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Abstract
The aim of this paper is to present a conceptual framework for a systems approach to protect the environment and
human health by taking into account differences in the cumulative risks of total human exposure in a territorial context.
To this end the measures that are available and that can be included in REACH exposure scenarios in order to obtain
territorially relevant chemical safety assessments (CSAs) were explored. The advantage of linking the REACH exposure
scenarios with background environmental quality data reported under other national regulations is discussed. The main
question is how REACH may be improved to protect the environment and human health inside and outside the EU. This
question is exemplified in a comparative case study of two countries, Denmark and Korea, each with its own set of
different environmental qualities and national regulations. As a member of the EU Denmark is obliged to adopt REACH,
while Korea implemented REACH to improve the competitiveness of Korean industry within the EU market. It is
presented how differences in national regulations and environmental qualities in these two countries affect background
human exposure concentrations. Choosing lead as a model compound, the territorial differences in background
exposure to endocrine and neurological interfering stressors were modelled. It is concluded that the different territorial
soil and air lead pollution levels contribute differently to the total childhood lead exposure in the two countries. As such,
the probability of the total exposure from air and soil exceeding 10% of the provisional Total Daily Intake (PTDI) is
estimated to be 55.3% in Denmark and 8.2% in Korea. The relative contribution from air inhalation and soil ingestion to
childhood lead exposure is estimated to be 1 to 99% in Denmark while it is 83 to 17% in Korea.

1.

Introduction

Chemicals are widely used in our daily life, almost everywhere and in everything. To control and protect human health
from chemical exposures, regulators need scientific input regarding potential harmful impacts of the chemicals on the
market and in the environment. Additionally, to set appropriate standards for the environment, products and food,
decision-makers need an answer to the following question: what is the risk of the substance? Basically, risk is defined as
a function of hazard and exposure. In practice, assessing risk is a complex matter: we are exposed to a wide range of
substances, some with similar, some with different toxic effects. We are exposed through multiple exposure routes (i.e.
inhalation, ingestion and dermal contact), and exposure originates from multiple sources within the working and living
environment, all complicating the exposure scenarios (Boriani et al., 2011 and 2012; Boogaard et al., 2011; Soerensen
et al., 2010a and b; Thomsen et al., 2006, 2008, 2012). Therefore, assessing and managing cumulative risks from multiple
sources and stressors pose a challenge in the regulation of chemicals (Assmuth et al, 2010). International organizations
and national governments have used various risk assessment tools for setting policy goals, analysing cost-benefit aspects,
and evaluating substitutes and alternatives (EEB, 2005; NRC, 2009; WHO, 2012). One example is the European
Community regulation on chemicals and their safe use, called REACH (Registration, Evaluation and Authorization of
Chemicals) (EC, 2006a). When it entered into force in June 2007, REACH was considered the world’s strictest regulation
on toxic chemicals (San Francisco Chronicle, 2006 and section 3.1). The REACH regulation aims to 1) improve the
protection of human health and the environment from the risks that can be posed by chemicals; 2) enhance the
competitiveness of the EU chemicals industry, a key sector for the economy of the EU; 3) promote alternative methods
for the assessment of hazards of substances, and 4) ensure the free circulation of substances on the internal market of
the European Union (EC, 2006a, Title I, Chapter 1, Article 1.1)). The introduction of REACH has wide-reaching impacts on
chemical risk governance as it has shifted the burden of proof from authorities to industrial sectors, following the
principle of ‘no data – no marketing’ (Assmuth et al., 2010). Industries outside the EU have to evaluate and document
the level of risk associated with chemical substances in products prior to their import into the EU market (KMOE, 2012a).
Furthermore, the risks associated with manufacture, use and any release to the environment after use have to be
documented prior to marketing. As such, the REACH regulation is expected to influence the chemical substance flow in
products inside and outside the EU; and thereby, environmental quality and human exposure, not only within EU
countries but also in non-EU countries exporting their products to the EU market.
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In respect to the first aim of REACH, which is to improve the protection of human health and the environment from risks
that can be posed by chemicals, a broader perspective taking into account environmental health (EH) is needed (Barouki
et al., 2012; WHO, 1999; 2011b). The health of human beings is influenced by the quality of the surrounding environment
and the services provided by ecosystems in the region they live in. While ecosystems were formerly assumed to possess
unlimited capacity to assimilate waste, it is now evident that the sustainability of ecosystems is threatened by
degradation and not only by overexploitation of resources (Rockström et al., 2009). Historical, existing and emerging
pollutants may also affect environmental quality and cause environment and human health problems (Bester et al., 2008;
Pizzol et al., 2011; Thomsen et al., 2012). Therefore, REACH should take into account the differences in territorial
environmental qualities caused by historical and existing industrial activities as well as the resulting differences in
background exposure levels to present a worst-case exposure scenario and adopt a precautionary approach to deriving
the predicted environmental concentration (PEC) values. Only by applying such a systemic approach to the REACH
exposure scenario will REACH be able to document its progress towards the aim of improved protection of environment
and human health.
Pollutants from human activities that were, and are presently, being used and released are continuously moving through
the human and natural environment, while being transported and transformed in abiotic and biotic processes. As such,
chemicals may degrade or accumulate according to persistence, fate, transport, and the detoxifying capacity of the
natural system (Boriani et al, 2012; Pizzol et al., 2012; Thomsen et al., 2012; Vorkamp et al., 2009). The transport routes
of hazardous substances to the environment, humans and other non-target organisms/populations as well as the
combined effects from multiple exposures are difficult to evaluate and prevent by means of a single regulatory tool. This
means that REACH alone cannot cover all sources of exposure or mixture toxicity (Assmuth et al., 2010). In this regard a
systems approach is needed in order to solve the present EH problems (e.g. KMOE, 2011c; Danish Government, 2003,
2010; Thomsen et al., 2008; WHO, 1999). To fulfil the goals of REACH and to maximize the potential of REACH in
contributing to improved protection of the environment and human health, the possibility of including local
environmental quality data in the REACH exposure assessment tool for deriving PECs is reviewed in this paper. In order
to verify the relevance of taking into account differences in territorial background exposure concentrations, the local
environmental quality data are compared which are reported under existing national regulations and also needed in
order to obtain an estimate of territorial total exposure. The case of two countries were discussed; Denmark, which as
an EU country is required to implement the REACH regulation and Korea, where the REACH regulation is implemented
voluntarily to make Korean industry competitive in the EU market. Finally, a conceptual framework is proposed for a
systems approach capable of monitoring, verifying and assessing future EH problems upon the release of new chemicals
into different territorial background contamination levels within human and natural systems.

