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English summary 
 

For several decades, the use of chemicals has been rapidly increasing and widely spread in our daily life. 

To cope with this trend, the paradigm of chemical management system has changed: from hazard criteria 

which is based on their intrinsic hazardous properties, to the actual risk of chemicals which is based on 

both the hazard of the substance and the possible exposure level of human to the substance, and from 

single substance-oriented to multiple chemical (e.g. mixture toxicity)–oriented management system (EC, 

2012; Moeller and Biwer, 2014). 

This study aims to examine the limitations of existing chemical regulations in view of protecting 

vulnerable populations from “excessive total risk” and to explore the possibilities for improvement. Firstly, 

the completeness of the REACH exposure scenario was reviewed with the finding that the current 

scenario does not take into account territorial varying background environmental quality. Secondly, to 

compare the territorial exposure differences from historical accumulation, the childhood exposure to lead 

from the environment (air and soil) in Denmark and Korea were estimated. The result shows that because 

of the high lead concentration in soil which mainly originates from historical accumulation, the daily 

childhood exposure levels from the environment in Denmark are estimated higher than those in Korea: 

2.3 times in the median exposure level. Thirdly, to compare the territorial exposure differences from 

current emission, the childhood exposure to phthalates (DEHP, DBP, and BBP) from the environment 

(indoor and outdoor environment) and food in Denmark and Korea were estimated. The daily childhood 

exposure levels of Korea are estimated higher than those of Denmark: 1.0-1.5 times in DEHP, 2.5-3.5 times 

in DBP, and 1.9-3.5 times in BBP for median exposure levels. Then the result from exposure scenario 

approach (ESA) was compared with the result from back-calculation approach (BCA), using the 

concentrations of phthalate metabolites in children’s urine reflecting the actual exposure level of the 

target group. It was found that the exposure levels obtained from BCA are higher than those from ESA. 

Like ESA, the daily intake levels of Korean children are higher than those of Danish children: 1.1-2.1 times 

in DEHP, 2.3-4.1 times in DBP, and 2.8-2.9 times in BBP for median exposure levels. Generally, cumulative 

risk levels obtained from BCA (median) are 1.0 to 2.6 times higher than the risk levels obtained from ESA. 

This is mainly because of the gaps in exposure levels between BCA and ESA. For DEHP, the exposure from 

ESA slightly overestimated BCA based exposure level. On the other hand, for both countries, DBP and BBP 

exposures from ESA method underestimate the total exposure from BCA calculation: 30-50% of DBP, 

which has the highest toxic capacity among the three phthalates, and 60-70% of BBP exposure levels from 

BCA is still not explained by ESA. The result shows that even though ESA is considered and prepared to be 
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conservative, the ESA method still underestimates the actual monitored, i.e. BCA based, risk levels of 

childhood phthalate exposure.  

In order to explore whether the missing regulation on the quality of secondary materials in green 

production may contribute to explain the above mentioned gap between BCA and ESA, additional analysis 

has been performed.  The analysis of the current mass flow of plastics and paper in Europe shows that 

with the recycling of 60% of paper and 26% of plastic wastes, approximately 4% to 18% of the above 

mentioned phthalates are re-entering the product cycle through recycling. Moreover, a case study on the 

childhood phthalate exposures from food packaging made from recycled materials, and a simulation of the 

flows of phthalates in 2020 - under the assumption that the recycling rate of plastic and paper products 

will increase with the full implementation of EU waste legislations by 2020 - have been performed. Even 

under the 50% reduction of phthalates production, the increased recycling rate of plastic and paper in 

2020 might lead to an increase of unwanted recycling of DEHP and BBP to 110 and 40% respectively, 

while recycling of DBP will decrease by 15%. The results demonstrate that without controlling the quality 

of recycled materials, increased recycling of resources in a circular economy might increase undesirable 

recycling of micro-pollutants. Finally, a systemic approach based on sustainable resource flows was 

proposed for extended chemical management and the role of REACH in a circular economy.   
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Dansk resumé 

 

I de sidste årtier er mange tusinde syntetiske kemiske stoffer blevet udviklet og markedsført i forskellige 

produkter og materialer. I takt med øget markedsføring og udbredelse af stadigt flere anvendelser i vores 

dagligdag er forbruget af kemikalier steget tilsvarende. I anvendelsesfasen har frigivelse af et ukendt antal 

af kemiske stoffer, i ukendte doser, vist sig at udgøre en ikke ubetydelig risiko for forbrugerne.  

I erkendelse af utilstrækkeligheden i godkendelsesproceduren for markedsføring af kemikalier, som 

tidligere var baseret på farekriterier for det enkelte kemikalies iboende farlige egenskaber, er der sket en 

ændring i risikohåndteringsparadigmet henimod en vurdering af den faktiske risiko forbundet med de 

kemikalier vi omgås i hverdagen – en risiko som er baseret på både faren ved de kemiske stoffer og det 

eksponeringsniveau personer udsættes for. Det konceptuelle risikoparadigme har altså udviklet sig fra at 

være enkelt kemikalie-orienteret til at være orienteret mod sundhedseffekter fra samtidig eksponering 

overfor flere kemiske stoffer (EF, 2012; Møller og Biwer, 2014).  

Dette forskningsprojekt undersøger begrænsninger og muligheder for forbedringer i den eksisterende 

kemikalieregulering, fx REACH, som har til formål at beskytte sårbare befolkningsgrupper fra kumulative 

risici fra flere kemiske stoffer hhv. multiple kilder, transportveje og eksponeringsintensitet. Der er 

foretaget en sammenlignende undersøgelse af danske og koreanske børns eksponering overfor bly fra 

jord og luft. På grund af den høje koncentration bly i jord, der hovedsagelig stammer fra historisk 

ophobning, skønnes børns daglige eksponeringsniveau fra jord og luft i Danmark at være 2,3 gange højere 

end det gennemsnitlige eksponeringsniveau i Korea. Undersøgelsen viser at eksponeringsscenariet i 

REACH ikke er i stand til at tage højde for territoriale variationer i miljøkvalitet forårsaget af historisk 

akkumuleret forurening; her eksemplificeret ved bly.  

Et detaljeret studie af kilder og transportveje for børns eksponering overfor ftalaterne DEHP, DBP og BBP 

fra det omgivende indendørs og udendørs miljø, samt fra fødevarer i Danmark og Korea, viser omvendt at 

børns daglige eksponeringsniveau i Korea ligger noget højere end for børn i Danmark. Koreanske børns 

eksponering overfor ftalater skønnes således at være 1,0-1,5 gange højere for DEHP, 2,5-3,5 gange højere 

for DBP og 1,9-3,5 gange højere for BBP. Forskellene kan henføres til variation i fødevareindtag såvel som 

intensiteten af eksisterende kilder til eksponering og den resulterende variation i miljøkvalitet i Korea og 

Danmark. For at opnå en større forståelse af mangler i REACH som risikovurderingsredskab, er der 

foretaget en sammenligning imellem den samlede eksponering af børn i Korea of Danmark ud fra to 

metodisk forskellige tilgange: i) REACH’s eksponeringsscenariemetode og ii) beregninger af den samlede 

eksponering ud fra biomoniteringsdata af de tre ftalater i urinprøver. Eksponeringsberegninger foretaget 

med udgangspunkt i biomoniteringsdata afspejler det faktiske eksponeringsniveau i målgruppen og er et 
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resultat af kendte såvel som ukendte kilder, mens REACH’s eksponeringsscenarie dækker alle inkluderede 

og kendte kilders bidrag til den samlede eksponering.  

Ved at sammenholde resultaterne fra de to beregningsmetoder er det muligt at vurdere hvorvidt REACH’s 

eksponeringsberegningsmetode resulterer i et konservativt risikoestimat og dermed vurdere hvorvidt 

metoden har evnen til at beskytte sårbare befolkningsgrupper og derfor kan fungere som 

risikohåndteringsredskab. Resultaterne viser at de faktiske eksponeringsniveauer, beregnet ud fra 

biomoniteringsdata, ligger højere end eksponeringsniveauer beregnet ud fra REACH’s 

eksponeringsscenariemetode. For begge beregningsmetoder viser resultaterne at det daglige indtag af 

ftalater er højere for koreanske børn end for danske børn. Ifølge REACH’s eksponeringsscenariemetode 

indtager koreanske børn dagligt 1,1-2,1 gange så meget DEHP, 2,3-4,1 gange så meget DBP og 2,8-2,9 

gange så meget BBP, som danske børn. Den kumulative risiko fra den samlede eksponering overfor de tre 

ftalater beregnet ud fra biomoniteringsdata er 1,0-2,6 gange højere end den kumulative risiko beregnet ud 

fra REACH’s eksponeringsscenariemetode. Det kan dermed konstateres, at REACH-metoden er mangelfuld 

og ikke dækker alle kilder til eksponering og metoden kan dermed ikke betegnes som værende et 

konservativt risikohåndteringsredskab. Ydermere viser undersøgelsen, at eksponeringsniveauet for DBP 

og BBP beregnet ud fra REACH-metoden, underestimerer det faktiske eksponeringsniveau med 

henholdsvis 30-50 og 60-70 %, mens der for DEHP opnås et konservativt estimat. Resultaterne viser at 

selvom REACH eksponeringsscenariemetoden betragtes som værende designet til at være konservativ, så 

underestimere metoden altså de faktiske biomoniterede kumulative risikoniveauer som resultat af børns 

samlede eksponering overfor ftalater.  

