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Abstract 
Exposure assessments can be made for contaminated soil to get information about how the 
human health may be affected. They are used in many different countries and may differ from 
each other, either dramatically or minimal. This study was conducted to examine how these 
differences appear between three countries' exposure assessments. The countries chosen were 
Sweden, the Netherlands and the United States and the purpose was to see how the difference 
appears between the structure, parameters, thresholds, calculations, etc. to be able to discuss 
which of the models are perceived to give the best picture of reality. The discussion was 
focused on the Swedish assessment model. The results show that there are differences 
between models and that they sometimes refer to the fact that their model is based on other 
models. Many parameters used, such as body weight, are not justified and there are many 
uncertainties associated with the use of these models. The sources they use to justify the 
parameters and their values are not always relevant and updated. Uncertainty always follows 
with these kinds of calculations, but some of the uncertain can be reduced, as shown in this 
study. 
 
Keywords: Exposure assessment, risk assessment, quantitative exposure models, 
contaminated soil. 
 
Sammanfattning 
Exponeringsbedömningar kan göras för förorenad mark för att på det sättet få information om 
hur människors hälsa kan påverkas. Exponeringsbedömningar används i många olika länder 
och de skiljer sig från varandra, antingen drastiskt eller minimalt. Denna studie genomfördes 
för att granska hur dessa skillnader kan se ut mellan tre olika länders 
exponeringsbedömningar. Länderna som valdes var Sverige, Nederländerna och USA och 
syftet var att se hur skillnaden ser ut mellan upplägg, parametrar, gränsvärden, beräkningar 
med mera för att på det sättet kunna diskutera vilken av modellerna som upplevs ge den bästa 
bilden av verkligheten. Fokus låg på Sveriges bedömningsmodell och diskussionen fördes 
utifrån den. Resultatet visar att det finns skillnader mellan modellerna och de hänvisar ibland 
till att deras modell är baseras på andra modeller. Många parametrar som används, exempelvis 
kroppsvikt, är inte motiverade och det finns många osäkerheter associerade med användandet 
av dessa modeller. Källorna de använder för att motivera parametrar och dess värden är inte 
alltid relevanta och aktuella. Osäkerheter följer alltid med sådana här beräkningar, men vissa 
av dem skulle kunna minskas, vilket visas i denna studie. 
 
Nyckelord: Exponeringsbedömning, riskbedömning, kvantitativa exponeringsmodeller, 
förorenad mark. 
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Abbreviations 

ATSDR – Agency for toxic substances and disease registry 

CERCLA - The comprehensive environmental response, the compensation and the liability 
act  

CLEA - Contaminated land exposure assessment 

CRoral - Excess carcinogenic risk via intake 

CRinhal - Excess carcinogenic risk via air 

EPA – Environmental protection agency 

EUSES - the European Union system for the evaluation of substances 

IMM – Institute for environmental medicine 

JAGG - jord, afdampning, gas, grundvand 

KM - Sensitive land  

MKM - Less sensitive land use 

MPR - Human toxicological risk limit 

MPRhuman - The Maximum Permissible Risk for intake 

NOAEL -No observable adverse effect 

RISKinh - Risk based concentrations 

RISKor - Lowest risk level for toxic substances without threshold effects 

RIVM - National institute for public health and the environment 

RfC - Reference concentration 

SSG - Soil screening guidance 

SSL - Soil screening levels 

TCA - Tolerable concentration in air 

TDI - Tolerable daily intake 

TRC - Toxicological reference concentrations in air 

TRV - Toxicological reference values 

WHO – World health organisation 
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1 Introduction 

The release of substances harmful to humans and environment is a well known problem with 
high priority. Many heavily polluted sites have been found to exist in many countries and the 
potential risks of diffuse and long-term distribution of persistent chemicals have become more 
apparent (van Leeuwen & Vermeire, 2007). In some countries, drinking water is threatened 
due to pollution, and exposure assessments for soil and groundwater have become an 
important tool for decision makers.  

When a contaminant enters the soil, it can be partitioned over different soil phases. From 
these phases the contaminant can expose humans via different transfer routes. Different 
remediation alternatives can be used when dealing with contaminated soil and models are 
often used to analyze the exposure scenario. Substances from contaminated soil can affect 
humans via soil, air, water and biota. The Environmental Protection Agency (EPA) for each 
country is responsible for the assessment model of contaminated soil.  

Exposure assessments for contaminated soil are used in many countries in Europe, like 
Sweden, the Netherlands, but also outside of Europe, like the United States of America. Other 
countries with exposure models are Great Britain, Germany, Denmark (Naturvårdsverket, 
1997), Canada and Japan (van Leeuwen & Vermeire, 2007). These models can be used to 
assess exposure at contaminated sites. However, they never conduct exact calculations of 
reality and uncertainties are therefore inevitably present in these assessments. As more 
countries use exposure assessment, the need for guidance increases and the countries already 
using assessments have guidelines worth reviewing.  

Sweden developed a first model in 1997 (Naturvårdsverket, 1997) where it’s mentioned that 
the Netherlands had created the CSOIL model but that it was not comprehensive without the 
HESP model. It is also stated in the Swedish model the US has developed a few methods to 
assess risks and SSL (Soil Screening Levels) is mentioned. Other counties that are mentioned 
are Canada that was on their way to develop a model and Great Britain that were developing 
the CLEA-model (Contaminated Land Exposure Assessment). Germany and Denmark were, 
before the Swedish model was published in 1997, on their way to develop guidelines for 
contaminated soil (Naturvårdsverket, 1997). Since then, Denmark has published a model 
called JAGG (jord, afdampning, gas, grundvand), which had an update in 2006 
(Miljøministeriet, 2010). One of the earliest exposure models was published in the USA in 
1989 (US, 1989a). The previous Swedish model states that the methods used to assess health 
effects on humans are alike between the countries (Naturvårdsverket, 1997). 

EUSES (the European Union System for the Evaluation of Substances) is a decision-support 
instrument for carrying out rapid and efficient assessments of risks posed by chemical 
substances (Thomsen, 2001). It consists of three modules, which are release estimations, 
effect assessment and risk characterisation (Thomsen, 2001). The exposure assessment 
consists of a number of compartment models for estimating the direct and indirect human 
exposure. The module for evaluating the release of chemicals into the environment is 
composed of direct and indirect emission estimates. The direct and indirect human exposure 
assessment is combined with the effect assessment module in a final Risk Characterisation 
module. 
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1.1 Contaminated soils 
Soil is the most heterogeneous of all environmental compartments and is a system consisting 
of four phases: air, water, solids and biota (van Leeuwen & Vermeire, 2007). Some 
substances can pose a danger to humans and the environment through food, consumer 
products, soil, water and air (Brand, Otte & Lijzen, 2007). An exposure assessment is the 
estimation of the magnitude, frequency, duration and route of exposure (US EPA, 1989a). 

1.2 Exposure assessments 
In exposure assessments, the models used are often shown as calculations, where the input is 
the parameters and the output is the exposure. IRIS (Integrated Risk Information System) is 
an example of a human health assessment program used for exposure assessments and the 
health effects that may result from exposure (US EPA, 2010b).  

The TRV (toxicological reference values) used are TDI (tolerable daily intake), RISKor 
(lowest risk level for toxic substances without threshold effects) (Naturvårdsverket, 2009a), 
MPR (the human toxicological risk limit) (Brand, Otte & Lijzen, 2007). MPRhuman (the 
Maximum Permissible Risk for intake) can be expressed as CRoral (excess Carcinogenic Risk 
via intake) and have the same use as TDI. SSLs (Soil Screening Levels) may also be used.         

The TRC (toxicological reference concentrations in air) used are RfC (reference 
concentration) and RISKinh (risk based concentrations) (Naturvårdsverket, 2009a). It can also 
be expressed as TCA (tolerable concentration in air) or CRinhal (excess Carcinogenic Risk via 
air) (Baars et al., 2001). 

The benchmarks values are usually based on the fact that 50 % of the TDI or RfC should not 
be exceeded (Naturvårdsverket, 2009a). Other compounds may have 20 % or 10 % of the TDI 
as acceptable instead. 

1.2.1 Uncertainties in exposure assessments 
Uncertanties usually include knowledge-based uncertanty and variability.  
 
Knowledge-based uncertainties associated with exposure assessment may be model 
uncertainty, scenario uncertainty and parameter uncertainty (Cullen & Frey, 1999). Models 
are a simplified representation of a real-world system based on assumptions. Making 
scientific or technical assumptions is impossible without a certain uncertainty. Before using a 
model, a scenario has to be developed that may represent an actual environmental problem or 
be hypothetically based on policy motivations. If the scenario fails to consider all factors 
affecting the output variables, uncertainties will appear. Measurements include errors 
associated with measurement or a small sample size and may lead to uncertainties in the input 
parameters used. 
 