2.

Methods

Firstly (section 3), it is reviewed which transport pathways and routes of exposure that are, and are not, included in the
guidelines describing the REACH exposure assessment tool (section 3.1). Next, other national regulations and
environmental management tools that may provide input data for quantifying background environmental quality for
inclusion in REACH exposure scenarios are reviewed (section 3.2). Then a conceptual framework for a systems approach
to include background environmental quality as part of the chemical safety assessment (CSA) under REACH is presented
(section 4). With reference to the situation of globally applied, harmonized environmental policies, the chemical
regulations and environmental management tools in Denmark and Korea are reviewed (section 5), which share the same
aim as REACH, i.e. to protect environmental and human health from the risks of being exposed to hazardous pollutants
(KMOE, 2011c; The Danish Government, 2003). First, environmental quality standards are compared for substances
included in the national regulations for the protection of air, water (drinking, surface and groundwater) and soil quality
in Denmark and in Korea (section 5.1). Then the environmental monitoring data reported nationally (section 5.2), and
the levels of soil, water and air emissions reported under the PRTR (Pollutant Release and Transfer Register) regulation
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are compared with reference to the national environmental qualities and quality standards in the two countries (section
5.3). Using lead as an example, it is shown that population background exposure in relation to national regulatory
standards varies, which verifies the need for a holistic systems approach to be able to support REACH in reaching the
goal of better and equal protection of the environment and human health at a territorial level. Lastly, children’s lead
exposure, via the environment, inhalation and soil/dust ingestion, in urban areas of these two countries was calculated
by applying the Monte Carlo method for comparing environmentally conditioned childhood exposure levels, presented
in section 5.4.

3.

REACH and other national regulations

Several national regulations exist aiming to protect the environment and human health. While REACH focuses attention
on better control of the continued flow of chemicals within the European market, other national environmental
regulations, e.g., the Water Framework Directive, the new Soil Directive and the Air Pollution Directive as well as the
pollutant Release and Transfer Registers (PRTR), have been established to protect and improve environmental quality
(EC, 2000; 2006b; 2008a 2012b). In addition, mandatory regulatory instruments, such as environmental impact
assessment (EIA) and strategic environmental assessment (SEA) and, most recently, the European environmental liability
directive (ELD) are tools to control, prevent and alleviate impacts from industrial activities on the surrounding
environment (EC, 1997; 2001; 2004). Similarly, a number of voluntary environmental management programs exist, such
as certifications released in connection with the family of ISO 14000 regulations (e.g. Stevens et al., 2012). More recently
extended to include the eco-management and audit scheme EMAS and the eco-label award scheme, both of which are
voluntary; although a legally binding reporting scheme with external audit is required to obtain the EMAS certification
(EC, 2009; 2010). In this paper the focus is only on national legally binding regulations for which data are assumed
available and ready for use in terms of quantified environmental quality data in a territorial context; the latter being of
relevance for quantification of the total ecosystem level and human background exposure to support REACH in deriving
PECs for appropriate total exposure from single chemicals and mixtures (Backhaus & Faust, 2012).
3.1 Completeness of the REACH exposure scenario
The European chemical legislation REACH (1907/2006/EC) entered into force in 2007 and streamlined and improved the
former EU legislative framework on chemicals (EC, 2006a; 2012a). By amending and repealing several former directives
and regulations – including the areas of risk assessment of existing and new substances, their classification, and safety
data sheets – REACH can be considered a very complex regulation relating to chemical risk (Assmuth et al., 2010). Under
REACH, a CSA is required only if a substance is manufactured or imported at/or above 10 tonnes per year. If a substance
meets the criteria for classification as ‘dangerous’ in accordance with Regulation (EC) No. 1272/2008, or if it is persistent,
bioaccumulative and toxic, or very persistent and very bioaccumulative, the chemical safety report has to include an
exposure assessment and a risk characterization for manufacture and all identified uses of the substance (REACH Art.
14.4). Within these restrictions of knowledge (Soerensen et al., 2010a and b), the risks of chemical exposure are
considered to be controlled when the predicted exposure levels (PEC) do not exceed the derived no effect levels (DNEL).
If the risk characterization under the CSA indicates that the applied risk management measures and operational
conditions, both for workers and consumers, are not adequate to control risks (PEC/DNEL > 1), the exposure estimation
may need to be refined and re-evaluated until the PEC is under DNEL (REACH Annex I 5.1.1). However, iterative risk
assessment seems more a single-chemical desktop exercise characterized by a ‘linear business as usual’ and ‘close to
source’ responsibility of the producer. This approach gives little or no attention to the nature of cumulative risks from
long-term accumulation of dispersive chemicals in the environment.
An exposure assessment describes the sources, pathways (the courses an agent takes from the source to the target),
and routes (the way an agent enters a target after contact, e.g. ingestion, inhalation, or dermal absorption) (ECHA, 2012;
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Soerensen et al., 2010; Thomsen et al., 2008; Zartarian et al., 2005). In REACH guidance on information requirements
and CSA (ECHA, 2012), risk characterization for humans should “document the outcome of the combined risk via all
pathways for the different populations separately, and combined (i.e., cumulative for workplace, exposure from
consumer products and via the environment)” (Appendix to Part F, F.10.1.1). The guidance also includes detailed
provisions regarding exposure assessments (Part D on exposure scenario building and in-depth guidance in R.12 to R.18).
In particular, an exposure scenario includes a description of operational conditions, including the manufacturing,
processing and use processes, the activities of workers or consumers, and the duration/frequency of the exposure to
humans and the environment. It also includes risk management measures to reduce/avoid direct and indirect exposures
of humans and the environment (REACH Annex I 5.1.1). Estimated human exposure contains different phases of activity
(preparatory, application, post-use and post-application), all exposure routes (inhalation, dermal and oral), and
acute/chronic exposure (ECHA guidance R.14 and R.15). In addition to this, indirect exposure via the environment is
supposed to be calculated (ECHA guidance R.16). This indirect exposure is assessed both at the local and regional scale.
The local area is the vicinity of single point sources and the region is a larger area which includes all point sources and
emissions from widely dispersive uses of the chemical subject to the assessment in that area. The conditions of these
areas are assumed in ECHA guidance to represent generic worst-case scenarios. The regional concentrations are used as
‘background concentrations’ in the calculation of PEClocal and added to the local concentrations close to the point source
(PEClocal = Clocal + PECregional) for a single chemical; i.e. the chemical under assessment. As such, there seems to be great
potential to improve exposure assessments by integrating national and local policy regulations and monitoring programs
with precautionary measures of risks of total exposure from chemical mixtures (COM, 2012).
Figure 1 shows the specification of human exposure for consumers who represent the general public. The pathways
shaded grey are covered by REACH exposure assessment as included in the ECHA guidance and reporting tool (ECHA,
2012; CHESAR, 2012).