For at identificere mulige, hidtil ukendte, kilder til børns samlede eksponering overfor ftalater er der i 

projektet udført en undersøgelse af, i hvilken grad anvendelsen af sekundære materialer i ’grøn 

produktion’ kan forklare forskellen imellem de faktiske og de REACH-baserede eksponeringsniveauer. 

Undersøgelsen er foretaget med udgangspunkt i genanvendelse af plast og papir i Europa og viser, at en 

genanvendelsesprocent på 60% papir og 26% plastaffald resulterer i en recirkulering af 4% til 18% af den 

markedsførte mængde af de ovenfor nævnte ftalater. Selv ved en 50% reduktion i produktionen af ftalater, 

vil en recirkulering af plast og papiraffald iht. 2020 målsætninger i EU-affaldslovgivningen medføre en 

stigning i recirkuleringen af DEHP og BBP svarende til henholdsvis 110 og 40%, mens recirkuleringen af 

DBP vil falde med 15%. 

Et case studie af ftalater i genbrugsmaterialer anvendt i drikke og fødevareemballage viser, at disse udgør 

yderligere kilder til børns samlede eksponering overfor ftalater i fremtiden. Hvis ikke kvaliteten af 

sekundære materialer i en cirkulær økonomi kontrolleres, kan en øget genanvendelse af ressourcer 

bidrage til en øget og uønsket recirkulering af mikroforureninger. Derfor er der behov for en systematisk 

tilgang til risikohåndtering, som sikrer, at REACH’s eksponeringsscenarie-metode er konservativ.  
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1. Introduction 
 

 

Chemicals are widely used in our daily life, almost everywhere and in everything. To control the use of 

chemicals and to protect human health and the environment, scientific data regarding potential risks 

caused by the chemicals are needed. To set appropriate standards for acceptable levels of chemicals in e.g. 

the environment, food and other products, decision-makers need an answer to the following question: 

what is the risk of the substance(s) to human health and the environment? In fact, this question leads to 

two sub-questions: “how hazardous (toxic) is(are) the substance(s)?” and “how much of the substance(s) 

are the receptors (e.g. human, animals, and plants) exposed to?” Based on these questions, the paradigm 

of chemical management system has changed from a ‘single substance’s toxicity-oriented and media (e.g. 

air, water, and soil)-based system’ to a ‘cumulative risk-oriented and receptor (e.g. vulnerable 

population)-based system’ (EC, 2012; Moeller and Biwer, 2014). This trend has been reflected not only in 

the set of the environmental quality standards (DMOE, 2014), but also in the industrial chemical 

regulations (EC, 2006; KATS, 2011; 2012b). In practice, assessing risk is a complex matter: we are exposed 

to multiple substances at the same time; some with similar, some with different toxic effects. We are 

exposed to substances originating from several sources (e.g. working/living environment, food, and 

consumer products) through multiple routes (e.g. nose, mouth, and skin). In addition, hazardous 

substances originate not only from current emission (e.g. phthalates in consumer products), but also from 

historical accumulation (e.g. heavy metals in soil and sediment); which complicates the assessment of 

exposure levels (Boriani et al., 2011; Pizzol et al., 2014; Sørensen et al., 2010; Thomsen et al., 2006). 

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, analyzing cost-benefit aspects, and evaluating substitutes and alternatives (EEB, 2005; KMOE, 

2014a; 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, 2006). When 

REACH entered into force in June 2007, REACH was considered the world’s strictest regulation on toxic 

chemicals (San Francisco Chronicle, 2006); replacing seven regulations/directives and amending one 

regulation on dangerous substances (EC, 2006). 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 
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internal market of the European Union (EC, 2006). 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”; the latter influencing the chemical substance flow in 

products inside and outside the EU (Assmuth et al., 2010). Moreover, industries outside the EU have to 

evaluate and document the level of risk associated with chemical substances in products prior to they 

export products to the EU market. Furthermore, according to REACH the risks associated with products 

manufacturing, use and any release to the environment after use have to be documented prior to 

marketing. As a respond to the adoption of REACH in Europe, the Korean government, as the world’s 7th 

largest chemical industrial country, adopted the “Act on registration, evaluation, etc. of chemical 

substances (known as Korea REACH)” in 2013 which will come into force on Jan 1, 2015 (KMOE, 2014b).   

These initiatives represent steps towards the development of an advanced chemical management 

regulatory system including the precautionary principle. Despite this development, the existing 

regulations still lack to consider the reality of daily exposure; cumulative risks through aggregate 

exposures. Especially, long-term exposure to low concentrations of multiple substances through multiple 

routes, i.e. probably the most common exposure situations in our daily life, has not been considered 

enough in the regulatory systems (Vandenberg et al., 2012). In this case, there is a possibility that the 

cumulative risk of specific chemical agents to some receptor group, e.g. children, may exceed the safe level 

even though every single regulatory standard looks like to be satisfied. Consequently, government’s 

management goals are assumed to be obtained on a too weak data foundation.  

Based on this, the aim of this research is to examine the limitations of existing chemical regulations of 

Korea and EU-REACH in view of protecting various target (especially vulnerable) population groups from 

“excessive total risk” and explore the possibilities for improvement of the regulations. The main research 

questions of the PhD-project are:  

     How do main routes and the degree of exposure vary among the different population groups with various 
activity patterns under the influence of their environmental quality?  
 
    Do existing chemical regulations secure the safety of vulnerable groups with reference to the total risk?  
 
   If not, how should the existing regulatory systems be improved to consider the reality of exposure? 

 

To answer these questions, first of all, the completeness of the EU REACH exposure assessment tool was 

reviewed to see which routes and pathways of exposure are, and are not, included in the REACH 

guidelines (ECHA, 2012b). In addition, with the examples of Denmark and Korea, environmental quality 

standards and national environmental monitoring data for air, water, and soil were compared; providing 
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input data about background environmental quality which present REACH exposure scenarios might lack. 

Then, using children’s lead exposure as an example, the differences in territorial environmental qualities 

caused by historical and existing industrial activities, and the resulting differences in population 

background exposure levels were explored. The results show significant variations in territorial 

environmental qualities and resulting childhood lead exposure from the environment. The results can be 

found in the appendix, Paper I (published in Journal of Environmental Management). 

Based on the findings from Paper I, the exposure scenario for assessing aggregate exposures and 

cumulative risks of one of the vulnerable populations, i.e. 2-year-old children, was developed and applied 

to assess the exposure of three widely used plasticizers, i.e. Di(2-ethylhexyl) phthalate (DEHP), Di-n-butyl 

phthalate (DBP), and Benzyl-butyl phthalate (BBP), to children in Denmark and Korea. Compared to lead, 

the phthalate concentrations in the environment, food and products in the two countries reflect more of 

the present variations in national regulations, industrial emissions, and people’s life style. From scenario 

based exposure modelling, the information about different contributions from sources and pathways to 

the total exposure in the two countries was available. In addition to this, the scenario-based exposure 

estimations were compared with back-calculated exposure levels based on biomonitored urinary 

phthalate metabolite concentrations. The result verifies the gaps between scenario-based exposure 

estimation, i.e. by modeling, and real exposure levels, i.e. by back-calculating. While all of the DEHP 

exposure back-calculated from biomonitoring data can be explained by the scenario-based modelling, the 

scenario-based estimation only covers parts of DBP and BBP exposure levels deduced from biomonitoring 

data; meaning that the gap of DBP and BBP exposures might originate from unknown sources. The results 

can be found in the appendix, Paper II (published in Environment International).  

The gaps between scenario-based exposure estimations and back-calculated exposure levels raised three 

sub-questions in this study. In general, scenario-based exposure assessment is considered and prepared 

to be conservative taking several uncertainty factors, e.g. the daily soil/dust ingestion rate, the amount of 

particles attached to skin, and the internal absorption fraction of each substances, into consideration. In 

addition, the exposure scenario used in Paper II is more complete than the REACH exposure scenario by 

including dermal contact and hand-to-mouth related exposure to pollutants in soil and indoor dust. 

However, the result from Paper II shows that the exposure scenario-based risk assessment method 

underestimates the actual monitored risk of childhood exposure to phthalates. From this, the following 

sub-questions were investigated additionally.  

     What makes the gaps? What can be additional sources of exposure which are not included in scenario-based 
modelling?  
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    Does material recycling influence the cycle of pollutants and does exposure from recycled products explain 
the gap between scenario estimation and back-calculation?  
 
   Aiming at a sustainable and circular economy, how does the resource strategies influence the future cycle of 
pollutants? And what is the role of REACH in a zero waste society?  

 

With the development of technologies, materials used in products become more complex resulting in 

more chemical substances being used today. Therefore, secondary materials used in circular production 

cycles become challenging to track and regulate which may result in unknown chemical substances 

recycled into “green products”. With the material flow of recycling, some resources with low quality, e.g. 

products including impurities having adverse health effects, may undergo a recycling process and be 

included in recycled products with unpredictable and not foreseen health and safety problems; defining 

the future “risk cycle” as Bilitewski and Grundmann (2012) highlighted. In accordance with the above 

mentioned sub-research questions, the potential “risk cycle” of phthalates re-entering the product cycle 

and their ability to explain the unknown additional sources of exposure were assessed. First, the flows of 

DEHP, DBP, and BBP in plastic and paper products in Europe were analyzed based on statistics on the 

stage of recycling for the year 2012. In addition, a case study assessing the childhood exposures to 

phthalates from foods packed in recycled paper and plastics has been performed for 2-year-old children in 

Denmark and Korea. The results can be found in the appendix, Paper III (published in Environment 

International).  