The variability that may be associated with exposure assessment is interindividual variability, 
spatial variability and temporal variability (Cullen & Frey, 1999). In an exposure assessment, 
a common source of variability is differences in characteristics between individuals. It is 
important to characterize gender, age, ethnicity, occupational status, disease status and other 
features of the receptor population. Human behavioural inputs are often associated with 
extremely large interindividual variability. The temporal variability may effect the exposure 
assessment because of the amount of some substances in the air will vary depending on how 
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long after the emission the substance is ingested or inhaled. Consumption rates of locally 
grown foods may vary with the season and physical parameters may vary with age. Spatial 
variability is affected by the size, density and other distinguishing features of the population 
of potential receptors as well as the features of the exposure scenario.  
 
When uncertainties are mentioned in this study, it includes knowledge-based uncertanties as 
well as variabilities. 

1.2 Aim 
The main aim explored in this thesis is "do models differ between Sweden and other 
countries?”. The main focus of the study and discussion will be based on the Swedish model 
and from a Swedish point of view. The comparison will be between the Swedish model and 
models from the Netherlands and USA. 

Questions the thesis aims to discuss are: 
• How does the presentation differ between the models; the similarities / differences, the 

advantages and disadvantages, the inputs? 
• Is any important parameter missing in any of the models and what is the explanation 

for it? 
• Are any of the models generally enough that it consider everything (including that the 

other two models address)? 
• How are the alignment / comparison with the general guideline values for the various 

models? 

Other areas related to models that may differ between countries will also be addressed: 
• Do the guidance values / benchmarks differ between the countries? 
• Does the acceptance of risk for the human health differ between the countries? 

1.3 Thesis outline 
The thesis begins with a short introduction, including the purpose and questions it is based on. 
Some background information to the remediation work and the structure and content of the 
models will be presented from each country. An elaborated presentation of the content of the 
models is presented and a comparison is made that shows what is included and excluded from 
each model. The comparison will be concluded and later also discussed while being compared 
to other studies in the same area. The reasons to why some parameters are not included in all 
the models will be examined and finally the conclusions will present if the purpose with the 
thesis has been answered or not. 

Delimitation has been made to Sweden, the Netherlands and the US because the author is 
located in Sweden and many benchmarks in different countries are calculated based on the 
model from the Netherlands (Naturvårdsverket, 1997). The US was chosen because it is a 
nation with major influence on the rest of the world. In this thesis, the models are referred to 
as the Swedish, the Dutch and the US model. 
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2 Method 

The basic literatures reviewed in this thesis are reports written by the Environmental 
Protection Agencies in the three countries, but additional documents supplementing them 
were also reviewed. There was also a search for relevant scientific reports supporting or 
disagreeing with the models. Reports from the countries Sweden (Naturvårdsverket, 2009a; 
2009b), Netherlands (Brand, Otte & Lijzen, 2007) and the US (US EPA, 1989a; 1989b; 
1989b; 2001a; 2001b; 2004; 2009) have been reviewed. 

The majority of documents collected for the discussion were from the reference lists in the 
three main reports. When searching for additional scientific articles the databases Academic 
Search Premier, PubMed and SCOPUS were used. The most frequently used keywords when 
searching were (sorted alphabetically, not by number of times used or the number of hits): 

- Benchmarks (alternative: guideline values, thresholds, screening values) 
- Contaminated soil 
- Critical review  
- Exposure assessment 
- Exposure model  
- Human health 
- Remediation 
- Risk assessment 
- Sweden 
- The Netherlands 
- United States 
- SSL (soil screening levels) 

Documents were saved based on if the title was relevant to this thesis or not. For example 
titles which were including another country or an area not relevant were excluded. Also titles 
focusing on one specific chemical were mostly excluded. Documents were saved without 
noticing copies. This was corrected afterwards. When the search for additional literature had 
given results, the abstract was read in all saved documents. The relevant information was 
summarized and used in the comparison and discussion with the aim to try to get an opinion 
on the contents of soil remediation and differences between the countries. The search was 
made primarily in English and there was no limitations made in the year of publishing. 
Swedish reports found were also used. 

The assumptions about the models, the scenarios and parameters in the models were then 
compared in order to present the differences between the models. The advantages and 
disadvantages of the models were compared with the aim to present which model was the 
most relevant to use. 



Linnæus University  Jennie Amneklev 
Exposure models for contaminated soil from 3 countries HT-2010 
 
 Results 

   5 

3 Results 

3.1 The models 

3.1.1 Sweden 

Sweden has been developed to an industrialized country which has left a large number of 
areas containing contaminants and estimated contaminated sites are just above 80 000 
(Naturvårdsverket, 2008a). Many of these sites might damage the environment and human 
health. Sweden has environmental quality objectives that gives the direction of the 
environmental protection work and aim to decrease the risks associated with environmental 
pollutions (Naturvårdsverket, 2009a). The first mapping of contaminated sites was made 
during the 1990s by the Swedish EPA (Naturvårdsverket, 2008a). The process to resolve 
contaminated sites which pose the greatest risks is expected to be difficult or impossible to 
reach until the year 2050 according to the Swedish EPA (Miljömål, 2010). The Swedish EPA 
estimates that this might be resolved with an increased rate of actions and other long-term, 
good conditions. 

The Swedish EPA has published several guideline documents about contaminated soil 
(Naturvårdsverket, 2009a). These guidelines aim to give a method for an effective and quality 
assured work with follow-ups of contaminated soil, in a long term and sustainable 
perspective. The main report gives guidelines on how to assess environmental and health risks 
including which risks there are, the size and what could be acceptable today and in the future 
(Naturvårdsverket, 2009b). There are supplements to the main report that give a description of 
the model and more guidance, but also a calculation program for benchmarks for 
contaminated soil, which can be used when benchmarks are created or examined 
(Naturvårdsverket, 2009a). The new reports were published in September 2009 and were an 
update of the previous report from 1997 (Naturvårdsverket, 1997). 

The Swedish model considers the following exposure routes (Naturvårdsverket, 2009a): 

• Soil  
o Ingestion of soil 
o Skin contact 

• Air 
o Inhalation of dust 
o Inhalation of vapours 

• Water 
o Ingestion of drinking water 

• Biota 
o Ingestion of plants 

There is also an estimate on how much contaminants fish can absorb.  

The benchmarks 
Benchmarks are thresholds values for compounds below which point they have a small, a 
nonexistent or an acceptable impact on humans or the environment. The Swedish EPA has 
calculated benchmarks for 75 compounds (Naturvårdsverket, 2009a) including metals, 
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organic substances and inorganic substances. The input parameters are based on reviews of 
literature from the Dutch EPA (RIVM), US EPA, (US, IRIS) World Health Organisation 
(WHO), Agency for Toxic Substances and Disease Registry (ATSDR) and Institute for 
Environmental Medicine (IMM). The TRV (toxicological reference values) that have been 
used are TDI (tolerable daily intake) and RISKor (lowest risk level for toxic substances 
without threshold effects). TRC (toxicological reference concentrations in air) have been 
calculated based on RfC (reference concentration) and RISKinh (risk based concentrations).  

An important part of developing benchmarks is the land use expected on the contaminated 
site. Depending on what type of activities in question planned for the site, the Swedish model 
uses two scenarios. KM (sensitive land use) is when the quality of the soil does not limit the 
choice of land use and all groups of humans can reside permanently on the site during a 
lifetime. MKM (less sensitive land use) is when the quality of the soil limits the use of the site 
to offices, factories or roads. The exposed grounds are assumed to be humans who residents 
on the site during working hours and children and elderly who resident in the area 
temporarily. If the expected land use is outside the frames for these land uses, site-specific 
guidelines can be considered.  

The benchmarks are usually based on the TDI or RfC and 50 % of this value should not be 
exceeded (Naturvårdsverket, 2009a). This is based on models and calculations from other 
countries (Naturvårdsverket, 2009c). Compounds that may also be ingested/inhaled in other 
contexts have a lower value, for example 20 % of TDI is acceptable (lead, cadmium and 
mercury) or 10 % of TDI (dioxins and PCB) (Naturvårdsverket, 2009a). The Swedish model 
assumes that 75 % of the terrestrial species are protected at KM. Species sensitivity 
distributions are used to calculate the concentration where 75 % of the species are protected. 
For MKM, the land use should be able to support the ecological functions required and 
together with the fact that animals could temporarily stay in the area, the benchmarks are 
based on protecting 50 % of terrestrial species. 