[FIGURE 1]

As shown in Figure 1, the grey REACH exposure assessment scenario includes exposure to a substance which is emitted
to the environment by ongoing or planned activities of the registrant (pathway 1.1.2, 2.1.2) and exposure to the same
substance which is transported from other regions (the third pathway of 1.1.1 and 2.1.1). For workers, the principle is
the same, but exposure from product use (pathway 1.2, 2.3 and 3.2) is replaced by exposure from their working
conditions. The risks for the environment cover the aquatic, the terrestrial and the atmospheric compartment and the
microbiological activity in sewage treatment systems (CHESAR, 2012).
The ECHA guidelines for the quantification of exposure scenarios have been extended to include cumulative exposure
by including indirect exposure via the environment and food (ECHA guidance R.16). However, as shown in Figure 1, there
are still other indirect exposure pathways that are not covered in REACH exposure assessment. Background environment
quality is a combination of historical (accumulated) pollution and pollutants emitted by several facilities or different uses
of substances. As the focus of REACH is the risk of a single substance from an identified use, cumulative risks, including
risks from accumulated historical pollutants and from total emissions by several registrants, are not assessed under
current REACH regulation (Assmuth et al., 2010; Groß et al., 2011). As such, current REACH exposure assessment
scenarios do not include all sources and pathways of exposure; even in a single-chemical approach assuming
independent mode of action, background exposures from historically accumulated chemicals are missing. However,
other regulatory frameworks and tools which have similar goals as REACH may provide input data for quantifying the
contribution from background environmental exposure in a territorial context and work in synergy with REACH exposure
scenarios. Appropriate background exposure data from these sources would allow for a single registrant to add sourcespecific data to the extended exposure scenario for use in cumulative exposure assessment.
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3.2 National regulatory frameworks and tools for EH management
The Kiev protocol is the first legally binding international instrument on global pollutant release and transfer registers
(PRTR). PRTR is a national/regional environmental database of pollutants released to environmental media (air, water
and soil) and transferred off-site for treatment or disposal (UNECE, 2012; OECD, 2012a). As the information in PRTR is
publicly available, this system is not only used for assisting governments to track the generation and release of pollutants
and to set priorities for pollution intervention policies, but to put pressure on industries not to be identified as among
the biggest polluters (UNECE, 2012; EC, 2007). The PRTR regulation upon proper integration with other chemical
regulations may provide input data to improve the REACH exposure scenario (cf. section 6).
Life cycle assessment (LCA) is a voluntary tool to describe and analyse the life cycle environmental impacts of a product,
system or technology; ideally from the extraction of resources, through production, use, and recycling, up to final
disposal (Askham, 2012; JRC, 2010; Potting et al., 2006). . However, like the REACH regulation, LCA does not take into
account absolute measures of environmental quality in time and place, nor the cumulative risk from accumulation of
the pollution and background environmental quality. One way to improve information on territorial background human
exposure may be realised by embedding PRTR (pollutant release and transfer registers) in the new extended global EMS
tool, EMAS III (Eco-Management and Audit Scheme, Regulation (EC) No 1221/2009) and combining this with data from
national environmental monitoring programs.
Contrary to LCA, Environmental Impact Assessment (EIA) and Strategic Environmental Assessment (SEA) aim to protect
the productivity and capacity of natural systems to maintain their ecological processes and functions by comparing
different project/policy alternatives (UNEP, 2004; US CEQ, 1969). By integrating the principles of sustainable
development into country policies and programs, the environmental effects of plans (e.g. land use development) and
programs (e.g. waste management) are taken into consideration in SEA (OECD, 2006a; EC, 2001). Prior to the
implementation of planned projects, programs and policies, EIA identifies the environmental, socioeconomic and human
health impacts of projects, programs and policies. EIA may be used to implement legally binding international
environmental agreements for the prevention of environmental degradation; for example, for hazardous chemicals, EIA
is mandatory in Europe for landfill sites, incineration plants and chemical manufacturing facilities (EC, 1997; Gonzáles et
al., 2008). Even though EIA/SEA have contributed to more informed decision-making, assessment of cumulative impacts
of long-term chemical exposure lags behind; probably due to inadequate understanding of long-term background
exposures, environmental degradation and human health (UNEP, 2004). Adoption of the environmental liability directive
(), supports greater acknowledgement of the interrelatedness between environmental quality, ecosystem services and
human health and thereby the need for combined information and knowledge to increase action in the direction of
better protection of the environment and human health ( Smolders et al., 2008).