Finally, according to the last sub-question, and to investigate the improved future role of REACH in a 

circular economy, the substance flow analysis of the three phthalates, i.e. DEHP, DBP, and BBP, in two 

future scenarios of the year 2020 was performed: 1) when all the EU waste legislations are fully 

implemented without changes in the phthalate demands (Scenario A), and 2) when all the EU waste 

legislations are fully implemented with a 50% reduction in the production of the three phthalates 

compared to the reference year 2012 (Scenario B). Based on the comparison of the two future scenarios 

and the reference scenario presenting the current situation, the possible downside of present resource 

strategies and the ways to improve material flows to be sustainable were explored. The results can be 

found in the appendix, Paper IV (submitted to Environmental Technology & Innovation.).  

The thesis is structured as follows. Chapter 2 provides background information about sustainable 

chemical management and human exposure assessment methods including a review on the completeness 

of the REACH exposure scenario. Chapter 3 summarizes the results of childhood exposure assessments in 

Denmark and in Korea; as a result of historical accumulation exemplified by lead (Chapter 3.1) and as a 

result of current emission sources exemplified by phthalates (Chapter 3.2). Full details of the results can 
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be found in the paper I, II, and III in the appendices. Chapter 4 summarizes the methods and results of the 

mass flow analysis of phthalates in Europe based on EU statistics and resource strategies; full details of 

the results can be found in paper III and paper IV in the appendices. The content and outcomes of the 

three peer reviewed scientific papers and one manuscript are discussed in chapter 5 including a proposal 

regarding a systemic approach for a circular economy based on sustainable resource flows. Finally, the 

overall conclusions are summarized in chapter 6.  
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2. Background 
 

2.1 Sustainable chemical management and human exposure 

assessments 
 

A sustainable production, consumption, and treatment of chemicals is essential to foster the transition to a 

green economy; recognizing the interdependencies between the economy, the ecosystem, and human 

well-being and seeking to improve resource efficiency, maintaining ecological resilience, and enhancing 

social equity and fair burden-sharing together (EEA, 2014). From an environmental health perspective, 

evaluating the current and future risk levels based on scientific data is essential to support the 

development towards a green economy that protects human health and the environment. As mentioned in 

chapter 1, exposure assessment is one of the two key factors of risk management answering the question 

“how much of the substance(s) are the receptors exposed to?”. An exposure assessment describes the 

sources, i.e. “the origin of an agent”, the exposure pathways, i.e. “the courses an agent takes from the source 

to the target”, and the exposure routes, i.e. “the way an agent enters a target after contact, e.g. ingestion, 

inhalation, or dermal absorption” (Zartarian et al., 2005). Figure 1 shows an example of exposure routes 

and direct and indirect pathways to children in general.  

 
Figure 1. Childhood exposure routes (inhalation, ingestion, and dermal contact) and pathways with direct/indirect 

sources of exposure  
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As shown in Figure 1, chemicals can enter our body through: 1) inhalation, i.e. breathing in 

indoor/outdoor air, or the air containing evaporated or particles of products such as spray, paint, and 

perfume, 2) ingestion, i.e. eating food, or sucking and swallowing soil, dust or products such as toy, lotion, 

and textile, 3) dermal contact, i.e. touching soil, dust and products such as plastic mats and sandals, or 

applying lotions or oils on skin. Once a chemical substance enters our body, it is changed to another 

substance after a chemical reaction in our body (metabolized). Later it leaves our body through e.g. faces, 

urine, or sweat (excreted), and/or stays in our body (accumulated) according to the process of 

metabolism.   

As shown in Figure 2, there are two approaches regarding human exposure assessment: the exposure 

scenario approach (ESA) and the back-calculation approach (BCA).  

 

 
Figure 2. Prospective (ESA) and retrospective (BCA) approaches to assess human exposure levels to phthalates. The 

concentration data and exposure pathways shaded grey were used in this study (in Chapter 3.2) 

 

The exposure scenario approach (ESA) is a prospective method to estimate ‘how much of the substance 

will enter the body in a certain situation’. In general, ESA aims to assess aggregate exposure – the exposure 

to one single chemical via all routes, pathways and sources of exposure (EC, 2012); making exposure 

scenarios to simulate the situation in which the receptor is exposed to a target substance (Clark et al., 
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2011; Wormuth et al., 2006). As shown in Figure 2, the exposure is a function of ‘the concentration of a 

substance in the media’ and ‘the intake factor’ of our body. For this reason, ESA relies on 1) measurement 

(modelled) data of the concentrations of chemicals in media such as the environment, foodstuffs and 

consumer products, and 2) physiological data such as body weights, air inhalation rates, and food 

ingestion rates.  

The back-calculation approach (BCA) is a retrospective method to estimate ‘how much of the substance 

entered to the body’. BCA is used to calculate the total exposure level of a substance in the human body 

including all, i.e. known and unknown, exposure sources and pathways (Koch et al., 2007; Wittassek et al., 

2007). In BCA, the total exposure to chemicals is calculated from monitored concentrations in human 

biological samples and multiplied by properly defined excretion factors (ECHA, 2012a). 

As an example of phthalates, which have been widely used as plasticizers, several studies assessing 

childhood exposure to phthalates have focused on either ESA or BCA (Clack et al., 2011; Frederiksen et al., 

2013; Fromme et al., 2007; Koch et al., 2011; Wormuth et al., 2006). However, both approaches have their 

own strengths and weaknesses. ESA might lead to underestimation of the risk when significant sources 

are absent from the exposure scenario (Wittassek et al., 2011; Gosens et al., 2013). On the other hand, ESA 

can provide specific knowledge on the contribution of different sources to aggregate exposure, which is 

necessary for chemical management (EC, 2012; Wittassek et al., 2011). BCA can, and is expected to, 

represent an aggregated exposure level experienced by the target population from multiple sources, 

pathways and routes (Wittassek et al., 2011). However, when only BCA is used, it is difficult to distinguish 

the main sources and routes of exposure which are required to set the priority for chemical management 

policies. Therefore, in this study, these two approaches have been applied together to complement each 

other with assessing the total exposure levels and investigating the main routes and sources of exposure. 

As shown in Figure 2 with shaded grey, the indirect childhood phthalate exposure in Denmark and Korea, 

which reflects the background exposure levels caused by the different environmental quality and dietary 

habits, was assessed by ESA. In BCA, the concentrations of phthalate metabolites in children’s urine were 

used to assess the aggregated exposure levels. Detailed description is presented in Chapter 3.2.  
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2.2 Completeness of the REACH exposure scenario 

 

Under REACH, a chemical safety assessment (CSA) is required if a substance is manufactured or imported 

at/or above 10 tons 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 manufacturing and all identified uses of the substance (REACH Art. 14.4). 

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 are not adequate to control risks, i.e. 

PEC/DNEL is above 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.  

As shown in Chapter 2.1, an exposure assessment describes the sources, pathways, and routes of exposure 

to a target substance for a target receptor group. In the REACH guidance on information requirements and 

chemical safety assessment (ECHA, 2012b), 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 or avoid direct/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, ingestion, and dermal contact), 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 (ECHA guidance R.16). It is 

assumed in ECHA guidance that the conditions of these areas represent generic worst-case scenarios. The 
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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.  

 

 
 
Figure 3. Different routes, pathways, and sources contributing to total human exposure. The REACH exposure 
assessment covers the pathways shaded with grey color. The uncolored pathways are not taken into account in REACH 
(software used: FreeMind). 

Figure 3 shows the specification of human exposure for consumers who represent the general public (not 

including the specific working environment). The pathways shaded grey are covered by the REACH 

exposure assessment as included in the ECHA guidance and reporting tool; while uncolored pathways are 

not taken into account in REACH (ECHA, 2012b; CHESAR, 2012). Regarding indirect exposure, as shown 

with grey color in the pathway 1.1, and 2.1, the REACH exposure assessment scenario includes parts of 

exposures via inhalation and ingestion: a substance which is emitted to the environment by ongoing or 

planned activities of the registrant (pathway 1.1.2, 2.1.2), and which is transported from other regions (the 

third pathway of 1.1.1 and 2.1.1). It also includes the exposure to a substance which is, after emission to 

the environment, distributed and absorbed by the food which we consume (pathway 2.2). Regarding direct 

exposure, as shown with grey color in the pathway 1.2.1, 2.3.1, and 3.2.1, REACH only considers the 

exposure from using the product manufactured or imported by a single registrant.  
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As shown with uncolored pathways in Figure 3, current REACH exposure assessment scenarios do not 

include all sources and pathways of exposure. 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 exposure of a single substance from an identified use, therefore 

the aggregated exposure, i.e. including the exposure from accumulated historical pollutants in that area 

and from total emissions by several registrants in total, is not assessed under current REACH regulation 

(Assmuth et al., 2010; UBA, 2011). Moreover, as shown in the pathway 1.2.2, 2.3.2, and 3.2.2, direct 

exposure from using other consumer products, i.e. manufactured or imported by other registrants or 

regulated by other regulations such as cosmetics, food contact materials, and pesticides, are not included 

in REACH.  