3.1.2 The Netherlands 

Due to the production and use of chemicals and products in the Netherlands, contaminated 
soils are now present in large parts of the country (Brand, Otte & Lijzen, 2007). These 
contaminated sites can pose severe risks to humans and nature. The contaminants can 
accumulate in the ecosystem and expose humans via the food chain, soil ingestion, dermal 
contact or inhalation. RIVM (national institute for public health and the environment) is 
evaluating substances that can be a danger to humans or the environment and also evaluate 
the associated risk in Dutch society. RIVM started to be aware of the environment and 
environmental protection in the 1950s and 1960s (RIVM, 2009). Two laws that serve as a 
foundation for Dutch soil policy are the Soil Protection Act (Wet bodembescherming) and the 
Environmental Protection Act (Wet milieubeheer) (Stibbe, 2006). 

In 1994 the exposure model CSOIL was developed with the help of previous models like 
HESP, SOILRISK, RIVM and other studies of the literature behind the models (Brand, Otte 
& Lijzen, 2007). Since then new developments have taken place and an evaluation and 
revision of the model parameter set was needed. This was done in 2001 and the project was 
commissioned by the Directorate General of Environment to RIVM. The new model was 
called CSOIL 2000 and dealt with all aspects of the previous model but are also usable to 
derive intervention values. Intervention values are generic soil quality standards used to 
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classify historically contaminated soils as seriously contaminated in the framework of the Soil 
Protection Act (Lijzen, et al., 2001). The model calculates the risk humans are exposed to if 
they come into contact with soil contamination and the soil use, together with physical-
chemical properties of the contaminant in soil air, soil particles and groundwater determines 
the measure of exposure (Brand, Otte & Lijzen, 2007). The model calculated the maximum 
concentration of a contaminant in the soil at which it is still safe for humans. 

The exposure routes that are taken into account by CSOIL 2000 are: 

• Soil 
o Ingestion of contaminated soil particles 
o Dermal contact with soil contaminants (indoor) 
o Dermal contact with soil contaminants (outdoor) 
o Inhalation of contaminated soil particles 

• Air 
o Inhalation of vapours of contaminants via crawl space (indoor) 
o Inhalation of vapours of contaminants (outdoor) 

• Water 
o Ingestions of soil contaminants via drinking water 
o Inhalation of vapours of contaminants in the drinking water during showering 
o Dermal contact with contaminants in the drinking water during showering and 

bathing 
• Biota  

o Ingestion of contaminants via consumption of locally grown crops. 

The partitioning of a contaminant is dependent on different soil phases and a distinction has to 
be made between three types of contaminants, namely metals, organic and inorganic 
contaminants (Brand, Otte & Lijzen, 2007). 

The benchmarks 
CSOIL 2000 is used to calculate the human toxicological risk limit (MPR) (Brand, Otte & 
Lijzen, 2007). The human toxicological definition for severe soil contamination is when the 
soil quality results exceed the Maximum Permissible Risk for intake, called MPRhuman. 
MPRhuman can be expressed as TDI (tolerable daily intake) or CRoral (excess carcinogenic risk 
via intake) and is the amount of substance that a human can be exposed to daily during a full 
lifetime without significant health risk. It can also be expressed as TCA (tolerable 
concentration in air) or CRinhal (excess carcinogenic risk via air) (Baars et al., 2001).  

Since 1994 intervention values are used in the Netherlands for the protection of humans and 
ecosystems and they are based on the potential risk for both humans and ecosystems (Brand, 
Otte & Lijzen, 2007). In the framework of the Dutch Soil Protection Act, the Intervention 
Values was extended in 1999/2000 (Baars et al., 2001). There are benchmarks for 100 
compounds (old measured compounds excluded) in The Netherlands (Baars et al., 2001). The 
TDI is in µg/kg/day (body weight per day), the TCA in µg/m3, CRoral in µg/kg/day and CRinhal 
in µg/m3. With these values, the reliability of the value (based on the source of the 
information) has also been shown. 
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Compared with the Swedish model 
The Netherlands, as well as Sweden, are aware that they have contaminated areas and that 
something has to be done so that this will not damage the environment or human health. The 
mapping of contaminated sites started in the 1990s in Sweden and the first guidelines were 
published in 1997. The Dutch model was first published in 1994. The Dutch model uses the 
same general exposure routes as the Swedish, but uses ten ways a human can be exposed to a 
contaminant, compared to the Swedish six. The Swedish model has benchmarks for 75 
compounds while the Dutch model has 100 compounds. The Swedish also makes a difference 
between sensitive land use (KM) and less sensitive land use (MKM) for the benchmarks while 
the Dutch model uses nothing like this.  

According to the Swedish EPA (Naturvårdsverket, 2009a) most of the Swedish model is 
based on the Dutch model. No reason is given to why not all exposure pathways from the 
Dutch model have been used. The benchmarks in the Dutch model are for more compounds 
than the Swedish model, but this also includes different chemical species of the same 
substance. All forms that are included in the Dutch model are not used in the Swedish. The 
Dutch model also makes a difference between metals, organic and inorganic contaminants for 
partitioning of the contaminant, which the Swedish does not. The KM and MKM used in the 
Swedish model gives different values depending on what the land is used for. This means that 
the human health will be protected when they choose to be on the contaminated site. Both 
model use TDI and TCA/RfC when calculating and the calculated values do not differ much. 
According to the Swedish EPA (Naturvårdsverket, 2009c), the benchmarks in the Netherlands 
are for protecting human health and terrestrial ecosystems while the Swedish benchmarks also 
protects groundwater drinking and surface water. 

3.1.3 USA 

The Comprehensive Environmental Response, the Compensation, and the Liability Act 
(CERCLA) require that actions selected to remedy hazardous waste sites must consider and 
be protective of human health and the environment (US EPA, 1989a). CERCLA mandates 
that when a remedial action results in residual contamination at a site, future reviews must be 
planned and conducted to make sure that human health and the environment is and will 
continue to be protected. The national program established by CERCLA, or Superfund, is 
designed to be consistent with the previous guidelines from 1984, 1986, 1988 and 1989 as 
well as other Agency-wide risk assessment policies. According to the US EPA exposure 
assessment process includes three steps: characterize exposure setting, identify exposure 
pathways and quantify exposure (US EPA, 2010a). Some exposure pathways were updated in 
2004 (EPA, 2004).  

The US EPA has developed a set of manuals as part of its effort to meet the requirements 
from CERCLA (US EPA, 1989a). The manual is based on policies in the proposed revisions 
to the National Oil and Hazardous Substances Pollution Contingency Plan (NPC). The 
manual is intended to be used as guidance for human health risk assessments and consists of 3 
parts, the baseline risk assessment (part A), refinement of preliminary remediation goals (part 
B) and evaluation of remedial alternatives (part C) (US EPA, 1989a; 1989b; 1989c). 

In the model from USA, the exposure routes discussed are: 

• Soil 
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o Ingestion of soil 
o Dermal contact 

• Air 
o Inhalation of airborne chemicals 

• Water (including ground water, surface water and sediment) 
o Ingestion of drinking water 
o Dermal contact while swimming 
o Ingestion of water while swimming 

• Biota 
o Ingestion of contaminated fish and shellfish 
o Ingestion of contaminated fruits and vegetables 
o Ingestion of contaminated meat, eggs and dairy products 

The benchmarks 
IRIS (Integrated Risk Information System) is a human health assessment program managed 
by the US EPA that evaluates quantitative and qualitative risk information on effects that may 
result from exposure to environmental contaminants (US EPA, 2010b). The IRIS database 
contains more than 540 chemical substances that may affect humans via different exposure 
pathways. The database has searchable documents that describe the oral reference doses and 
inhalation reference concentrations (RfDs and RfCs) for known or assumed to be produced. 

SSG (Soil Screening Guidance) uses a framework for developing risk-based soil screening 
levels (SSLs) for protection of human health (US EPA, 2010c). 109 compounds are used both 
indoor and outdoor and the values for RfD and RfC are basically based on IRIS, but values 
from HEAST (Health Effects Assessment Summary Tables), US EPA, NCEA (Netherlands 
Commission for Environmental Assessment) and California EPA have also been used (US 
EPA, 2010c).  