3.2.1 Denmark
In Denmark, after the 1960s, when environmental problems became a political issue, environmental regulation was
established systemically (Christiansen, 1996; Pedersen, 2010). The Danish Ministry of the Environment (DMOE) and the
Danish Environmental Protection Agency (DEPA) were founded in 1971 and 1972, respectively. In 1973, the first Danish
framework act for environmental protection, “The Environmental Protection Act” was implemented. Today, Danish
requirements for air quality are based on EU provisions (DEPA, 2011). Regarding water quality, there are five relevant EU
directives (Nitrates, Water Framework, Groundwater, Drinking Water and Pesticides) and national quality standards for
soil and groundwater are set up to protect human health (DEPA, 2010). Environmental control monitoring data in
different media, groundwater, air, surface water, soil and sediment, are reported according to existing regulations (DMOE,
2012;NERI, 2010a; 2010b; 2010c;;)GEUS, 2012). Denmark follows the E-PRTR system, the European Pollutant Release
and Transfer Register. E-PRTR (Regulation (EC) No 166/2006), which replaces the previous European Pollutant Emission
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Register (EPER) and is the new Europe-wide register system under the directive on Integrated Pollution Prevention and
Control (IPPC). As REACH was adopted by the EU, Denmark has been implementing REACH since 2007 and strongly
prioritizes endocrine disruptors, combination effects and chemicals in consumer products (The Danish Government,
2010). Denmark imports a large share of its industrial products of which the synthetic chemical content is now controlled
by REACH to protect consumers’ exposure and, therefore, the main emission source from consumers’ consumption may
be the end-of-life products, i.e. the waste management system (SD, 2010).
3.2.2 Republic of Korea
Korea has experienced comprehensive industrial change since the state-led industrialization efforts of the 1960s (KMOE,
2012b). With rising concerns about environmental pollution issuing from the rapid industrialization and urbanization
processes, the Korean Environmental Conservation act was enacted in 1977 and the Environmental Agency was
established in 1980 under the Ministry of Health and Society and upgraded to the Korean Ministry of Environment
(KMOE) in 1990. The Framework Act on Environmental Policy was enacted in 1990 and the environmental quality
standards for air and surface water were established by this act (KMGL, 2011a). The quality standards for drinking water,
groundwater and soil are set by separate laws, focusing specifically on each of the separate environmental media (KMGL,
2010; 2011b; 2011c). KMOE and research institutes under KMOE collect environmental quality data for air, surface water,
ground water, soil and sediments (KEC, 2012; NIER, 2012a; 2012b, KMGL, 2011d). When Korea became a member of
OECD in 1996, PRTR was launched by means of a legal groundwork (amending the “Toxic Chemicals Control Act”). Today,
in contrast to Denmark, manufacturing and energy-intensive facilities, e.g. in the shipbuilding industry and steel
production, are still predominant in Korea, and the chemical industry has grown rapidly too (OECD, 2006b; KMOE, 2011a).
As the EU is Korea’s second largest export destination (14% in 2000), the Korean government responded very actively to
the EU’s REACH system and supports domestic companies in relation to REACH registration (KOSTAT & EUROSTAT, 2012).
Korea’s main imports are raw materials – petroleum, iron, gas, coal, etc – and major export products are industrial
products such as electrical machinery, vehicles, and manufactured chemicals (KOSTAT & EUROSTAT, 2012). Therefore,
compared with Denmark, the total emission from manufacturing and industrial use to the local environment may be
much higher.

4.

Systemic approach to protecting human health and the environment

Evaluating the total EH impact seems almost impossible as this would cover all areas of human activities that release
pollutants, the environmental system as a container and/or reactor of those pollutants as well as the resulting impact
on human health and the environment. In spite of several international and national regulations trying to control the
emission of chemicals to the environment, total concentrations of pollutants in environmental media and biota are still
increasing, as evidenced by the environmental burden of disease (e.g. WHO, 2011a; CHE, 2011; Pizzol et al., 2011).
Materials, nutrients and substances within the natural system are circulated throughout environmental media and biota,
as are pollutants. The concentration of persistent chemicals in the environment will increase steadily if environmental
media are not remediated and/or emission rates are not reduced to a level that is lower than the chemical degradation
rate in the environment. And countries experience different levels of environmental quality according to their historical
and existing pollutant emission intensity (ECHA guidance R.17).
In order to improve the protection of human health and the environment, and to enhance the competitiveness of the
chemical industry in a sustainable way, we need to assess and intervene against further increases in the cumulative risks
of chemicals. One way would be to prevent further accumulation of persistent chemicals in the environment; i.e.
maintaining the total level of exposure to humans and the environment below the level of adverse health effects – if
indeed it is possible to define an ‘acceptable level’ such as this. A systems approach, integrating information from a
number of regulatory instruments and management tools, may provide an estimate for the total substance flow crossing
the human–environment system interface, making it possible to assess cumulative risks. Figure 2 illustrates the raw
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material flows provided by the ecosystem and transformed and processed within the human system in different stages;
planning, production, consumption, and waste treatment (in rectangles shaded grey). Figure 2 also shows the regulatory
instruments and management tools (in rounded rectangles), including environmental standards, PRTR, environmental
monitoring, EIA/SEA, REACH and LCA, designed to control the use of chemicals and to maintain and improve
environmental quality.
[Figure 2]

The preservation of ecosystem services, including natural resources and environmental quality, relies on maintaining a
healthy ecosystem and controlling pollution emissions so that the intensity of pollutant release is below the
detoxification capacity of natural systems. As shown in the upper box of Figure 2, standards for the environment, e.g.
air, soil and water, are regulatory goals designed to protect the health of human beings and ecosystems. The data
reported under PRTR give information about the quantities of pollutants released and transferred by industries. The
effectiveness of environmental management systems is documented within environmental monitoring programs, as
monitored environmental quality reflects the aggregated level of pollutants released from historic and existing emission
sources.
In order to assess the environmental effect of human activities, there are tools to control governmental/industrial
projects and activities, as described in section 3. In Figure 2, EIA and SEA are suggested EMS tools that can be
implemented to adopt a precautionary approach in the planning of new industrial activities. For the production stage
and transportation for use, REACH is a tool to regulate the use of hazardous chemicals on the basis of risk to human
health and the environment. Even though LCA is not legally binding, through EMAS III, industries and governments may
apply the life cycle perspective approach to assess environmental performance and impacts through all the different
stages of human activities.
In order to preserve ecosystem services (and thereby human health), environmental quality presumably needs to be
maintained within the levels set by regulatory standards. And, to assess cumulative risks as precisely as possible,
background environmental monitoring and PRTR data may be taken into account as a basis for impact/risk assessment
under EIA/SEA and REACH. Furthermore, in order to avoid the accumulation of pollutants in environmental media,
design for reuse and clean technology may reduce pollutant release (the dotted circular arrow connecting residues with
green/clean production in Figure 2). In a sustainable industrial system, with balanced material flow and substance
exchange between the human and natural system, REACH may ensure the quality of products produced from secondary
raw materials (ECHA, 2010). Additionally, tools to make industry financially liable for environmental pollution, e.g. the
European environmental liability directive (ELD), can contribute to preventing damage to the environment and health
risks arising from environmental contamination.
Regarding the marketing of new chemicals, GIS-based approaches to SEA combined with territorial environmental
quality data (e.g. EC, 2007; Gonzáles et al., 2011) may support industrial symbiotic networks which exchange resources
in order to protect and/or improve the ecosystem services. Essentially, REACH can move the assessment closer to the
real world by taking into account background environmental quality and contribute to the sustainability of industrial
systems by including the whole material flow in a life cycle perspective and adopting a more precautionary approach
with regard to similar modes of action of chemical mixtures.