In this regard, the REACH exposure scenario is not as conservative as it is supposed to be and thus does 

not reflect the real exposure situations which the general public faces in their daily life. However, this also 

means that there is a great potential to improve REACH’s exposure assessments by integrating other 

regulatory frameworks and tools which have similar goals as REACH and can provide input data for 

quantifying the missing exposures.  
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3. Childhood exposure in Denmark and in Korea 
 

3.1 Exposure to lead: historical accumulation 

3.1.1  Environmental standards of lead in Denmark and Korea 
 

Lead (Pb) is known as harmful both to human health and to the environment; having neurotoxicity, 

cardiovascular, renal and other negative effects to human health (EFSA, 2013a). Especially, the 

neurotoxicity of lead can impair the development of children’s central nervous system (ECHA, 2014). In 

order to protect public health and the environment, several regulatory standards are set for lead 

concentration in the environment, food, consumer products, etc. In general, Denmark follows European 

regulatory standards for the environmental quality but for some environmental media, e.g. groundwater 

and soil, Denmark has its own standards.  

Lead enters into the atmosphere mainly from anthropogenic sources, e.g. metal production and 

manufacturing industries (EFSA, 2013a). For both Denmark and Korea, the annual average lead 

concentration in air should not exceed 0.5µg/m3, which are equal to the WHO guideline value for Europe 

(EC, 2008a; KMOE, 2012a; WHO, 2000).  

In fresh water, part of lead may exist as the divalent cation (Pb2+) in acidic environment at pHs below 7.5, 

but under alkaline conditions it can form PbCO3 which is insoluble (EFSA, 2013a). The European standard 

of annual average lead concentration in surface water, including inland and other surface waters, is 

7.2µg/L (EC, 2008b). In Korea, the standard of annual average lead concentration in freshwater and 

marine water is 50µg/L and 1.6µg/L respectively (KMOE, 2012a). For lead groundwater for the use of 

drinking water, Denmark has its own standards (DMOE, 2014). Korea has the quality standards for lead in 

groundwater for residential purposes including laundry, dishes, and toilets (KMOE, 2012b) and for the use 

of drinking water (KMOE, 2011a). 

The concentration of lead in the top layer of soils varies according to the deposition and accumulation of 

atmospheric particulates from anthropogenic sources (EFSA, 2013a; Pizzol et al., 2013). There are 

standards for lead in soil both in Denmark and Korea (DMOE, 2014; KMOE, 2011b).  

Table 1 shows the environmental quality standards of lead in Denmark and in Korea. In order to compare 

the data, the unit used for air quality standards in Korea is converted from ppm to µg/m3.  
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Table 1. Environmental standards of lead in Denmark and Korea (Sources: see text and paper I) 

Environmental media Air (µg/m3) 
WATER (µg/L) 

SOIL (mg/kg) 
Freshwater Sea water Groundwater 

Denmark 0.500 7.2 7.2 12) 40 

Korea 0.500 50 7.6 / 1.61) 1003) / 104) 2005) 

1) Short-term standard (for one time monitoring) / Long-term standard (for annual average) (KMOE, 2012a). 
2) The provided quality standards refer to groundwater used as drinking water (DMOE, 2014).  
3) These standards are for residential purposes including laundry, dishes, and toilets (KMOE, 2012b). 
4) When groundwater is used for drinking, it is subject to the standards for drinking water (KMOE, 2011a). 
5)  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 (KMOE, 2011b). 

As observed from Table 1, the two countries have the same quality standards for lead in air. However, with 

the exception of long-term standards for sea water standard, Denmark has stricter standards of lead in 

water and soil; indicating a higher regulatory protection level in Denmark compared to Korea with regard 

to the exposure from the environment. 

 

3.1.2  Methodology 
 

In order to verify the existence of different human exposure levels according to different territorial 

environmental qualities, the levels of lead in air and soil in Denmark and Korea, and accompanying 

childhood lead exposure via air and soil is compared. Table 2 shows average lead concentration levels in 

air and soil and physiological parameters for children for exposure calculation; including the information 

about their distribution. A detailed description of the data is given in paper I.  

Table 2. Air and soil lead concentration and physiological parameters for children aged 3-6 years used for Monte Carlo analysis 
(sources: paper I). 

 Input parameters Unit Median Standard Deviation Distribution 

Lead concentration 

In air (Denmark) µg/m3 0.0050 0.0011 Log normal 

In air (Korea) µg/m3 0.0495 0.0388 Log normal 

In soil (Denmark) µg/g 104.36 105.28 Log normal 

In soil (Korea) µg/g 26.56 18.14 Log normal 

Physiological parameter 
for children 

(3-6 yrs.) 

Body weight kg 18.6 3.9 Normal 

Inhalation rate m3/day 10.9 2.7 Normal 

Soil ingestion rate g/day 0.11)   

1) Soil ingestion rate was regarded as constant, using the rounded value of the total soil and dust ingestion rate (US EPA, 2008). 

 

First, the frequency distribution of lead in air and soil in Denmark and in Korea was estimated using a 

Monte Carlo analysis. The Monte Carlo model was set up to run 10,000 trials. For each trial, input 

parameter values were selected randomly within the value ranges shown in Table 2. Next, the daily lead 
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intake levels via air inhalation (box 1.1.1 in Figure 3) and soil ingestion (box 2.1.1 in Figure 3) for children 

aged 3-6 years old were estimated according to Equation 1. 

 

             (
  

         
)       (

  

  
)  

                (
  

   
)

                
        (

  

 
)  

               (
 

   
)

                
       Eq (1) 

Like the environmental quality frequency analysis, the Monte Carlo method was used by running Equation 

1 for 10,000 times with input values randomly selected from log-normally distributed air and soil 

concentration data and normally distributed physiological data as provided in Table 2.  

 

3.1.3  Results 
 

The figures below show the results of the Monte Carlo analysis on the frequency distribution of lead in air 

and soil (Figure 4) and childhood daily intake of lead from these two sources (Figure 5). 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 (values on Y-axis) 

above specific concentration level (value on X-axis), which means the area of the graph, we can calculate 

the probability of each distribution to exceed such an environmental concentration. The sum of the Y-axis 

value for all X value ranges, which means the total area of the graph, should be 1. The calculation of the 

area is based on these frequency values. However, in order to show only the difference of environmental 

concentrations and daily intake levels between Denmark and Korea, the frequency value (Y-axis) was 

normalized by dividing the frequency by maximum value of each distribution in Figure 4 and 5. 

 

Figure 4. The estimated distribution of lead concentration in air and soil in Denmark and in Korea. 
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As demonstrated in the graph in the left side of Figure 4, the probability of an air concentration exceeding 

0.5µg/m3, i.e. the air quality standard, is very low in both countries showing the area of frequency above 

0.5µg/m3 as 0% in Denmark and 0.03% in Korea. However, with the level of 0.0097µg/m3 which is the 

99.9th percentile upper distribution data in Denmark, the area of the Korean air concentration 

distribution above this value is 0.9997. This means that more than 99.97% of the population in residential 

areas in Korea may be exposed to lead above 0.0097µg/m3. On the other hand, when looking at the graph 

in the right side of Figure 4, the probability of soil concentrations to exceed the Danish quality standard 

limit of 40mg/kg is 76% for Denmark as opposed to 18% in Korea. Furthermore, approximately 12% of 

the Danish lead soil concentration distribution is estimated to be above the Korean soil quality standard of 

200mg/kg, while only 0.04% is estimated above that concentration in Korea. 

 

Figure 5. The estimated distribution of children's daily lead intake through air inhalation and soil/dust ingestion. 

Human exposure to lead occurs mainly through food and water, but exposure through the environment is 

also a contribution factor; especially during childhood where up to 50% of total exposure, especially in 

contaminated areas, occurs via the environment (EFSA, 2013a). Reflecting this, the estimated daily 

exposure via air inhalation and soil ingestion in Denmark and in Korea is compared to the BMDL (01) 

value derived by EFSA, i.e. 0.5 µg/kg bw/day, which is the benchmark dose of 1% extra risk of intellectual 

deficits in children (EFSA, 2013a). The exposure levels in Denmark and Korea, as median (95th percentile) 

values, are 0.292 (1.66) and 0.127 (0.413) µg/kg bw/day respectively. The median exposure level of 

children in Denmark is 2.3 times higher than that in Korea.  From the size of the area above 0.5 µg/kg 

bw/day in Figure 5, it is estimated that the probability of children’s lead exposure from background 

environment, i.e. air and soil, exceeding BMDL (01) is 30.3% in Denmark and 2.3% in Korea. The 

background lead exposures of children in Europe (aged 1-3 years) from the diet and background 

environmental exposure have been observed as being between 1.3 and 6.4 µg/kg bw/day (EFSA, 2013a).  
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3.2 Exposure to phthalates: current emission 

3.2.1  Phthalates (DEHP, DBP, and BBP) 
  

Phthalates, diesters of ortho-phthalic acid, have been used for more than 50 years as plasticizers to make 

plastic soft and flexible and also in other applications such as coatings, adhesives and sealants (ECPI, 

2014). As shown in Figure 6, Di(2-ethylhexyl) phthalate (DEHP), Di-n-butyl phthalate (DBP), and Benzyl-

butyl phthalate (BBP) have been the most widely used phthalates. These phthalates can be found in 

building and construction materials, cables and wires, floorings, clothing, cosmetics, toys, food contact and 

packaging materials, inks and glues as well as medical devices such as tubing and blood bags (ECPI, 2014; 

Wittassek et al., 2011).  As phthalates are not chemically bound to the products, they present themselves 

as widespread contaminants found in numerous media, including air (outdoor and indoor), soil, dust, 

water (surface, ground, waste and drinking), sewage sludge, food, vegetation and wildlife (Becker et al., 

2009; Clark et al., 2011). Therefore, humans are exposed to these phthalates simultaneously through a 

variety of exposure pathways such as ingestion of food, drinking water, dust and soil, and inhalation of 

indoor and outdoor air (Clark et al., 2011). Using consumer products such as cosmetics, toys and 

pharmaceuticals is an additional source of exposure to phthalates. Recent studies in industrialized 

countries have shown that humans are widely exposed to these phthalates (Wormuth et al, 2006; Becker 

et al., 2009; Mieritz et al., 2012; Clark et al., 2011).   