Compared with the Swedish model 
There are more exposure routes in the US model compared to the Swedish. The biggest 
difference is the different pathways for biota, where the US model considers fish and 
shellfish, fruits and vegetables as well as meat, eggs and dairy products, separately. The 
Swedish model considers fruits and vegetables but combine them in the parameter plants. 
USA started with guidelines in the 1980s and the report this study is based on was published 
in 1989. The Swedish first published a report in 1997 and have since then made a new report 
published in 2009. The US EPA has published supplements to the first report, but not made an 
update of the main report. 

There are benchmarks for 75 compounds in the Swedish model and for 109 compounds in the 
US model. The Swedish model bases this on different organisation and the US model uses 
mainly IRIS, which has more than 540 chemical substances that may affect humans. This is 
not included in the Swedish benchmarks, which means that some substances or information 
may be lacking from the Swedish model. 
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3.2 Comparison of assumptions  

As seen in the summary (Figure 1), the pathways between the models differ. 
 

 

Figure 1. Exposure pathways for the models. The Swedish model uses the exposure pathways ingestion of soil, 
skin contact, inhalation of dust, inhalation of vapours, ingestion of drinking water and ingestion of plants. The 
Dutch model uses the exposure pathways ingestion of contaminated soil particles, dermal contact with soil 
contaminants (indoor), dermal contact with soil contaminants (outdoor), inhalation of contaminated soil 
particles, inhalation of vapours of contaminants via crawl space (indoor), inhalation of vapours of contaminants 
(outdoor), ingestions of soil contaminants via drinking water; inhalation of vapours of contaminants in the 
drinking water during showering, dermal contact with contaminants in the drinking water during showering and 
bathing and ingestion of contaminants via consumption of locally grown crops. The US model uses the pathways 
ingestion of soil, dermal contact, inhalation of airborne chemicals, ingestion of drinking water, dermal contact 
while swimming, ingestion of water while swimming, ingestion of contaminated fish and shellfish, ingestion of 
contaminated fruits and vegetables and ingestion of contaminated meat, eggs and dairy products. 

3.2.1 Assumptions about the models 
When assessing exposure, a large number of assumptions are often done. The models 
reviewed in this study include several different assumptions, but only some of them are 
mentioned in this study. Especially assumptions where the models do not agree are 
mentioned. The focus is on the Swedish model, which also is the model that mentions the 
assumptions more clearly than the other models.  

One assumption made in the Swedish model is that the pollutant concentrations in the soil are 
assumed to be constant over time, with no degradation or removal from that area 
(Naturvårdsverket, 2009a). The assumption is justified because a very small percentage of the 
soil contamination usually disappears by the removal and the large uncertainties associated 
with predictions of the decomposition of organic substances, according to the Swedish model. 
The US model on the other hand claims that some chemicals may degrade rapidly in the 
environment and in these cases exposure should be assessed only for the period of time in 
which the chemical is present at the site (US EPA, 1989a). These exposure assessments may 

Soil Water 

Biota 

Air 

 
 

Inhalation of vapours (S, D, U) 

Inhalation of dust (S, D) 

Ingestion of soil (S, D, U) 
Dermal contact with soil (S, D, U) 

Ingestion of plants (S, D) 

Ingestion of drinking water (S, D, U) 
Inhalation while showering/bathing (D) 
Dermal contact while swimming/bathing (D, U) 
Ingestion while swimming (U) 

Ingestion fruits and vegetables (U) 
Ingestion fish and shellfish (U) 

Ingestion of meat, eggs and dairy products (U) 

S = Sweden 
D = Netherlands 
U = USA 
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need to include evaluations of exposure to the breakdown products. This may affect the 
interpretation of the result. 

The exposure routes in the Swedish model are for calculating with benchmarks 
(Naturvårdsverket, 2009a). This means that for most compounds, it is assumed that health 
effects only appear above a certain dose. This is based on animal testing or epidemiological 
experiments, including associated uncertainties. When using site specific benchmarks, there is 
a possibility to change the exposure routes and exposure parameters. Only exposure routes 
and parameters relevant for the site should be considered. The Dutch and US model does not 
use benchmarks in their calculations. 

It is assumed by the Swedish model that there is a constant relationship between outdoor air 
and vapours from the ground, the indoor concentrations are less than those outdoors for dust 
and the concentration can be assumed to be equivalent for vapours (Naturvårdsverket, 2009a). 
According to the Dutch model, the partition amounts in the different phases can be calculated 
if it is assumed that there is equilibrium in the soil phases (Van den Berg 1995 in Brand et al., 
2007). Due to ventilation with outdoor air via the registers of the house, the indoor air 
concentrations are diluted, according to the Dutch model (Brand, Otte & Lijzen, 2007).  

3.2.2 Assumptions about scenarios 
The Swedish EPA’s general guidelines have been calculated for KM (sensitive land use) and 
MKM (less sensitive land use) and they are based on the assumptions (Naturvårdsverket, 
2009a) that the substances are in their chemical species and the soil have a normal density. 
The scenario “Residential with garden” is used in the Dutch model because it is the standard 
used scenario for deriving the intervention values in soil. The model is equipped with a 
default soil (Lijzen et al., 2001), with the possibility to change the settings to the specific soil 
in question. The US model have made an update on two pathways in 2004 (EPA, 2004) and 
are now using different values for different scenarios (central tendency and reasonable 
maximum exposure (RME)) and different locations (residential and industrial). In the other 
pathways, exposure frequency and duration are used to estimate the total time of exposure and 
they are determined on the site specific bases in the US model (US EPA, 1989a).  

3.2.3 Assumptions about parameters 
The Swedish benchmarks are based on calculations, assumptions or other reports 
(Naturvårdsverket, 2009a), and the US model uses a framework called SSG based on values 
from organisations like IRIS (US EPA, 2010b;2010c). The Dutch model does not mention the 
sources of their numbers but have included the reliability (high, medium or low) of the value 
in their list (Brand, Otte & Lijzen, 2007).  

The exposure pathways via which compounds can affect human health used in the Swedish, 
Dutch and US models are via soil, air, water and biota (Figure 1). The parameters in the 
models for these exposure pathways have been compared.  

Comparison of exposure pathways for soil 
The Swedish model differentiates between children and adults for time spent on site 
(Naturvårdsverket, 2009a) Time spent on site is not included in the Dutch model (Brand, Otte 
& Lijzen, 2007) and in the US model an averaging time, is used (US EPA, 1989a). The 
ingestion in the Swedish model is calculated based on the number of years that children and 
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adults are exposed and often the assumed lifetime and in the US model, percentiles are used. 
The relative oral absorption factors are one of the most sensitive parameters according to 
Swartjes (2009). No oral absorption factor is used in the Swedish or US models.  

The Dutch model recommends different values depending on if the dermal contact calculated 
is indoors or outdoors. A difference is made between children and adult in the Dutch model 
for exposed surface skin, degree of skin covered, dermal absorption velocity, period of 
exposure through contact soil, correction factor exposure and body weight (Brand, Otte & 
Lijzen, 2007). In the Swedish model this is done for exposed skin area, time spent on site and 
body weight (Naturvårdsverket, 2009a). The US model made an update of the pathway 
dermal contact in 2004 (US EPA, 2004). An age-specific value is no longer recommended for 
body weight; instead it is given the same value that the Swedish and Dutch models 
recommend. The skin surface area does not longer make a difference between children of 
different age groups, adults and gender. A value is given instead, which match the other 
models. 

The values for concentration are based on measurements in the Dutch model, measurements 
and modelling in the US model, while the risk based daily intake is taken from a list of 
benchmarks for calculating with the Swedish model. According to the US model, the current 
exposure concentrations in soil can be estimated and based directly on summarized 
monitoring data if it is assumed that concentrations remain constant over time. This 
assumption may not be appropriate for some chemicals and some sites (US EPA, 1989b). No 
such assumptions are mentioned in the other models. 

Comparison of exposure pathways for air 
No values are measured for the specific site in inhalation of dust in the Swedish model. 
Instead it uses annual average concentration of particles in polluted air inhaled (Figure 1). The 
average daily inhalations of dust or vapours are calculated. In the Dutch model, the 
concentration has to be measured in gas-, water- and soil phase and in the US model the 
concentration can be measured or modelled.  