5.

Data and results

An efficient way to take into account differences in background exposure in different territories in CSAs is to include
background environmental quality data. In order to verify the relevance of taking into account differing territorial
background exposures in the REACH exposure scenario, a comparative case study of the environmental quality standards,
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monitored environmental quality and reported PRTR data in two countries (Denmark and Korea) have been explored
and are presented below.

5.1 Environmental quality standards
According to EU directives, environmental quality standards are established for twelve pollutants in air, 33 priority
substances in surface water and 53 substances/parameters in drinking water (EC, 2011; 2008b; 1998). Furthermore,
Danish quality standards exist for 58 substances in soil and 56 substances in groundwater (DEPA, 2010). In Korea,
environmental quality standards exist for seven pollutants in air and 25 pollutants/criteria in surface water (KMGL,
2011a), 57 items in drinking water (KMGO, 2010), 19 pollutants in groundwater (KMGL, 2011b) and 21 pollutants in soil
(KMGL, 2011c).
Table 1 shows the air quality standards of Denmark and Korea (NERI, 2010a; KEC, 2012). In order to compare the data,
the unit used for air quality standards in Korea is converted from ppm to µg/m3. As observed from Table 1, among the
eight substances in Korean air quality standards, five of the Danish air quality standards, i.e. in case of SO2, CO, NO2, O3
and PM10, are about 1.1 to 1.5 times stricter than those in Korea.

[Table 1]

When comparing quality standards for water and soil for selected heavy metals, the differences are more pronounced,
as may be observed from Table 2. Table 2 shows some of the water and soil quality standards for five selected heavy
metals. The Danish freshwater quality standards for lead, mercury and cadmium are 7, 20 and 55 times stricter,
respectively, compared to Korea. For drinking water, Denmark has higher quality standards than the EU with regard to
groundwater used as drinking water, i.e. 1.25 to 50 times stricter, while Korea has adopted drinking water quality
standards similar to the EU. Like for the water compartments, soil quality standards for Denmark are stricter than in
Korea, with the exception of chromium which is a factor 4 lower than for similar land use in Denmark.
[Table 2]
5.2 Environmental monitoring data
With regard to the most recent environmental monitoring data available from Denmark and Korea, air and sediment
data are explored. For freshwater and groundwater, concentrations of hazardous chemicals such as heavy metals and
PAHs are under the detection limit and therefore less relevant for comparison. For soil, while there is a nationwide
monitoring system in Korea (NIER, 2012b), as presented in Table 3, a similar monitoring database in Denmark is still
under establishment and planned to be finished in 2014 (personal communication, DEPA, June 2012).
[Table 3]
Table 4 shows the average air qualities for Korea and Denmark for the substances subject to regulatory quality standards
(NERI, 2010a; KEC, 2012).
[Table 4]
In Denmark, the annually reported concentrations of SO2, CO and Pb are less than 10% of the air quality standards. For
concentrations of NO2, the concentration at street sites (traffic sites) is 1.025 times higher than the quality standard (40
µg/m3). In Korea, the concentrations of SO2 and CO are lower than the regulatory quality standards, while, similar to
Denmark, the annual concentration of NO2 in areas of traffic is 1.4 times higher than the Korean quality standards.
Korean particulate matter in air, PM10, monitored in urban and traffic areas is 1.06 and 1.2 times higher than the quality
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standards. Ozone levels in air are comparable between the two countries, while the Korean air concentrations for SO2,
CO, NO2, Pb and PM10 exceed the Danish levels; concentration levels being from 1.4 up to 13.2 times higher compared
to Denmark. Regarding air pollution levels, sediment pollution levels for selected metals seem to be comparable
between the two countries except for chromium and zinc. Table 5 shows the concentrations of heavy metals in sediments
of freshwater (NERI, 2010b; 2010c; NIER, 2010b).
[Table 5]
In contrast to the air pollution levels in the two countries, there seems to be a tendency for the sediment concentration
levels of cadmium, mercury and zinc to be slightly higher in Denmark compared to Korea; i.e. 1.6 to 2.6 times higher
than those in Korea. Only for chromium is a higher pollution level observed in Korean freshwater sediments, i.e. 2.3 to
2.8 times higher than in Denmark.
5.3 PRTR emission data
The Pollutant Release and Transfer Register (PRTR) contains data on the amounts of pollutants released to air, water and
land at facility level as well as off-site transfers of waste and of pollutants in wastewater covering 91 key pollutants in
the EU and 388 substances in Korea, including heavy metals, pesticides, greenhouse gases and dioxins. While the E-PRTR
system includes greenhouse gases and nutrients that can cause eutrophication, the Korean PRTR system does not include
these.
Table 6 shows the total amount of PRTR data for Korea and Denmark in 2009. In Denmark, 234 facilities reported
pollutant emissions to the environment, 1 facility reported pollutant transfer and 265 facilities reported waste transfer
data covering about 35 pollutants (EEA, 2012). In Korea, 2,917 facilities reported pollutant emission and transfer data
for 212 chemical substances (KMOE, 2011b). In the Danish data, the emissions of CO2, CH4, NO2 and SO2 to air are not
included in Table 6 because these pollutants relate mainly to climate change and are not included in the Korean PRTR
reporting system. The amount of emission to water and the transfer of total organic carbon, total nitrogen and total
phosphorus in Denmark are also excluded in Table 6 because these three substances mainly relate to eutrophication,
and they are not included in the Korean PRTR reporting system either.
[Table 6]

As observed from Table 6, the total amount of PRTR-reported data in Demark is 13,200 tonnes, which is 2.25% of that
in Korea. Total area and population of the two countries are 43,000 km2 and 5.5 million in Denmark and 100,000 km2
and 48.7 million in Korea (OECD, 2012b; 2012c). Therefore, the annual quantities of PRTR reported chemicals released
directly to the environment and/or transferred per capita and per area are 2.4 kg/person and 307 kg/km 2 in Denmark
and 12.0 kg/person and 5,856 kg/km2 in Korea. This indicates that the existing Korean industrial emission intensity to
the environment is 5 times higher per capita and 19 times higher per area than in Denmark.