 

 

 

 

 

 

 

 

However, it has been documented that these phthalates can cause adverse effects to the environment and 

also to human health such as toxic effects on liver, kidney and the reproductive system (Liu et al., 2012; 

Sioen et al., 2012). It has been also reported that phthalate exposure is linked to asthma and allergy 

symptoms like rhinitis and eczema in children (Bornehag et al., 2004). Because of reproductive toxicity, 

such as reduced anogenital distance, increased nipple retention, testicular toxicity and delayed germ cell 

Figure 5. The structure of DEHP (left), DBP (middle), and BBP (right). Figure 6. The structure of DEHP (left), DBP (middle), and BBP (right). 
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development (EFSA, 2005a; 2005b; 2005c; ECB, 2008), stricter regulation and restrictions have been 

made on use of these phthalates in, e.g., toys, childcare products, cosmetics and food packaging. 

 

3.2.2  Existing regulations on phthalates in Denmark and Korea 

 

In general, Denmark follows European regulatory standards for the environment and for product quality. 

DEHP, DBP, and BBP are classified as ‘Category 1B’, i.e. presumed human reproductive toxicants, by the 

European regulation on classification, labelling and packaging of substances and mixtures (CLP 

regulation); DEHP is classified as H360FD which may damage fertility and the unborn child and DBP and 

BBP are classified as H360-Df which may damage the unborn child and is suspected of damaging fertility 

(EC, 2008c). Regarding the environment, there is only one European regulation referring to the standard 

for DEHP in freshwater (EC, 2008b). For phthalates in fresh/marine/groundwater, soil and sewage sludge, 

Denmark has its own standards (DMOE, 2006; 2010; 2014). Phthalates in toys and childcare articles are 

regulated under the European regulation REACH (EC, 2006). Additionally, Denmark has a standard for 

phthalates which are not regulated by REACH in toys and childcare articles for children under 3 years old 

(DMOE, 2009). For cosmetics and food packaging materials, the European regulations are applied; 

cosmetics should not include phthalates (EC, 2009a) and food packaging and food contact materials 

should follow migration and content standards for phthalates (EC, 2011). 

In Korea, like Europe, DEHP, DBP and BBP are classified as H360, which may damage fertility and the 

unborn child, by the Toxic Chemicals Control Act (KMOE, 2013). Regarding the environment, there is an 

environmental standard for DEHP in freshwater (KMOE, 2012a). Compared to Denmark, which has 

‘quality standards’ for DEHP in sewage sludge; Korea has ‘emission standards’ for DEHP for wastewater 

(KMOE, 2014c). Phthalates in products for children, e.g. textiles for infants under 24 months, toys and 

childcare articles, are regulated by separate standards set for each item by the Korean Agency for 

Technology and Standard under the act on the quality management and safety control of industrial 

products (KATS, 2007; 2011; 2012b, KMOTIE, 2013). Additionally, there are standards for DEHP, DBP, and 

BBP in PVC floorings and wallpaper (KATS, 2011; 2012a). DEHP, DBP, and BBP cannot be added 

intentionally in cosmetics (KMFDS, 2013a). DBP and BBP are banned from baby bottles and pacifiers and 

it is not permitted to use DEHP in food packaging if DEHP might migrate into food (KMFDS, 2013b). For 

PVC food packaging materials, migration standards are applied for 6 phthalates (KMFDS, 2013b). Table 3 

shows an overview of the regulations on these phthalates in Denmark and Korea. Table 3 also includes 

regulations on other phthalates including DINP, DIDP, Di-n-octyl phthalate (DNOP), and Bis(2-

methoxyethyl) phthalate (DMEP). 
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Table 3. Regulatory standards on phthalates in Denmark and Korea 

 
Media Uses Substance Unit Value Directives 

D
e

n
m

a
rk

 

Environment 

Freshwater/Marine DEHP µg/l 1.3 EC, 2008b; DMOE, 2010 

Freshwater/Marine 
DBP 

µg/l 
2.3/0.23 

DMOE, 2010 
BBP 7.5 / 0.75 

Groundwater 
DEHP µg/l 11) DMOE, 2014 

Other phthalates µg/l 1 DMOE, 2014 

Sewage sludge 
(for agricultural use) 

DEHP mg/kg 502) DMOE, 2006 

Soil 
DEHP mg/kg 25 DMOE, 2014 

Other phthalates mg/kg 250 DMOE, 2014 

Products 

Toys and childcare article 
DEHP+DBP+BBP wt.% 0.1 

EC, 2006 
DINP+DIDP+DNOP wt.% 0.1 

Toys and childcare article 
(0-36 months) 

Other phthalates wt.% 0.05 DMOE, 2009 

Cosmetics Cosmetics BBP, DBP, DEHP, DMEP, etc. 
 

0 EC, 2009a 

Packaging 

Food packaging  
(Specific Migration Limits) 

DEHP mg/l 1.5 

EC, 2011 

DBP mg/l 0.3 
BBP mg/l 30 

DINP+DIDP mg/l 9 

Food contact materials (% in the 
plastic) 

DEHP, BBP, DINP, DIDP wt.% 0.1 

DBP wt.% 0.05 

K
o

re
a

 

Environment 

Freshwater DEHP µg/l 8 KMOE, 2012a 

Emission standards for wastewater  
(to clean region) 

DEHP µg/l 20 

KMOE, 2014c  
Emission standards for wastewater  

(to the area with ‘Ga’ and ‘Na’ grade) 
DEHP µg/l 200 

Emission standards for wastewater  
(to the exceptional area) 

DEHP µg/l 800 

Products 

Textiles for infants (0-24 months) 
DEHP+DBP+BBP+ 
DINP+DIDP+DNOP 

wt.% 0.1 KATS, 2011 

Childcare article (e.g. soothers) 
DEHP+DBP+BBP+ 
DINP+DIDP+DNOP 

wt.% 0.1 KATS, 2012b 

Toys, childcare articles, children's 
jewelry*, school articles and baby 

carriages 
DEHP+DBP+BBP+DNOP3) wt.% 0.1 KATS, 2007 

Building 
materials 

PVC floor covering (with Korean floor 
heating system, upper part) 

DEHP+DBP+BBP wt.% 1.5 

KATS, 2012a 

PVC floor covering (with Korean floor 
heating system, lower part) 

DEHP+DBP+BBP wt.% 5 

PVC floor covering (without floor 
heating system, upper part) 

DEHP+DBP+BBP wt.% 3 

PVC floor covering (without floor 
heating system, lower part) 

DEHP+DBP+BBP wt.% 10 

Wallpaper DEHP+DBP+BBP wt.% 0.1 KATS, 2011 

Cosmetics Cosmetics DEHP+DBP+BBP wt.% 0.01 KMFDS, 2013a 

Packaging 

Baby bottle and pacifier DBP, BBP wt.% 0 

KMFDS, 2013b 

Food packaging DEHP wt.% 0 

PVC packaging 
(Specific Migration Limits) 

DEHP mg/l 1.5 

DBP mg/l 0.3 

BBP mg/l 30 
  DNOP mg/l 5 
  DINP + DIDP mg/l 9 

 

1) In Denmark, groundwater is used as drinking water source. The US EPA limit for DEHP in drinking water is 6 µg/l (US EPA, 2009). 
2) The limit is 100 mg/kg in the EC working document on sludge, 3rd draft (CEC, 2000).  
3) For children’s jewelry the total content of DEHP+DBP+BBP should be under 0.1 %.  

