifies lead and zinc flows in a city 

region, the municipality of Stockholm, calculates emission factors and identifies important 

stocks and flows. Paper V quantifies the flows and stocks of nickel and chromium in Sweden 

for a number of important uses with a historical time perspective. 

 

Papers VI-VII concerns economy-wide flows. Here the focus lies on aggregated measures to 

give an overview of societies use of natural resources and chemical products. These studies 

are complementary to more traditional risk oriented types of environmental studies. The 

economy-wide studies are well suited to use together with environmental analysis tools such 

as the SEEA, and are more focussed on the so called-driving forces of environmental policy. 

 

A conclusion is that all three types of paradigms or traditions are needed and that they 

complement each other. The biogeochemical tradition is today quite dominating in 

environmental policy. The biogeochemical models give information on how nature affects 

different material flows and how transport processes and residence times in different 

reservoirs affect the forms and occurrence of substances. It may also serve as a starting point 
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for detailed analysis of the effect of anthropogenic emissions on natural processes. 

Complementary to this information is material flow studies which also includes the activities 

and pressures from society in the models, be it in the form of an agricultural regime, a new 

market for consumer products or a change in chemicals policy. The link to society also opens 

up to consider different types of policy instruments, such as environmental taxes or producer 

responsibility, and may also give information on how to avoid harmful substances in 

dissipative uses. In order to give policy makers more precautionary information, more 

emphasis needs to be given to the SFA and MFA paradigms. “One could say that a carefully 

executed SFA produces something that at least comes close to the positivist ideal of value 

free, neutral information, though this information itself may be of a limited nature.” (Tukker, 

1999). This statement concerns both the advantage and the drawbacks of material flow 

analyses, when compared to environmental management tools where risk assessment or 

weighting schemes has been used. It is necessary to combine MFA information with reference 

values on which flows are considered to be risks, but it is also valuable to see the flow 

information in itself. 

 

The keyword for the advantages of using MFA as a tool in environmental policy is 

‘integration’. Below four aspects of such integration are listed. 

 

1) MFA integrates the environmental problems with society and with the economic sectors, 

thus making it clear which actors are involved in the problems. 

2) MFA is a mass balance approach, and this opens up possibilities to detect where there is 

accumulation or spreading of material in society, and also gives a good check on the quality 

of the available data. Thus, an integration of production and stock can be made, indicating 

missing links in the data material. 

3) MFA is a means to integrate environmental problems with other socio-economically based 

models. Thus, it is possible to combine MFA with other tools, e.g. Input/Output models, to 

model technology changes and economic changes in close connection to material 

management. 

4) MFA can show a nations environmental burden to other nations, thus a method for 

integrating the environmental problems across the borders, if care is taken to involve the 

environmental rucksack, i.e. the environmental pressure arising in other countries, in the 

calculation. 
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Among the conclusions that can be made from these studies, the following is stressed: 

• For many metals of environmental concern already present in soil, the mobility is 

dependent on site specific soil characteristics, but also on the degree of acidification.  

 

• Mathematical models describing metal uptake in plants were surprisingly difficult to 

find and is still a field that needs consideration. 

 

• The use of metals that are toxic in low doses, such as Cd, Pb, Ni and Cr needs 

consideration. The types of uses where these metals are spread effectively into the 

environment are questionable. When problems arise in the surrounding environment, 

retrieving the metals is rarely economically feasible.  

 

• Other uses of metal containing products, such as stainless steel, seem to be of no 

special significance to environment from what we know today, as the emissions are 

small and the metals are recycled.  

 

• An environmental information system for material flows is needed. Looking at why 

these substances are used, it is possible to suggest better alternatives of materials or 

techniques for problematic uses. An environmental information system cannot rely 

entirely on measurements in the environment, but need to measure and assess also 

what society uses and puts out as emissions, waste and also as accumulated long-lived 

goods. Today, such data is often difficult to find. 

 

• The most environmentally problematic materials are fossil fuels. The fossil fuels have 

a totally dominating impact on environmental problems such as health problems due 

to emissions to air, vegetation damage due to ozone forming substances, and the 

mobility of trace metals through acidification as well as the greenhouse effect. Many 

of the metals emitted to air, such as vanadine and nickel deposited on land, also come 

from fossil fuels. The fossil fuels contribute to acidification, which in turn mobilizes 

metals such as cadmium, zinc and manganese from the soil. That the fossil fuels also 

can be regarded as one of the main consumer available carcinogenic and health 

damaging chemical products ought to be better recognised as a part of the issue of 
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chemicals. This is of course a problem since so many countries, actors and activities 

are using fossil fuels today, and a change of energy system is no small change to 

achieve.  

 

Several studies have been made to describe techniques, inventions and costs for society in a 

future with less environmental pressure (e.g. Silveira, 2001, Azar et al, 2000, EPA 1999, 

Steen et al, 1997). However difficult it may seem, it cannot be overlooked that curbing the 

environmental problems and changing energy system is intimately connected. Here, there is 

also a strong need to find efficient ways to make this change come about, such as economic, 

administrative and information incitements. Some instruments, such as environmental taxes, 

regulation of types of uses, emission ceilings, eco-labelling and integrated product policies are 

already at hand. 
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