The Swedish and Dutch models both make a difference between indoor and outdoor air for 
vapours and the Dutch model also makes a difference for dust while the Swedish model 
calculates based on site for dust (Figure 1). The difference between outdoor and indoor air are 
made due to differences in concentrations according to the Dutch model (Brand, Otte & 
Lijzen, 2007). In all the inhalation equations, the Swedish model makes a difference between 
if the compounds have a reference concentration value or not. The Swedish model makes a 
difference between children and adults for time spent on site and breathing rate and between 
KM and MKM for some parameters. The actual concentration in soil is calculated and is 
needed for the inhalation of vapours. The Dutch model makes a difference between children 
and adults for body weight, air volume and length of time exposure occurs. In the US model, 
the inhalation rate and body weight is an age specific value, the exposure frequency is a 
pathway-specific value and for the exposure time and exposure duration, the 90th and 50th 
percentiles are used as well as lifetime for the exposure duration. The US model states that it 
makes a difference between indoor and outdoor air for inhalation of dust (US EPA, 1989a), 
but this does not show in the calculations. The US model does not include calculations for 
inhalation of vapours. 
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According to the Dutch model, the compounds can evaporate from the tap water and be 
inhaled with the water vapours when showering (Brand, Otte & Lijzen, 2007). This is 
confirmed by van Leeuwen and Vermeire (2007). The model makes a difference between 
children and adults for air volume and body weight (Figure 1). The concentration in the 
drinking water has to be measured. Inhalation of vapours while showering is not included in 
the Swedish or US models and according to the US model this is because dermal absorption 
of vapour phase chemicals is considered lower than inhalation intakes (US EPA, 1989a). 

Comparison of exposure pathways for water 
The Swedish and Dutch models make a difference between children and adults for water 
consumption and body weight. In the Swedish model, the actual soil concentration is 
measured, in the Dutch model the soil moisture is measured and in the US model the chemical 
concentration in water mass is measured (US EPA, 1989a). Exposure concentrations in 
ground water can be based on monitoring data alone or monitoring combined with modelling, 
according to the US model. The Swedish model calculates the dilution factor and uses 
different values for KM and MKM for distance from contaminated area to well 
(Naturvårdsverket, 2009a).  

The Dutch model makes a difference between children and adults for the parameters body 
surface and body weight when calculating dermal contact while showering or bathing (Brand, 
Otte & Lijzen, 2007). Leeuwen and Vermeire (2007) do not mention this as being an 
important exposure pathway, but the Dutch model still considers it (Brand, Otte & Lijzen, 
2007). The pathway for dermal contact while swimming, showering or bathing was updated 
in the US model in 2004 (US EPA, 2004) and now it looks almost the same as dermal contact 
with soil.  

Comparison of exposure pathways for biota 
The ingestion of biota may have a major effect of the results (Sander & Öberg, 2006) and 
many studies show that this may differ between countries (Filipsson, Bergbäck & Öberg, 
2008). The Swedish and Dutch models make a difference between adults and children for 
consumptions of vegetables (Swedish) and root crops, leafy crops (Dutch model) and the 
body weight. No measurements have to be made in the Swedish model. The concentrations of 
root crops and leafy crops have to be measured in the Dutch model. According to the Swedish 
model, plants in contaminated areas can absorb contaminants through the roots, by the deposit 
of soil particles on plant surfaces or by absorption of vapour through the plant surface, but in 
the equations, focus is on the uptake to the root and the plant (Naturvårdsverket, 2009a). The 
Swedish model is based on the assumption that the concentration of a pollutant in a plant is in 
equilibrium with the concentration of pollutants in the soil. According to Swartjes (2009) 
sensitive factors are fraction of biota that is home-grown, which is used in the calculations in 
the Swedish model. The US model uses a fraction ingested from contaminated site and the 
Dutch model does not consider this. 

In the US model, the equations and parameters for ingestion of contaminated fish and 
shellfish, fruits and vegetables and meat, eggs and dairy products look almost the same (US 
EPA, 1989a) A site-specific measured or modelled value is needed. Specific values for a wide 
variety of fruits and vegetables are recommended as ingestion rate when calculating ingestion 
of fruits and vegetables, while for the fish, shellfish, meat and eggs, the 95th and 50th 
percentile are recommended. Specific values are recommended for the ingestion rates for 
milk, cheese and other dairy products. Pathway specific values like location, size of 
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contaminated area and usage patterns are recommended for fraction ingested from 
contaminated source. The exposure frequency is a pathway specific value based on 
anticipated usage patterns in the US model. For the exposure duration lifetime, 90th percentile 
and 50th percentile are recommended. 

According to the EUSES (European Union System for the Evaluation of Substances) 
concentrations in fish is based on the bio concentration factor for fish on wet-weight basis and 
the concentration in surface water (EUSES, 2010). The concentration in crops is based on the 
concentration in the air (absorbed by the leaves) and the water (absorbed by the roots), while 
the concentration in the soil is not mentioned in the EUSES model. 

How the models deal with uncertainties  
Uncertainties are not discussed for the exposure routes in the CSOIL 2000 model (Brand, Otte 
& Lijzen, 2007). The main report refers to another report that carries out uncertainty and 
sensitivity analyses to examine which parameters that is most important in CSOIL. This is, 
however, only written in Dutch. Uncertainties are considered for the benchmarks in the way 
of reliable levels (Brand, Otte & Lijzen, 2007). 

In the Swedish model, uncertainty factors are used when assessing exposure and uncertainties 
in available data are taken into account (Naturvårdsverket, 2009a), by estimating the 
maximum size of the contaminant or using the 90th percentile of the input value. With KM 
and MKM, both sensitive and average people are being considered but this might give an 
over- or underestimation of the risks (Öberg & Bergbäck, 2005). According to the Swedish 
EPA, the estimated exposure may be higher than the average in the area and the likelihood of 
greater exposure than assumed in the model is low (Naturvårdsverket, 2009a). Measured 
concentrations in groundwater can vary considerably during the year and time series may 
therefore be required. Together with underestimating the long term leaching, this may 
increase uncertainties.  

According to the US model, discussing uncertainties is very important in exposure 
assessments and will be based upon when evaluating whether the exposure estimates are the 
maximum exposures that can be reasonable expected to occur (US EPA, 1989a). Because of 
uncertainty associated with any estimate of exposure concentration, the upper confidence 
limit (for example a 95 % upper confidence limit) is used for the variables in the US model. 
The maximum detected or modelled value is used to estimate the exposure concentrations if 
the concentration values measured or modelled have a great variable or a high upper 
confidence limit. If statistical data are available for a contact rate and exposure frequency, the 
95th percentile values should be used for the value. If statistical data are not available, 
estimation about the approximate 95th percentile should be made. If it is not available for the 
exposure frequency, reasonable conservative estimates of exposure time should be used. 
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4 Discussion 

4.1 The presentation and content 
The Swedish report was published in 2009 (Naturvårdsverket, 2009a) and compared to the 
other two reports, especially US EPA´s (1989a), it has been updated since its first version. 
The US report can be complicated to use because since it was published it has had six 
supplements added with different information. Publishing a new report including all new 
information could instead make it more userfriendly. The parameters used in the US model 
are based on the Exposure Factors Handbook from 1997 (US EPA, 1989a). The handbook is 
based on older studies, some as old as the 80s. This handbook is now being updated, which 
may lead to an update of the parameters as well. A new exposure factors handbook for 
children was published in 2008 (US EPA, 2008) and the Swedish model have used US data 
before, which means they had a chance to take part of this newer edition. It has still not being 
considered in the latest report. The reports for the US and Dutch models were published 
before this, which means they did not take part of this new handbook. 

The equations and parameters recommended in the models have a similar base and are 
calculated with the aim to get the similar results. A big difference is that the calculations in 
the Swedish model are mostly based on reference concentrations, which is based on the 
assumption that health affects only occur when this value is exceeded and in some cases 
measurements are needed (Naturvårdsverket, 2009a). The Dutch model has at least one 
parameter that has to be measured in every calculation (Brand, Otte & Lijzen, 2007) and in 
the US model the concentration can be measured or modelled (US EPA, 1989a). The 
parameters in the US model are more complex in the way that the Swedish and Dutch models 
recommend given values for the parameters, while in the US model they are age-specific 
(body weight) or site-specific etc.. This has changed in the latest updated exposure pathways 
in the US model (US EPA, 2004). 

4.2 Uncertainties in parameters 
No differences have been made between individuals, which is an important part to handle 
uncertainties that might arise. To not consider variability in characteristics between 
individuals, as well as not considering species, age, sex and genetics, might lead to an 
increased risk of uncertainties or a risk of neglectance of existing uncertainties (Cullen & 
Frey, 1999). Van Leeuwen and Vermeire (2007) suggest that an uncertainty analysis should 
be performed together with the exposure assessment, especially for biota, where intake can 
vary between different groups of humans. 
 