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:348:0084:0097:EN:PDF
http://www.mst.dk/NR/rdonlyres/95F9ABE9-485B-4D83-A3FF-62E420A5BE8D/0/Kvalitetskriterierjord_og_drikkevandfinaljuni2010.pdf
http://www.mst.dk/NR/rdonlyres/95F9ABE9-485B-4D83-A3FF-62E420A5BE8D/0/Kvalitetskriterierjord_og_drikkevandfinaljuni2010.pdf
http://www.mst.dk/NR/rdonlyres/95F9ABE9-485B-4D83-A3FF-62E420A5BE8D/0/Kvalitetskriterierjord_og_drikkevandfinaljuni2010.pdf
http://www.mst.dk/NR/rdonlyres/95F9ABE9-485B-4D83-A3FF-62E420A5BE8D/0/Kvalitetskriterierjord_og_drikkevandfinaljuni2010.pdf
https://www.retsinformation.dk/Forms/R0710.aspx?id=126137
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:342:0059:0209:EN:PDF
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As shown in Table 3, regulatory standards for phthalates in the environment exist at the European level 

only for DEHP, while Denmark has additional standards for DBP and BBP. Denmark has established a limit 

value of 50 mg/kg in dried sewage sludge, while a draft for a European sewage sludge regulation sets a 

limit value of 100 mg/kg of dried matter (JRC, 2001). The Danish drinking water supply is based entirely 

on groundwater (DMOE, 2012) and the quality standard for groundwater used as drinking water is 1 µg/l 

for DEHP and other phthalates (DMOE, 2014). There is no Korean quality standard for phthalates in 

drinking water.  

As can be observed from Table 3, Denmark has a greater number of environmental regulatory standards 

and the level of the standards is also stricter than in Korea; indicating a higher regulatory protection level 

in Denmark compared to Korea with regard to the exposure from the environment. Regulatory standards 

for products have more similarities; may be due to the fact that Korea has to comply with REACH to export 

products to the EU market. Korea has regulatory standards for building materials such as PVC flooring and 

wallpaper, while no such standards exist in Denmark and presumably are not required as the Danish 

minister of the environment banned the use of DEHP, DBP, BBP, and DINP in consumer products in 2012 

(DMOE, 2013).  
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3.2.3  Methodology 
 

As shown in Figure 2 and explained in Chapter 2.1, two approaches were applied to assess the intake level 

of DEHP, DBP, and BBP: a prospective method using the exposure scenario approach (ESA) and a 

retrospective method using the back-calculation approach (BCA).  

 

Exposure scenario approach (ESA) 

The aggregated exposure via the environment, food and beverages to 2-year-old children in Denmark and 

Korea was estimated in order to assess indirect, i.e. unintentional, childhood exposure to phthalates in the 

two countries. As shown in Figure 2 with grey shade, the exposure routes via the outdoor environment 

include inhalation (outdoor air), ingestion (soil), and dermal contact (soil). The exposure routes via the 

indoor environment include inhalation (indoor air), ingestion (indoor dust), and dermal contact (indoor 

dust). In addition, the exposure via food and beverage ingestion was also estimated.  

Exposure via indoor and outdoor air inhalation was calculated based on Equation 2.  

Dinh = (Cinh ∙ IHair ∙ Tcontact ∙ CF / BW) ∙ rabsorp        Eq (2) 

Dinh is inhalatory internal exposure to phthalates per body weight per day (µg/kg bw/day), Cinh is the 

phthalate concentration in the inhaled air (µg/m3), IHair is the inhalation rate (m3/day), Tcontact is the 

exposure duration (hour/day), CF is the conversion factor of 1/24, BW is body weight (kg) and rabsorp is 

the internal absorption fraction for each phthalate.  

Oral exposure via food, soil and indoor dust was calculated based on Equation 3. 

Doral = (C ∙ IR / BW) ∙ rabsorp                        Eq (3) 

Doral is the oral internal exposure per body weight per day (µg/kg bw/day), C is the phthalate 

concentration in food, soil and indoor dust (µg/kg), IR is children’s intake rate of food, soil and indoor dust 

(kg/day), BW is body weight (kg) and rabsorp is the internal absorption fraction for each phthalate.  

Dermal exposure via soil and indoor dust was calculated using Equation 4 (Wormuth et al., 2006).  

Ddermal = ((Cpart ∙ qpart_skin ∙ Apart ∙ 0.15)/BW) ∙ rabsorp      Eq (4) 

Ddermal is the dermal internal exposure to phthalates per body weight per day (µg/kg bw/day), Cpart is the 

phthalate concentration in particles adhered to skin (µg/kg), qpart_skin is the amount of particles per area of 
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skin per day (kg/cm2∙day), Apart is the skin surface area in contact with particles (cm2), 0.15 is the fraction 

of chemicals in particles available for absorption (Hawley, 1985), BW is body weight (kg), and rabsorp is the 

internal absorption fraction for each phthalate. 

In order to derive probabilistic exposure estimates, the Monte Carlo method was applied using the 

software Crystal BallTM. The calculations were performed using lognormal distributions for phthalate 

concentrations in exposure media and normal distributions for physiological parameters. The Monte Carlo 

model was set up to run 10,000 trials assuming independent relationships between the input parameter 

uncertainty and variability (Cheng et al., 2007). All the input parameters for the ESA are presented in 

Table 4, 5 and 6 and detailed description of the input data is given in paper II.   

 
Table 4. Phthalate concentrations used for ESA calculating exposure via the environment (Sources: see paper II) 

Medium Country Unit 
DEHP DBP BBP 

Mean SD Mean SD Mean SD 

Outdoor air 
Denmark 

ng/m3 
5.3 13.3 1.5 3.0 0.058 0.74 

Korea 75.1 111.1 18.2 15.2 6.2 10.6 

Indoor air 
Denmark 

ng/m3 
230 106.5 270 175.8 21 25.2 

Korea 189.1 97.51 156.2 101.7 21 72.6 

Soil and dust 
Denmark 

µg/kg 
14.8 5.4 1.8 0.78 0.38 0.23 

Korea 182.6 290.7 44.2 79.6 5.1 1.0 

Indoor dust 
Denmark 

µg/g 
641.2 519.7 24.2 19.7 21.7 19.5 

Korea 412 241 241 256 105 180 

 

In Korea, there is only one study measuring phthalate concentrations in food after the year 2007 when the 

regulation on the use of phthalates in materials intended to come into contact with food came into force. 

In 2008, sponsored by KMOE, phthalates in 18 total diet samples of children with an average age of 1.8 

years were analyzed (KMOE, 2009). Therefore, in the present study, two scenarios were made for Korea. 

In Korean scenario 1, the phthalate concentration of each food item from Fierens et al. (2012) were 

multiplied by the Korean 2-year-old child’s daily consumption of each food item. In Korean scenario 2, the 

phthalate concentrations from Korean composite diet samples (KMOE, 2009) were multiplied by the total 

daily food intake of Korean 2-year-olds. 
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Table 5. Phthalate concentrations and intake rates used for ESA calculating exposure via food (Sources: see paper II) 

Food categories 

DEHP in food  

(µg/kg food) 

DBP in food  

(µg/kg food) 

BBP in food  

(µg/kg food) 
Daily food intake (g/day) 

Mean SD Mean SD Mean SD Denmark Korea 

Fruit and vegetables (n=27) 8.2 222.2 2.2 1.7 0.4 1.7 265.0 273.5 

Milk and dairy products (n=56) 45.4 59.7 3.3 4.3 0.2 0.5 489.6 312.9 

Cereals and cereal products (n=47) 91.3 95.8 6.3 5.8 1.9 1.4 111.6 248.2 

Meat and meat products (n=22) 56.5 44.3 1.9 1.5 0.3 1.2 56.2 21.5 

Fish and fish products (n=18) 196.8 405.2 0.3 0.8 0.2 0.5 8.6 33.6 

Fats  and oils (n=26) 149.3 161.1 1.5 21.2 31.9 74.8 17.3 1.9 

Snacks (n=28) 43.5 32.2 4.9 5.6 0.9 1.2 31.3 8.4 

Condiments and sauces (n=40) 88.5 154.6 5.9 11.1 7.7 24.9 8.4 5.2 

Miscellaneous (n=22) 30.7 52.1 4.2 3.0 1.0 0.6 30.6 30.6 

Baby food (n=17) 23.3 8.1 2.1 2.6 2.5 1.7 53.0 53.0 

Beverages (n=85) 0.28 0.72 0.15 0.18 0.14 0.15 657.3 500.0 

Composite diet samples (n=18, for Korean scenario 2) 90.4 52.3 9.5 7.2 4.3 3.0 - 988.8 

Beverages (n=18, Korean scenario 2) 0.98 0.58 0.21 0.08 0.06 0.04 - 500.0 

 

Table 6. Physiological parameters used for ESA and BCA (Sources: see paper II) 

Approaches Parameters Unit Denmark Korea 

Parameters 
for ESA 

Mean body weight of 2-yr-olds (BW) kg 13.9 (SD: 1.59) 12.9 (SD: 1.79) 

Height cm 92.2 (SD: 3.52) 87.1 (SD: 6.62) 

Body surface (total) cm2 6,223 (SD: 547) 5,538 (SD: 370) 

Fraction of body surface (arms / hands / legs / feet) % 14.4 / 4.7 / 25.3 / 6.3 

Inhalation rate (IHair) m3/day 8.9 (SD: 2.9) 

Time spent outdoor (two scenarios) hours 2.5 / 5.0 

Soil ingestion rate (IRsoil) mg/day 50 

Indoor dust ingestion rate (IRdust) mg/day 60 

Soil adherence to skin (arms / hands / legs / feet) mg/cm2 0.0041 / 0.011 / 0.0035 / 0.01 

Indoor dust adherence to skin (arms / hands / legs / feet) mg/cm2 0.0199 / 0.088 / 0.0165 / 0.061 

Inhalatory absorption fractions (rabsorp) for three phthalates % 100 

Oral absorption fractions (rabsorp) for three phthalates % 100 

Dermal absorption fractions (rabsorp) (DEHP / DBP / BBP) % 5 / 10 / 5 

Parameters 
for BCA 

Urinary creatinine excretion rate of 2-yr-olds (CE)  
mg cre/kg 

bw/day 
15.16 (boys), 14.37(girls) 

Daily urine excretion volume of 2-yr-olds (UV)  ml/kg bw/day 34 (for both boys and girls) 

 

The inhalatory, oral and dermal absorption rates of DEHP, DBP, and BBP in Table 6 were taken from an EU 

Risk Assessment Report for the three phthalates (ECB, 2004; 2007; 2008). In 2013, the committee for risk 

assessment (RAC) under ECHA agreed that the absorption fractions for DEHP and DBP established in the 
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EU-RAR were considered appropriate (ECHA, 2013b; 2013c). Only absorption rates and DNELs of DEHP 

and DBP were reviewed by the RAC in 2013.  