5.4 Frequency analysis of environmental quality data and childhood lead exposure in Denmark and in Korea
In order to verify the existence of different territorial environmental qualities and, i.e., background human exposure
levels, the total childhood exposure from lead pollution data in Korean and Danish air and soil is compared.
To verify the extent to which territorial differences in environmental quality and resulting human exposure are relevant
to take into account in potential future improvements to REACH exposure scenarios, standard deviations of the average
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reported values in Table 3 and 4 were derived. Average concentration levels of lead and physiological parameters for
children, including standard deviation of the lognormally/normally distributed data are provided in Table 7.
[Table 7]
Data on the concentration of lead in the air (Pbair) are based on the measurements from the most recent available data
reported by the national monitoring programs in the two countries (NERI, 2010a; KMOE, 2010). In order to compare
urban air quality, the data of urban and traffic areas in Denmark were selected and data for twelve cities in Korea were
used. For the concentration of lead in soil (Pbsoil) in Korea, monitoring data from residential, school and park areas in the
year 2010 constituted 563 sites with a total of 1,521 sampling sites. These were chosen for the purpose of comparability
with Danish monitoring data. As Danish nationwide soil monitoring data are not available, the most recent and
representative monitoring data from housing and recreational areas in Copenhagen and in the city of Ringsted in 2002
and 2003 were used (Falkenberg et al., 2004). For physiological parameters, recommended values from the US EPA for
children between 3 to 6 years old were used, assuming that no difference exists among physiological standard conditions
in the USA, Denmark and Korea (US EPA, 2008).
5.4.1 Environmental Quality frequency analysis
Frequency distribution of air and soil quality data (Figure 3 and 4) as well as total daily intake (Figure 5) from these two
sources was calculated by using a Monte Carlo analysis. The frequency analysis is a simplified technique based on
frequency factors depending on the distributional assumption that is made and, in this case, the mean and variance of
the log transformed raw data (e.g. Cheng et al., 2007; Ott, 1990). As the concentrations of substances in the environment
are usually lognormally distributed (Ott, 1990), the logarithms data of environmental concentrations were used for the
Monte Carlo analysis. The Monte Carlo model was set up to run 10,000 trials and, for each trial, input parameter values
for equation 1 were selected randomly within the value ranges shown in Table 7. Figure 3 and 4 show the resulting
frequency distribution of the lead concentration in air and soil of urban residential areas in Denmark and Korea. In the
Monte Carlo analysis, environmental concentration values were selected randomly 10,000 times among the normal
distribution, with the average and standard deviations shown in Table 7. The X-axis is the concentration value which the
Monte Carlo method chose and the Y-axis is the frequency of that concentration value in 10,000 times of being selected.
By adding all the frequency values above the specific level of the X-axis, which means the area of the graph, we can
calculate the probability of each distribution exceeding this environmental concentration. The sum of the Y-axis values
for all X value ranges, which means the total area of the graph, should be 1. Calculation of the area was based on these
frequency values. However, in order to show only the difference in environmental concentrations and daily intake levels
between Denmark and Korea, the frequency value (Y-axis) was normalized by dividing frequency by the maximum value
of each distribution in Figure 3 to 5.

[Figure 3]
[Figure 4]
In Figure 3, the probability of air concentration exceeding 0.5 µg/m3, the air quality standard in Denmark and Korea, is
very low in both countries because the area of frequency above 0.5 µg/m3 is 0% in Denmark and 0.03% in Korea. However,
with the level of 0.0097 µg/m3, which is the 99.9th percentile upper distribution data in Denmark, the area of Korean air
concentration distribution above this value is 0.9997. This means that more than 99.97% of people in residential areas
in Korea may be exposed to lead above 0.0097 µg/m3. On the other hand, when looking at Figure 4, the probability of
soil concentrations exceeding the Danish quality standard limit of 40 mg/kg is 76% for Denmark as opposed to 18% in
Korea. Furthermore, approximately 12% of Danish lead soil concentration distribution is estimated to be above the
Korean soil quality standard of 200 mg/kg, while only 0.04% is estimated to be above that concentration in Korea.
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5.4.2 Daily intake frequency analysis
The daily lead intake via air inhalation (box 1.1.1, Fig 1) and soil ingestion (part of box 2.1.1, Fig. 1) are estimated
according to equation 1:
[Equation 1]
As in the environmental quality frequency analysis above, the Monte Carlo method was used by running the equation
(1) 10,000 times, selecting input values from lognormally distributed soil and air concentration data and normally
distributed physiological data as provided in Table 7. Figure 5 shows the result of this analysis, i.e. the probability
distributions of daily intake of lead via the soil ingestion and air inhalation for children living in urban areas in Denmark
and Korea. The resulting frequency distribution was compared to the acceptable daily intake value of 3.57µg lead per kg
body weight per day (µg/kg bw/day). This value was derived by using a former PTWI (Provisional Tolerable Weekly Intake)
value, 25µg/kg bw/week, suggested by the Joint FAO/WHO Expert Committee on Food Additives (JECFA). It should be
mentioned that since the 73rd report of JECFA in 2010, showing that even this former PTWI value is associated with a
decrease of childhood IQ (Intelligence quotient) and increased systolic blood pressure in adults, the PTWI value for lead
is under discussion; although a new provisional value for the PTWI has not yet been adopted (IPCS, 2012). As such, a
PTDI (Provisional Tolerable Daily Intake) value for lead was derived from the former JECFA PTWI value for the purposes
of our analysis, resulting in an acceptable daily intake value, i.e. PTDI, of 3.57 µg/kg bw/day.
Human exposure to lead occurs mainly via food and water, but exposure via the environment, air, dust and soil is also a
contributing factor; especially during childhood where up to 50% of total exposure, especially in contaminated areas,
occurs via the environment (EFSA, 2010). Reflecting this, the estimated daily intake of lead via the soil and air in Denmark
and in Korea is compared with an estimated maximum allowable fraction of the PTDI corresponding to 50% and 10% of
the PTDI; i.e. 1.785 and 0.357 µg/kg bw/day, respectively.
[Figure 5]