Several studies point out the importance of considering the difference between children and 
adults (Öberg & Bergbäck, 2005; Sander & Öberg, 2006). This is important because of 
differences in behaviour and physiology (Moya, Bearer & Etzel, 2004) and considered by the 
models in most cases (see Table 1), with exceptions like ingestion of different parts of plants.  
The US model also explains that it is an age-specific value for children (US EPA, 1989a). But 
there are also gender specific differences (Öberg & Bergbäck, 2005; Sander & Öberg, 2006) 
and the US model is the only model that makes a difference between woman and men, but 
this is in the first model, while the later suppliments do not consider this (see Table 1). Food 
consumption has a great impact on the result of the assessment and the Swedish model makes 
a difference between children and adults when calculating the intake of soil and plants. This is 
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not done by the Dutch model and the US model makes a difference between children and 
adults but one value is given for both of them, it is not calculated. They do not make a 
difference between children of different age groups for ingestion of soil; children above the 
age of six are seen as an adult. When ingesting fish and shellfish, meat and eggs, 50th and 90th 
percentiles are recommended, while for ingestion of fruits, vegetables and dairy products, a 
specific value is recommend. Other important parameters are body weight, exposed skin 
surface, ingestion of soil and the time the exposure occurs (Öberg & Bergbäck, 2005; Sander 
& Öberg, 2006), which are discussed and calculated in almost all relevant exposure routes. 

The intake for children and adults are the most sensitive for soil ingestion and crop 
consumption (Swartjes, 2009). All models make a difference between children and adults for 
average daily intake, and the Swedish model also makes a difference for body weight, which 
is used for calculating the average daily soil intake, and KM and MKM. The 
absorption/sorption factor in the Swedish and Dutch models are set as 1 in the equations and 
the Dutch model explains that it is because the absorption is assumed to be evenly high as the 
absorption present in the toxicological study on which the MPR is based (Brand, Otte & 
Lijzen, 2007). The relative oral absorption factors are one of the most sensitive parameters 
according to Swartjes (2009). No oral absorption factor is used in the Swedish or US models. 
If used, it could give a different result for the Swedish model. 

Table 1. Comparison of general parameters between the models. 

 Swedish Dutch US 
Gender No differences No differences Between men and 

women 
Compared to the 
Swedish model 

- Same Difference 

Age Between children 
and adults 

Between children 
and adults 

Age-specific or 
between children and 
adults 

Compared to the 
Swedish model 

- Same Difference or same in 
newer versions 

 

Physiological parameters 
Important parameters that will be discussed in this thesis are body weight, skin surface and 
breathing rate while other physiological parameters might be mentioned but not discussed as 
well.  

The Swedish and Dutch models make a difference between the body weight of adults and 
children, while the US model makes a difference between children of different age groups in 
the exposure routes in the first version (US EPA, 1989a) (See Table 2). According to the US 
model, the value for body weight is the average body weight over the exposure period. 
Logically, the majority of exposure occurs during childhood because children ingest more soil 
and water while swimming etc. and in these cases the exposure should be calculated 
separately for age groups with similar contact rate to body weight ratios. For some 
assessments, the parameter for body weight is only used for adults while children are not 
considered. 
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The same body weight is recommended for all models, but according to Binkowitz and 
Wartenberg (2001) this can differ between countries. It may also differ over time, depending 
on the age of the individual or the average age of the group of individuals (Portier et al., 
2007). The body weight of men and women differ as well, which can give a different result. 
According to Swedish statistics the mean body weight in Sweden 2004/2005 was 66.6 kg for 
women and 82.4 kg for men (SCB, 2007). The value 70 is recommended in the models and 
according to the sources used by the Swedish EPA, the mean body weights are 68.5 kg 
(woman) and 83.6 kg (men) (Naturvårdsverket, 2009a). Using a value of 70 means that an 
overestimation of an exposed man occurs more often than for an exposed woman. These are 
based on global values from 1999 and 2001 and a comparison between USA and Sweden 
shows that the adult body weight is higher in USA compared to Sweden.  

The models have used the assumption that the average body weight for children is 15 kg, 
which is for a three year old (Naturvårdsverket, 2009a), based on numbers from 2001. Other 
studies show that the average body weight for children might be 17 kg (for four-year olds) 
and 39 kg (11-year olds) (Filipsson, Bergbäck & Öberg, 2008; Werner & Bodin, 2006; 
Albertsson Wikland, et al., 2002). These studies also show that the mean body weight for a 
three year old is 15-16 kg in Sweden, while if you have a two year old, it is 13-14 kg (Werner 
& Bodin, 2006; Albertsson Wikland, et al., 2002). This means that the assumption made by 
the Swedish model is that all equations are based on children with the age of three. When it 
comes to breathing rate, skin exposure, it is based on children of the age of three. The four 
year old to 16-year old can not be compared to an adult, as their body weight do not come 
close to 70 kg until they are around 17 years old (Werner & Bodin, 2006) or even above 18 
years old (Albertsson Wikland et al., 2002). This means a big uncertainty or negligence and 
assumedly the assumption is made that children or young adults between the age of four and 
17-18 do not spend time on these sites. They have to be placed in a group with the assumed 
soil ingestion like a three year old or an adult, which will not give a correct result. According 
to Moya, Bearer and Etzel (2004), no data of soil ingestion by children older than six years 
old exist. If this is because of the assumption that children above the age of six do not ingest 
soil, or the lack of interest in this question, is unclear. The Swedish model makes the 
assumption that exposure of children is done during a period of six years, while the exposure 
of adults are from the age of seven. It does not mention if this means that a seven year old 
child is treated as an adult in this study or at what age the human is considered to be an adult 
when calculating human exposure. The US model mentions that body part-specific parameter 
are calculated using adults, with an age above 18 and children are between the age of one and 
six (US EPA, 2008). For some exposure pathways, the adults are instead everyone above the 
age of six, which means everyone is included (US EPA, 1989a). Residents between the age of 
six and 18 are not mentioned until later in the model where you can calculate an age-adjusted 
factor. There the assumed body weight during ages 7-31 is 70 kg. 

The Swedish model has many opportunities to use Swedish data for body weight, but have 
instead chosen to use global data. When looking at the world today, with different 
nationalities and lifestyles, using global data means a risk of over- or underestimating the 
body weight. The value recommended for body weight in the Swedish model is taken from a 
source from 1999, when it is clear that the body weight differs over time in Sweden and has 
even increased over the years (SCB, 2007). The mean values mentioned in the Swedish 
report, 83.6 kg (men) and 68.5 kg (women) (Naturvårdsverket, 2009a) have no reference and 
when looking at the mean values for men and women in Sweden for these years (SCB, 2007), 
they do not match. Without been given more information from the report, we have to assume 
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that these numbers are taken from old data (1999 and 2001) (Naturvårdsverket, 2009a). They 
also overestimate the actual Swedish body weight, when compared to the Central Statistics 
Office in Sweden (SCB, 2007). This together with the fact that no difference is made between 
women and men and individuals, can increase the risk of a misleading result. 

Studies show that the average exposed skin surface for a four-year old can be 0.7 m2 
(Filipsson, Bergbäck & Öberg, 2008). The Swedish model has recommended 0.5 m2 (MK - 
children) and 0.2 m2 (MKM – children) and the Dutch model recommends 0.05 m2 (children, 
indoors), 0.28 m2 (children outdoors) and 0.95 m2 (children while showering) (see Table 2). 
The values for adults are also lower than in the mentioned report. The US model makes a 
different between children of different age groups and gender for dermal contact while 
swimming, which comes close to the values mentioned by Filipsson, Bergbäck and Öberg 
(2008). It is assumed in the Swedish model that exposed skin is lower on MKM than on KM. 
This is based on gardening (adult) and spending time inside and outside in kindergarten 
(children). This could vary over the season. Not as much time are spent gardening during 
winters, at least not in Sweden and the Netherlands and as much skin is not available for 
exposure outdoors during the winter season. The model mentions seasonal variations when 
discussing uncertainties, but does not consider it the equations. No model makes a difference 
between the seasons. During the winter in Sweden, the ingestion and soil contact should be 
lower than in the summer, based on the fact that there is less exposed skin and less accessible 
soil. The exposed skin surface for children is based on US EPA’s recommendations 
(Naturvårdsverket, 2009a). The climate differ in these two countries, which means it is 
misleading to use recommendations from another country when choosing an average number 
of exposed skin surface for a year in Sweden. 