Beside this, i.e. the comparison of phthalate exposure in Denmark and in Korea, another analysis as added 

in paper III. To fill the gap between ESA and BCA quantified in paper II, and to examine the potential 

contribution of the phthalate exposure through recycled plastics and paper, a case study assessing the 

childhood exposures to phthalates from foods packed in recycled paper and plastics has been performed. 

One reference scenario and three recycling scenarios were defined: the reference scenario reflecting the 

current situation (the results from paper II) and three future recycling scenarios, i.e. scenario R30, R50, 

and R100, assuming that 30, 50, or 100% of the packaging material of food items in retail stores will be 

replaced by recycled plastics or recycled paperboard. To take into account recycled packaging materials 

as the sources to phthalate exposure; Equation 3 was modified as presented in Equation 5.  

 

D = ∑ [ {Ci_ref × IRi × (1-R)/BW} + {Ci_recycle × IRi × R /BW} ] × rabsorp  × CF                                               Eq (5) 

 

where: Ci_ref is the phthalate concentration in food item i from the reference source (µg/kg), i.e. Fierens et 

al. (2012), Ci_recycle is the phthalate concentration in food item i in recycled paper or recycled PET, IRi is 

children’s daily intake rate of food item i (g/day), R is the rate of food item i replaced by recycled 

packaging materials, i.e. 0 for reference scenario, 0.3, 0.5 and 1 for scenario R30, R50 and R100 

respectively. BW, rabsorp, and CF are the same with Equation 3. As additional data on phthalate 

concentration in food was available, one more anti-androgenic phthalate, i.e. Diisobutyl phthalate (DiBP), 

was added in this case study. Physiological parameters used are the same as those in Table 6 and 

phthalate concentrations in food and intake rates are presented in Table 7. Detailed description of the 

input data is given in paper III.   

Table 7. Input data for assessing additional childhood phthalate exposure in Denmark and Korea from food packed in 
recycled materials (Sources: See paper III). 

Food items 

Concentrations in food (µg/kg) Intake rate (g/day) 

DEHP DBP DiBP BBP 
Denmark Korea 

Mean SD Mean SD Mean SD Mean SD 

Fruits and vegetables 8.17 222.21 2.17 1.73 1.36 1.24 0.42 1.69 264.97 273.54 

Milk and dairy products 45.43 59.74 3.30 4.34 4.81 8.34 0.25 0.55 489.59 260.05 

Cereals and  
cereal products 

Reference 91.32 95.84 6.26 5.79 25.19 68.42 1.89 1.45 
111.64 248.20 

In recycled paper 46.20 27.37 48.90 36.56 447.10 579.45 1.89 1.45 

Meat and meat products 56.52 44.26 1.92 1.52 2.24 1.14 0.35 1.16 56.23 21.51 

Fish and fish products 196.83 405.22 0.29 0.81 0.45 0.89 0.24 0.54 8.63 33.62 
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Fat  and oils 149.30 161.06 1.46 21.19 0.84 3.45 31.87 74.77 17.33 1.93 

Snacks 43.55 32.24 4.86 5.57 7.06 9.20 0.95 1.16 31.31 8.36 

Condiments and sauces 88.54 154.63 5.93 11.05 1.55 11.84 7.75 24.94 8.45 5.15 

Miscellaneous 30.71 52.07 4.18 2.98 8.95 22.55 0.96 0.64 30.64 30.64 

Baby food  
(milk powder) 

Reference 23.30 8.12 2.09 2.63 3.13 1.82 2.54 1.73 
26.50 43.20 

In recycled paper 62.10 25.60 23.70 12.26 16.68 18.03 2.54 1.73 

Baby food (except milk powder) 23.30 8.12 2.09 2.63 3.13 1.82 2.54 1.73 26.50 9.60 

Beverages  
Reference 0.28 0.72 0.15 0.18 0.15 0.17 0.14 0.15 

657.33 500.00 
In recycled PET 1.47 0.95 0.31 0.19 0.10 0.06 0.05 0.02 

 

Back-calculation approach (BCA) 

Total exposure was calculated based on concentrations of metabolites in children’s urine. In the majority 

of the studies using biomonitoring data for phthalate exposure assessment, creatinine-corrected urinary 

metabolite levels have been used (Calafat and McKee, 2006; Fromme et al., 2007; Itoh et al., 2005). 

However, as results from the volume-based back-calculation model have shown higher exposure levels 

than when using the creatinine-based model, Koch et al. (2007) and Wittassek et al. (2007) recommend 

using both models together; which has been adopted in the present study. 

Daily intake under the creatinine-based model was calculated using Equation 6 (Clark et al., 2011; David, 

2000; Koch et al., 2007; Wittassek et al., 2007). 

 

Dcrea = (UE × CE / 1000 × FUE) × (MWp /MWm)       Eq. (6) 

 

Dcrea is the daily intake of the parent phthalates per body weight per day (µg/kg bw/day), UE is the 

creatinine-corrected urinary metabolite concentration (µg/g cre) and CE is the 24-hour urinary creatinine 

excretion rate normalized by body weight (mg cre/kg bw/day). As creatinine excretion increases rapidly 

in developing children, age and gender-based reference values for CE were used (Remer et al., 2002). FUE is 

the molar ratio of the parent phthalate intake and the amount excreted in urine as the specific metabolite. 

It should be mentioned that as there is no data available for child-specific excretion fractions of these 

phthalates, most recent and widely used FUE values from adults (Anderson et al., 2001; Koch et al., 2005) 

were used in this study. MWp and MWm are molecular weights of parent phthalates and their metabolites 

(g/mol).   

The second BCA approach based on the volume-based urinary metabolite concentrations was performed 

by applying Equation 7 (Koch et al., 2007; Wittassek et al., 2007).  
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Dvol = (UE × UV / 1000 × FUE) × (MWp /MWm)       Eq. (7) 

 

Dvol is the daily intake of the parent phthalates per body weight per day (µg/kg bw/day), UE is the urinary 

metabolite concentration (µg/l) and UV is the mean daily excreted urine volume normalized by body 

weight (ml/kg bw/day). As young children excrete higher urine volumes per body weight compared to 

adults, age-based reference UV values were used (Becker et al., 2009). FUE is the molar ratio of the parent 

phthalate intake and the amount excreted in urine as the specific metabolite. MWp and MWm are the 

molecular weights of parent phthalates and their metabolites (g/mol). All the input parameters for the 

BCA are presented in Table 6 and 8 and detailed description of the input data is given in paper II.   

Table 8. Urinary phthalate metabolite concentrations of children in Denmark and Korea used for BCA (Sources: see text 
and 'Supporting information' Table 1a in paper II) 

Parent 
phthalates 

Metabolites1) 
 

MWm 

(g/mol) 
FUE Unit 

Denmark  Korea 

Mean P50 Max Mean P50 P95 Max 

DEHP 
(MWp=390) 

5OH-MEHP 294 0.23 
µg/g cre 542) 52 1,519 96 75 229 765 

µg/l 312) 34 1,695 54 39 143 529 

5oxo-MEHP 292 0.15 
µg/g cre 282) 27 665 74 60 171 500 

µg/l 162) 18 695 42 31 113 235 

DBP 
(MWp = 278) 

MnBP 222 0.69 
µg/g cre 39 32 144 163 136 405 716 

µg/l 37 33 125 97 73 300 926 

BBP 
(MWp = 312) 

MBzP 256 0.73 
µg/g cre 242) 23 1,695 108.8 67.2 338 1,705 

µg/l 1.72) 15 2,410 65 36 250 2,205 

1) 5OH-MEHP: Mono(2-ethyl-5-hydroxyhexyl)phthalate, 5oxo-MEHP: Mono(2-ethyl-5-oxohexyl)phthalate, MnBP:  Mono-

n-butyl phthalate, MBzP: Monobenzyl phthalate 

2) Geometric mean values  

 

Cumulative risk assessment of the three phthalates with similar effects 

When substances have a similar mode of action and/or have the same target cell, tissue or organ, they 

may act in a potency-corrected ‘dose/concentration additive’ manner (Kortenkamp and Faust, 2010). 