Figure 5 shows that the probability of children’s exposure through inhalation and soil/dust ingestion exceeding 50% of
PTDI is about 5% in Denmark, while it is close to zero in Korea (0.01%). The probability of exposure exceeding 10% of
PTDI is estimated to be 55.3% in Denmark and 8.2% in Korea. The distributional contribution to Danish childhood
exposure via inhalation and soil ingestion, respectively, is estimated to be 1% versus 99%. In comparison, Korean
childhood exposure via inhalation represents 16.8% and the exposure via soil/dust ingestion represents 83.2% of the
total air and soil exposure.

6.

Discussion

By including existing chemicals and new chemicals under a single management system, and sharing information with
several interest sectors such as manufacturers, downstream users and the public, the introduction of REACH has
comprehensive impacts on chemical risk governance, shifting the burden of proof from authorities to industrial sectors.
Therefore, REACH has been accepted as an improvement to chemical risk governance.
However, in order to protect the health of inhabitants, the boundary of REACH needs to be extended to support
sustainable ecosystem services such as non-polluted top soils, clean water and air. By failing to take into consideration
the cumulative risks from different sources and pathways, such as territorial environmental background exposures,
intake from daily food consumption, use of products containing the same substance and several substances which have
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similar modes/mechanisms of action, the current REACH system has limitations when it comes to maintaining and
improving ecosystem service in a sustainable way. Instead of adding more complexity to REACH, revising the current
system and linking it with other already existing regulations and management tools, such as EIA/SEA, PRTR and
environmental monitoring systems as illustrated in Figure 2, would be a more practical way to improve the whole
management system in a systemic way (Assmuth, 2010). One possible way forward would be for the REACH exposure
scenario to include environmental monitoring or PRTR emission data generated by national/local governments, to assess
background exposure levels, and for national/local governments to use the information collected under REACH for
EIA/SEA in order to reduce uncertainties (EC, 2012c).
In this paper, the exposure routes and pathways included in REACH are analysed and a systemic approach is presented
which can enable REACH, national regulations and environmental management tools to work together. It is also shown
how data not currently considered in the present REACH system can be used to assess the exposure from the territorial
background environment. Several sources of environmental monitoring data (i.e. for air, water, soil, sediment) provide a
measure of current environmental quality. The difference between policy goals, environmental quality standards, and
present environmental quality clearly illustrates differences in exposure from the background environment. The average
concentrations of air pollutants in Korea, for SO2, CO, NO2, Pb and PM10, which reflects a part of the current emission to
the environment, are from 1.4 to 13.2 times higher than those in Denmark. On the other hand, heavy metal
concentrations in sediments of surface water in Denmark, which may reflect historical accumulation, are from 1.6 to 2.6
times higher than concentrations in Korea. Considering that Danish drinking water supply is based on groundwater
(DMOE, 2012), background exposure to historical accumulation should be considered when evaluating the risk of
drinking groundwater. While in Korea, as shown in PRTR data, current emission levels of several pollutants from industry
are much higher (up to 44 times in total amount and 19 times per area, excluding substances related with climate change
and eutrophication) than in Denmark. Among these, many substances are not included in air quality standards in Korea
and thus not monitored nationwide under the current monitoring system. Even though the concentration of several
hazardous chemicals such as heavy metals and PAHs in environmental media is often under the detection limits,
especially for surface and groundwater, this does not mean that the concentration of these substances is zero. PRTR data
can be used for estimating the exposure from the territorial background environment as a substitute for the missing
monitoring data. Substances reported by PRTR emitted to the environment may accumulate in biota over the long term.
Therefore, by using similar modelling methods to those used in the current REACH environmental exposure assessment,
PRTR data can be used to predict regional concentrations (PEClocal) that not only include the emission from a registrant
but also historical and existing emission levels associated with the specific area. In order to use PRTR data in REACH CSA,
the harmony between these two regulatory systems should also be considered. For example, just one out of 14 chemicals
in the list of substances subject to authorization under REACH (Annex XIV), bis(2-ethyl hexyl) phthalate (DEHP), and 21
out of 56 chemicals in the list of dangerous substances, mixtures and articles for restriction (Annex XVII) are included in
the E-PRTR (EC, 2006a;2006b). Needless to say, systematic and representative monitoring, verification and reporting of
existing and historical pollution are needed in order to evaluate cumulative risks of chemicals in a way that reflects real
exposure situations. Assessing exposure of single substances released from multiple uses, exposure to multiple
substances with similar mode/mechanism of action, and assessing impacts and exposures to different population groups
(i.e. children) are also needed to improve the CSAs under REACH (EC, 2012c; Groß, R. et al., 2011; Toenning et al., 2009).
This study has shown that different territorial soil and air lead pollution levels and source intensities result in significant
differences in the source contribution to childhood lead exposure between Denmark and Korea. Overall, the frequency
analysis shows the differences in terrestrial background environmental quality between the two countries which in turn
result in different background childhood exposure levels. Approximately 55% of children in residential areas in Denmark
and 8% in Korea may be exposed to lead above 10% of the PTDI value via the environment. Considering the results of
studies about lead intake via food, children in Denmark are exposed to approximately 0.44 µg/kg bw/day (12% of PTDI)
of lead, while the exposure level is 1.03 µg/kg bw/day (31% of PTDI) in Korea (EFSA, 2010; KFDA, 2010). The background
lead exposure level may increase when these values of exposure via food are taken into account. In addition, if we
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combine the exposure to other substances which have a similar mode/mechanism of action, then the total risk will
increase again. The result of this study shows a need to apply a more systemic and precautionary approach to REACH by
taking territorial differences in environmental qualities into account.

7.