The value for breathing rate is in the Swedish model based on the Dutch model. The Swedish 
EPA conducted studies when putting together the new report that shows that most models use 
similar assumptions (Naturvårdsverket, 2009c). Breathing rate can differ as well between 
genders and activity (being at home, outside, at work etc.) but this parameter is not included 
in the Dutch model at all (Binkowitz & Wartenberg, 2001). A study with 15 subjects showed 
that they inhaled around 0.6 l per inhalation, which gives 6.7 l/min (Bake, Houltz & Sjölund, 
2007)). This is not used in the Swedish model but the Dutch model recommend the air 
volume 0.833 (m3/h) (see Table 2). 6.7 l/min gives 402 l/h, which is 0.402 m3/h. This 
indicates that the Dutch model maybe have overestimated this value or made the assumption 
that people are more active and breathe more air or more often. The US model uses an age 
specific value, which might have an influence on this result. It recommends two values, none 
of them are for children. The Dutch model means that children spend 16 hours indoors and 8 
hours outdoors. Adults on the other hand spend 8 hours indoors and 8 hours indoors. That 
means there are 8 hours unclaimed, which the model has not explained. It is unclear if this is a 
mistake or on purpose but it leads to an increased risk of uncertainty and a misleading result. 
For inhalation of vapours and dust, it is assumed in the Swedish model that the whole time 
spent on the site is spent indoors (Naturvårdsverket, 2009a), which could also affect the 
breathing rate. Not as many activities inside increase the breathing rate as spending time 
outside. 

Another factor separating children from adults are their height. Children are closer to the 
ground, which mean that they have a greater risk inhaling some compounds, than adults 
(Moya, Bearer & Etzel, 2004). No model has taken this into account when separating the 
calculation for children and adults. 
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If the models have recommended only using parameters for adults and for children of the age 
of three, there are a lot of children that is not considered and which will increase the risk of 
getting an incorrect result. Not considering this, which also include variability, might increase 
the size of the uncertainty in the model. 

Table2: Comparison between the models for physiological parameters. 

 Swedish Dutch US 
Age Children (age three) 

and adults 
Children (age three) 
and adults 

Age-specific value. 
Children (age three) and 
adults (dermal contact). 

Compared to 
the Swedish 
model 

- Same Difference 

Body weight 15 kg (children), 70 
kg (adults) 

15 kg (children), 70 kg 
(adults) 

Age specific, 15 kg 
(children), 70 kg (adults) 

Compared to 
the Swedish 
model 

- Same Difference 

Skin surface 0.5 m2 (MK, children, 
adults), 0.2 m2 
(MKM, children), 0.3 
m2 (MKM, adults) 

0.05 m2 (children, 
indoors), 0.28 m2 
(children outdoors), 
0.09 m2 (adults, 
indoors), 0.17 m2 
(adults, outdoors) 

5 700 cm2 (adult, 
residential), 3300 cm2 
(adult, industrial), 2800 
cm2 (child, residential) 

Compared to 
the Swedish 
model 

- Difference Difference 

Breathing rate 7.6 m3/day (child-
ren), 20 m3/day 
(adults) 

Air volume used: 0.317 
m3/h (children) 0.833 
m3/h (adults) 

30 l/day (adults, sug-
gested upper bound age 
specific value), 20 l/day 
(adult, average, age 
specific value) 

Compared to 
the Swedish 
model 

- Difference Difference for one 
parameter. No children 
mentioned 

 

Soil, water and food consumption 
The Swedish and Dutch models do not make a difference between woman and men, which is 
not explained or discussed in the models but if used, would influence the result (Öberg & 
Bergbäck, 2005; Sander & Öberg, 2006). All children do not ingest the same amount of soil 
(Öberg & Bergbäck, 2005) and the US model makes a difference between children of 
different age-groups in some equations.  

The ingestion of drinking water or water consumption at all differs depending on gender and 
should be calculated based on body weight (Binkowitz & Wartenberg, 2001). In the models, 
the water consumptions are set to 2 l/day, based on numbers from WHO and the Swedish 
FDA (Food and Drug Administration) (Naturvårdsverket, 2009a) for adults but a compilation 
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of a few studies show that the average daily consumption of water is 1 l/day (see Table 3). 
The average ingestion of water is lower than mentioned in the models, which means an 
overestimation of the water consumption. These numbers are from 1986, but later studies 
show that these values have in fact decreased (Moya, Bearer & Etzel, 2004; Filipsson, 
Bergbäck & Öberg, 2008). The mean water consumption for children is 0.6 l/day but the 
value 1 l/day is recommended in the models. Tap water intake for children is often higher 
then for adults (Moya, Bearer & Etzel, 2004), which is not mentioned by the models. Based 
on this information, the calculations and result could be different from the current results 
given.  

Children breathe more air, drink more water and consume more of certain foods than adults 
(Moya, Bearer & Etzel, 2004), which is not considered in the models. The Swedish model 
states that the individual variation is large between genders and different age groups. The 
model makes the assumption that half of the ingested vegetation is root vegetables and the 
rest is vegetables. It states that the values recommended are the average consumption of 
vegetables, root vegetables/potato, fruit, berries and mushrooms but how does this correspond 
to the assumption that half of it is root vegetables and half is vegetables. The ingestion of 
vegetables for children (250 g/day) is based on the average of four year olds (244 g/day) and 
eight year olds (270 g/day) (Naturvårdsverket, 2009a) (see Table 3), while the assumed 
weight for a child is 15 kg which was in line with a three year old. This complicates things 
because as mentioned before in this study, it means the model makes the assumption that an 
older child, in this case between the age of 9 and 18 will have the same of consumed 
vegetables as a small child or as an adult. No other options are mentioned. 

The Swedish model does not reflect over the exposure via ingestion of fish when calculating 
benchmarks (Naturvårdsverket, 2009a). This is based on the fact that fish in surface water at 
contaminated sites are often not directly related to pollution in the soil, but this depends on 
the number of other factors (Naturvårdsverket, 2009a). The route of exposure intake of fish 
includes a long list of steps and is thus very uncertain. In the Swedish model there is a sub-
model that is based on the level of contamination in fish, which is estimated using a bio 
concentration factor. In the previous Swedish model, fish was calculated for KM (sensitive 
land use) and vegetables were also only calculated for KM (Naturvårdsverket, 1997). The 
Swedish model does not consider health risks exposures through ingestion of animal products 
produced on the contaminated site (Naturvårdsverket, 2009a). Animal products, like meat, 
eggs and milk were excluded from the previous model as well because of lack of models and 
parameter values needed for an estimation of exposure (Naturvårdsverket, 1997). The 
previous Swedish model writes that this exposure route might be important for some 
contaminants. The Dutch model does not mention these exposure routes. 

The assumption that 10 % of consumed vegetables are from the contaminated site are based 
on the Dutch model, according to the Swedish EPA (Naturvårdsverket, 2009a), but in the 
Dutch model, this assumption is not mentioned. The parameter for amount of locally grown 
crops is sensitive for the result (Swartjes, 2009). This is not discussed in the Swedish or Dutch 
models but considered when determining the fraction ingested from contaminated site in the 
US model (US EPA, 1989a). The US model does not explain what they include in vegetables 
and fruits, while the Swedish model explains that with plants they mean vegetables, root 
vegetables / potatoes, fruit, berries and mushrooms. It is therefore difficult to compare these 
parameters. 
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Trapp (2004) mentions that the mechanistic principle of building is similar for all crop-
specific models but processes and the parameterization depend on the type of crop. Not all 
crops have the same process for dealing with uptake, chemical equilibrium between plant 
tissue and surrounding soil or are, as well as fluxes inside the plant. This is not considered in 
the models, which could give a misleading result. The Swedish model makes the assumption 
that the concentration of a pollutant in a plant is in equilibrium with the concentration of 
pollutants in the soil (Naturvårdsverket, 2009a), which does not match the views of Trapp 
(2004). 

Table 3: Comparison between the models for soil-, water- and food intake. 

 Swedish Dutch US 
Soil 120 mg/day and 80 

mg/day (KM and 
MKM, children), 50 
mg/day and 20 
mg/day (KM and 
MKM, adults) 

0.0001 kg/day 
(children) 0.00005 
kg/day (adults) 

200 mg/day (children 
< six years old), 100 
(adults > six years 
old) 

Compared to the 
Swedish model 

- Difference Difference 

Water 1 l/day (children), 2 
l/day (adults) 

1 l/day (children), 2 
l/day (adults) 

1,4 l/day (children), 2 
l/day (adults) 

Compared to the 
Swedish model 

- Same Difference 

Food 0.25 kg/day 
(children), 0.4 
kg7day (adults) 

Root: 0.0595 kg/day 
(children), 0.122 
kg/day (adults). 
Leaves: 0.586 kg/day 
(children), 0.139 
kg/day (adults) 

Fish and shellfish: 
Pathway specific. 
Fruits and 
vegetables: pathway 
specific. Meat, eggs 
and dairy products: 
0.28, 0.112 (beef, 
95th and 50th 
percentile), 0.150, 
0.064 (eggs, 95th and 
50th percentile). 
Specific values for 
dairy products. 

Compared to the 
Swedish model 

- Difference Difference. 

 

4.3 Uncertainties in the models  
In the US model, percentiles are being recommended in the calculations while the Swedish 
and Dutch models do not include uncertainties in the results. The US model is also the only 
model that makes a difference between men and woman in their assessment, with two 
different values given. In the US model, lifetime exposure is calculated taking the time-
weighted average of exposure estimates over all age groups (US EPA, 1989a). In the Swedish 
model, the lifetime mean is calculated as a time-weighted average over the entire life 
(Naturvårdsverket, 2009a). Most of the information about body weight is based on self-
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reporting studies. It has been shown that self-reporting underestimate body weight (Roberts, 
1995). This means that when choosing value for body weight and other physiological 
parameters, the risk of uncertainties increase.  

The calculations in the Swedish model are mostly based on reference concentrations and in 
some cases measurements are needed. The Dutch model has at least one parameter that had to 
be measured in every calculation. US model the concentration can be measured or modelled. 
According to van Leeuwen and Vermeire (2007) measurements should give more reliable 
results than model estimations. But measurements can include uncertainties due to for 
example temporal and spatial variations. They suggest that both estimated and measured 
concentrations should be used and compared to select the correct data. Monitoring data of 
known quality are preferred over estimated exposure values when using models. The Swedish 
model uses reasonably conservative assumptions, which means that the calculated exposure 
may be higher than the average at the site. Unusual behaviours and other circumcises may 
lead to an increased exposure. The model has determined that the possibility of a bigger 
exposure than the assume one, is low. The models use different scenarios, which is usually 
based on a set of assumptions. Assumptions made for modelling will always lead to some 
uncertainties. Scenarios may be constructed to represent an actual environmental problem or 
be hypothetically based on policy motivations (Cullen & Frey, 1999). If the scenario is 
defined to provide results for a specific population, it might fail to consider all factors 
affecting the key output variable, which leads to uncertainties. This may be addressed by 
imaginative thinking about all possible factors that come to bear in either the real-life or 
hypothetical problem. 

Models are never exact representations of reality. Models are often a key source of 
uncertainty due to the fact that they are only a simplified representation of a real-world 
system and that the problem boundary encompassed by a model may be incomplete or 
incorrect. The problem boundary encompasses anything that is included in the model, which 
might be a geographic area, a time frame, or a population. Models are often based on 
assumptions, which are always accompanied with uncertainties. The parameters considered in 
the exposure routes for soil are also mentioned by other studies (van Leeuwen & Vermeire, 
2007; Öberg & Bergbäck, 2005; Sander & Öberg, 2006). They also mention many other 
parameters that can be used, but an increased number of parameters give an increased 
uncertainty (Cullen & Frey, 1999). The Dutch and US models use measurements, which can 
lead to parameter uncertainties (Cullen & Frey, 1999). Uncertainties are not discussed in the 
Dutch model for the calculations but uncertainty factors are used to derive the MPR from the 
NOAEL (no observable adverse effect level) for benchmarks (Baars et al., 2001). 

The Swedish model makes the assumption that the pollutant concentrations in the soil are 
constant over time, with no degradation or removal from that area (Naturvårdsverket, 2009a), 
while the US model claims that some chemicals may degrade rapidly in the environment and 
in these cases exposure should be assessed only for the period of time in which the chemical 
is present at the site (US EPA, 1989a). 

4.4 Advantages and disadvantages 
The Swedish model sometimes refers to the Dutch model, which would indicate that the 
Dutch model is the most recommended. The Dutch model than has the deficiency that it does 
not include the parameters or calculations referred to. This is a major uncertainty for the 
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models using the Dutch model as a reference. The Swedish model has the latest publishing 
date, which would imply that it is the most updated. It is still insufficient because it has 
chosen not to use the latest published reports or local data available. If that is used in an 
upcoming version of the Swedish model, it would be recommended as the model to use of 
these three. At this point it is an even battle between the Swedish and the Dutch models. Both 
has their advantages that the other model does not, but it is their disadvantages and 
deficiencies that make the conclusion that none of the models are perfect. The US model has 
access to local data which it has used, compared to the other models. Because of its lack of 
useful information in the published supplements, an entirely new, updated report should be 
published for it to be able to compete with the newer, more updated Swedish and Dutch 
models. 
 
The Swedish model uses benchmarks when calculating the exposure, which the other models 
do not. This might be a way of minimizing the risk of uncertainties associated with 
measurement or modelling values. When reviewing the reports, it is indicated that the 
Swedish model is one of the few countries in the world using this method. If this will be 
successful, compared to the Dutch model which uses measured values, is yet to be seen.   

4.5 Guidelines and the acceptance of risk 
The characteristics of the compounds are important in some of the equations. The Swedish 
model uses the threshold of the compound while calculating, which is based on animal testing 
or epidemiological experiments, including associated uncertainties. The guidelines differ 
between the countries and the Netherlands have included the reliability (high, medium or low) 
of the value as well in their list (Brand, Otte & Lijzen, 2007). Different benchmarks are used 
in the countries which also contribute to an uneven judgement on the exposure assessment. 
Mostly the same compounds are of interest, but the countries do not consider them in the 
same species. 

The Swedish model has given explanations to their assumptions more often than the Dutch 
and US models. The models mention rules for how the calculations and the exposure 
assessment differ depending on substance and site. These differ as well between the models. 
The US model uses site specific bases when determining exposure frequency and duration, 
while the Swedish model uses KM and MKM and the Dutch model uses scenarios like 
“Residential with garden” (US EPA, 1989a; Naturvårdsverket, 2009a; Brand, Otte & Lijzen, 
2007). Because the Swedish model uses reference concentrations and the assumption that 
health effects only occur when exceeding this value, it means the model has chosen a different 
starting point. This is compared to the other models that needs an actually measured value (or 
modelled) to be able to calculate human exposure. In the new Swedish model, KM and MKM 
are based on the compound, not the exposure route, compared to the previous model where it 
was based on the exposure route used. 

4.6 Limitations and future research 
The calculations and parameters differ between the models (Naturvårdsverket, 2009a; Brand, 
Otte & Lijzen, 2007; US EPA, 1989a). That makes it difficult to make a complete comparison 
of the equations and parameters. This study does not compare parameters that are not 
explained in the same way and therefore whose significance differs.  
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The focus of this study was the exposure of humans. It does not cover differences in soil-, air- 
and water chemistry between the countries, how they have been used in the models and how 
they may have affected the exposures. The assumed contaminated areas and characteristics 
have not been accounted for, for example the size of the house when calculating exposure by 
vapours or dust. This is suggested to be a good continuation to this study and would give a 
much more reliable and even comparison. To apply these three models to an actual situation 
would give more information about the differences in the final results. 

These kinds of exposure assessments are associated with an amount of uncertainties. A 
limitation had to be done when it comes to uncertainties because that subject is a whole study 
in itself. 
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5 Conclusion 

• The presentations of the models are similar, but some noticeable differences, like the 
use of gender specific values and use of different values for parameters like exposed 
skin surface can be seen, which might influence the final result of the exposure 
assessment. Sensitive parameters, like the relative oral absorption factors or fraction of 
biota that is home-grown, may lead to an over- or underestimation of the actual 
exposure. 

• The Swedish and Dutch models recommended data from children of the age of three 
and adults. No consideration has been made to humans between these age groups. The 
US model mostly uses age-specific values.  

• Unless the models differ between ages, sex and activities and other important 
parameters, and include the associated uncertainties and variability, a correct 
representation or reality will not occur. 

• Uncertainties are associated with all models and they have chosen different ways of 
dealing with it. When the models take the uncertainties and variability’s into account, 
they increase the chance of giving a reliable result. 

• The models have chosen different structures and calculations, which means it is 
difficult to decide if one of them is generally enough and considers everything, 
including what the other two models address. 

• The Swedish model uses general guidelines when calculating exposure. The Dutch 
and US models use measurements or modelled values. This can be seen as an 
disadvantage or advantage.  

• The substances used in the benchmarks do not differ much between the countries, 
while different species of the same compound have been used. 

• The Swedish and Dutch models are updated more recently than the US model, which 
means new reports and information have been integrated in a higher extent. 
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