Conclusion

The existing exposure scenario assessment under REACH is not complete with regard to human exposure from the
background environment, which may differ by territory as a reflection of both historical and existing pollutant emissions.
In order to protect human health and the environment, REACH needs to evaluate the cumulative impacts of chemicals
and contribute to the sustainability of the industrial system by taking into account the whole material flow in a life cycle
perspective. A systems approach, linking REACH to supporting data on background exposures such as environmental
monitoring and PRTR data, would allow for a more thorough EIA-based evaluation prior to authorization of additional
chemical industrial activities. Extended system boundaries to document action to decrease background concentrations
and promote no-risk for future generations call for a territorial whole-system chemical risk assessment in a life cycle
perspective, as illustrated by the systemic approach (see Figure 2). In applying this type of approach, REACH may be able
to provide cumulative risk assessments that are closer to real exposure situations and include differences in territorial
environment quality. This would allow materials to flow in a more circular way. As shown in the case studies of Denmark
and Korea, countries have different background environmental quality due to different emission histories and different
industrial structures and scales. The model-based study shows that the background exposure to lead via the
environment, which REACH currently does not include, may be substantial for children in these countries. In order to
assess the risks of chemicals, these background exposure levels and territorial differences should be taken into
consideration in REACH. Data from environmental monitoring and PRTR may be used to derive total background human
exposure and thereby the predicted exposure levels as defined within REACH.
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Tables

Table 1. Air quality standards in Denmark and Korea, provided as average concentration levels [µg/m3]
Quality goals

SO2*

CO*

NO2

O3*

Bz

Pb

PM10

PM2.5

Cd**

As**

Ni**

EU/Denmark

125

10000

40

120

5

0.500

40

25

0.0050

0.0060

0.0200

Korea

143

11000

62

129

5

0.500

50

25

* Concentration for SO2 is an average for 24 hours and concentrations for CO and O 3 are averages for 8 hours.
** For these 3 items, target value enters into force 31.12.2012 (EC, 2011).

Table 2. Water and soil quality standards in Denmark and Korea, provided as average concentration levels
WATER (µg/L)
Quality Goals

Freshwater
KOR
DK(=EU)

SOIL (mg/kg)

Drinking water
KOR
EU
DK1

Groundwater
KOR2

KOR3

DK

Pb

50

7.2

10

10

1

100

200

40

Cd

5

0.09*

5

5

0.5

10

4

0.5

As

50

-

10

10

8

50

25

20

Hg

1**

0.05

1

1

0.1

1

4

1

50

-

50

50

1

50

5

20

+6

Cr

* This is the quality standard for ‘Class 3’ (the middle range level among 5 classes) (EC, 2008b).
** By law, the quality standard is zero for these compounds. This is the limit of detection (KMGL, 2011a).
1 The provided quality standards refer to groundwater used as drinking water (DEPA, 2010).
2 These standards are for residential purposes including laundry, dishes, and toilets. When groundwater is used for drinking, it is
subject to the standards for drinking water (KMGL, 2011b).
3 The soil contamination standards in Korea are divided into three categories, in accordance with the land use. In this table, the
standards for region 1 (for rice paddies, fields and school sites) are shown (KMGL, 2011c).

Table 3. Soil monitoring data for Korea in 2010 [mg/kg]1
Number of
sites

Cd

Cu

As

Hg

Pb

Cr(6+)

Ni

PCB

Benzene

Toluene

Ethylbenzene

Xylene

Phenol

1,521

1.094

19.934

4.821

0.030

26.763

0.142

12.579

0.000

0.001

0.003

0.000

0.003

0.001

1 Since 2010, the monitoring method

for five heavy metals has changed from extraction to total concentration (NIER, 2012b). In order
to calculate children’s lead exposure and compare this with Danish urban data in section 5.4the data in 2010 have been used.
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Table 4. Air quality in Denmark and Korea in 2009 [µg/m3]
Average conc.

SO2

Urban
Denmark

Traffic

3

Rural

Korea

CO

NO2

O3

229

17

52

462

41

36

210

10

Bz

Pb

PM10

PM2.5

Cd

As

Ni

0.004

21

14

0.0015

0.0004

0.0029

0.005

28

18

0.0015

0.0005

0.0036

58

0.004

18

14

0.0015

0.0005

0.0018

*

53

1

Urban

16

691

51

52

0.050

Traffic

17

928

87

32

60

Rural

6

492

14

74

45

Background

7

500

11

91

49

* The average Pb concentrations of 12 major cities in Korea (KMOE, 2010)

Table 5. Stream and lake sediment monitoring data in Denmark and Korea in 2009 [mg/kg]
Median conc.

Pb

Cd

As

Hg

Cr

Zn

Ni

DK (stream)

15.9

0.72

13.7

0.09

17.5

125

18.3

DK (lake)

29.1

0.691

7.63

0.104

14.1

162

13

KOR (stream + lake)

25.6

0.4

11.3

0.04

39.9

77.9

17.4

Table 6. PRTR data in Denmark and Korea in 2009
Emission (kg/yr)

Total area (km2)

Total
population

Total PRTR
(kg/yr)

Denmark

43,000

5,519,000

13,199,480

11,076,031*

21,015**

11,097,045

-

2,102,435**

Korea

100,000

48,747,000

585,614,448

46,857,837

130,750

46,988,587

10,861,225

527,764,636

Air

Water

Total

On-site Landfills
(kg/yr)

Transfers
(kg/yr)

* This does not include CO2, CH4, NO2 and SO2, which are not included in Korean PRTR data.
** These amounts are after exclusion of the emission of TOC (Total Organic Carbon), TN (Total nitrogen) and TP (Total Phosphorus).

Table 7. Air and soil lead concentration and childhood physiological parameters for Monte Carlo analysis

Lead conc.

Physiological
parameter
(3-6 yrs)

Input parameters

Unit

Median

Stdev

Distribution

Pair (DK)

µg/m3

0.005

0.0011

Log normal

Pair (KR)

µg/m3

0.0495

0.0388

Log normal

Psoil (DK)

µg/g

104.36

105.28

Log normal

Psoil (KR)

µg/g

26.56

18.14

Log normal

Body weight

kg

18.6

3.9

Normal

Inhalation

m3/day

10.9

2.7

Normal

0.1

*

-*

Soil ingestion

g/day

-

* In this paper, soil ingestion rate was regarded as constant, using the rounded value of the total soil and dust ingestion rate (US EPA,

2008).
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