Chemicals may also interact to produce greater effects (synergy) or less serious effects (antagonism) than 

the effect predicted on the basis of additive methods (EC, 2012; IPCS, 2009). Even though there are 

concerns about underestimating synergistic interactions, recent analyses suggest that dose-addition 

models can adequately describe the effects of mixtures of endocrine disrupting chemicals with both 

similar and dissimilar modes of action (DEPA, 2011; ECHA, 2012a; Kortenkamp and Hass, 2009). As DEHP, 
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DBP, and BBP are included in REACH annex XIV due to their reprotoxic properties, i.e. anti-androgenic 

mode of action, the dose-addition method was used to assess the cumulative risk from the three 

phthalates (Benson, 2009; Koch et al., 2011; Søeborg et al., 2012).  

In this study, as shown in Equation 8, the cumulative risk of these three phthalates (RCRtotal) was 

calculated as the sum of the risk characterization ratios (RCRindividual) for an individual phthalate (ECHA, 

2012c). As defined in ECHA guidance, the RCRindividual is defined as the ratio between the internal exposure 

estimate of a chemical and the derived no-effect level (DNEL) for the chemical (ECHA, 2012b).  

 

RCRtotal  = ∑ RCRindividual = ∑ (Eindividual / DNELindividual)                                    Eq. (8) 

 

Eindividual is the aggregate or total exposure to each phthalate per body weight per day (µg/kg bw/day). In 

ESA, the aggregate exposure of a substance (Eindividual) is calculated as the sum of Dinh, Doral and Ddermal 

which is based on known and monitored exposure sources. In the BCA, the Eindividual is the same as Dcrea or 

Dvol in the Equation 6 and 7, which is based on biomonitoring data representing the total exposure 

resulting from known and unknown sources. DNELindividual is the derived no-effect level of each phthalate 

based on reproductive toxicity. In this study, the most recent and lowest DNELs for each of the phthalates 

(DEHP 34; DBP 6.7; BBP 500 in µg/kg bw/day) were used based on anti-androgenic effects in 

developmental studies accepted by ECHA (ECHA, 2012c; 2013b; 2013c). The DNEL values of DEHP and 

DBP used in this study are lower than tolerable daily intake (TDI) of European Food Safety Authority 

(EFSA) which are 50 and 10 µg/kg bw/day respectively, while BBP has the same values for both DNEL 

from ECHA and TDI of EFSA (EFSA, 2005a; 2005b; 2005c). When the RCR value exceeds 1, the level of risk 

is considered not to be safe. 
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3.2.4  Results 

 

In this chapter, the main results from exposure and risk assessment to children in Denmark and Korea are 

presented.  

Cumulative risk from Exposure Scenario Approach (ESA)  

Table 9 shows aggregated daily exposure to three phthalates (DEHP, DBP, and BBP) and the cumulative 

risk estimated from the exposure scenarios for 2-year-old children in Denmark and Korea. For Korea, the 

results of two different scenarios are given according to the method of calculating phthalate exposure via 

food. 

Table 9. ESA estimated daily intake and cumulative risk levels of DEHP, DBP, and BBP for 2-year-old children in Denmark 
and Korea. 

Daily intake estimates 

(µg/kg bw/day) 

Denmark Korea (Scenario 1) Korea (Scenario 2) 
DNEL 

(µg/kg bw/day) Mean P50 P95 Max Mean P50 P95 Max Mean P50 P95 Max 

DEHP 6.32 5.49 12.32 111.61 6.08 5.31 11.84 123.48 9.23 8.20 17.76 52.48 34 

DBP 0.52 0.48 0.93 6.32 1.56 1.19 3.78 18.56 2.02 1.66 4.54 31.95 6.7 

BBP 0.21 0.18 0.43 2.50 0.59 0.35 1.87 18.21 0.89 0.63 2.27 24.90 500 

Cumulative Risk  

(RCRtotal) 
0.26 0.24 0.46 3.64 0.41 0.36 0.80 6.21 0.57 0.52 1.04 6.11 

 

 

In general, for both Denmark and Korea, DEHP has the highest level of daily intake, followed by DBP then 

BBP. Generally, the median daily intake values in Korean Scenario 1 are higher than those in Denmark: 1.0 

times in DEHP, 2.5 in DBP, and 1.9 time in BBP. The median intake values in Korean Scenario 2, i.e. using 

the data from Korean composite diet samples, are 1.4 to 1.8 times higher than those in Korean Scenario 1, 

i.e. using the data from Fierens et al. (2012). Apart from maximum intake values of DEHP and DBP, all 

daily intake estimates in Table 9 are lower than the DNELs of each phthalate.   

Table 9 also shows the distribution of cumulative risk (RCRtotal) values. In Denmark, apart from the 

maximum value, the estimated cumulative risks of DEHP, DBP, and BBP to children from the environment 

and food are lower than 1; 0.24 as the median RCRtotal and 0.46 as the RCRtotal of the upper five percentile. 

According to the sensitivity analysis, DEHP concentration in indoor dust has the greatest influence on the 

risk in Denmark (44%), followed by DEHP (23%) and DBP (5%) concentrations in milk and dairy 

products. In Korea, the RCRtotal values are higher than in Denmark, e.g. the median RCRtotal of Korean 

Scenario 1 and 2 are 1.5 and 2.2 times higher than that in Denmark, respectively. In addition, the median 
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RCRtotal of Korean Scenario 2 is 1.4 times higher than that in Korean Scenario 1. The maximum RCRtotal in 

Korean scenario 1 and the maximum and the upper five percentile of RCRtotal in Korean scenario 2 are 

above the safe level of an RCR value of 1. According to the sensitivity analysis of Korean scenario 1, the 

three most influential factors on RCRtotal, apart from body weight, are DBP in indoor dust (65%), DEHP in 

cereals and cereal products (8.1%) and DEHP in indoor dust (6%). Compared to Denmark, DEHP in 

cereals and cereal products is more influential than DEHP in milk and dairy products.   

Cumulative risk from Back-calculation Approach (BCA)  

Table 10 shows the estimated daily intake levels of DEHP, DBP, and BBP and resulting cumulative risk 

(RCR) of three phthalates to 2-year-old children in Denmark and Korea based on BCA. Both creatinine-

based and volume-based models were applied for back calculation. For DEHP, the exposures and risks 

levels were calculated from both 5OH-MEHP and 5oxo-MEHP; values in parenthesis were calculated from 

5oxo-MEHP.  

Table 10. BCA estimated daily intake and cumulative risk levels of DEHP, DBP, and BBP for 2-year-old children in 
Denmark and Korea. 

Back-calculated daily 

exposure (µg/kg 

bw/day) 

Denmark Korea 

Mean P 50 Max Mean P 50 P 95 Max 

DEHP1) 

(DNEL=34) 

Cre. Based 4.6 (3.7) 4.4 (3.6) 129.7 (87.6) 8.2 (9.7) 6.4 (7.9) 19.5 (22.5) 65.3 (65.9) 

Vol. Based 6 (4.8) 6.7 (5.3) 332.4 (210.4) 10.6 (12.7) 7.6 (9.4) 28 (34.3) 103.8 (71.1) 

DBP 

(DNEL=6.7) 

Cre. Based 1 0.9 3.9 4.4 3.7 10.9 19.2 

Vol. Based 2.3 2 7.7 6 4.5 18.5 57.1 

BBP 

(DNEL=500) 

Cre. Based 0.6 0.6 41.9 2.7 1.7 8.4 42.1 

Vol. Based 0.1 0.8 136.8 3.7 2.3 11.4 57.3 

Cumulative 

risk 

(RCRtotal)1) 

Cre. Based 0.29 (0.26) 0.26 (0.24) 4.48 (3.24) 0.9 (0.95) 0.74 (0.79) 2.22 (2.31) 4.87 (4.89) 

Vol. Based 0.52 (0.48) 0.5 (0.46) 11.2 (7.61) 1.21 (1.28) 0.9 (0.95) 3.61 (3.79) 11.69 (10.73) 

1) Calculated from urinary 5OH-MEHP concentrations (calculated from urinary 5oxo-MEHP concentrations) 

The upper five percentile values of daily exposure are only calculated for Korea as the distribution was 

not given in Danish biomonitoring studies (Boas et al., 2010). In general, daily exposures from the volume-

based model are 1.2 to 3.3 times higher than in the creatinine-based model, apart from for BBP in 

Denmark; showing that volume-based model is more conservative to estimate internal exposure levels. 

For both countries, DEHP has the highest estimated daily intake values, followed by DBP and then BBP. 

The median daily DEHP intake values for Korean children are 1.1 to 2.1 times higher, according to 

metabolites (5OH-MEHP or 5oxo-MEHP) and creatinine-/volume-based method, than those in Denmark. 

For both countries, the back-calculated maximum exposure levels are above the DNEL value, i.e. 34 µg/kg 
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bw/day. Comparing ESA and BCA, back-calculated DEHP exposure levels of Danish children are lower 

than scenario estimation. For Korea, the median BCA values of DEHP exposure are between the ESA 

estimations of Korean scenario 1 and Korean scenario 2. For DBP, the exposure levels of Korean children 

are higher than those of Danish children; 2.3 to 4.1 times higher in median daily intakes, according to 

creatinine-/volume-based method. In Denmark, only the maximum childhood intake values from the 

volume-based method are above DNEL (6.7 µg/kg bw/day), while both the upper five percentile and 

maximum intake levels in Korea are above the DNEL value. For BBP, the median daily intakes of Korean 

children are 2.8 to 2.9 times higher, according to creatinine-/volume-based method, than those of Danish 

children. For both countries, no BCA calculation is above the DNEL value of BBP (500 µg/kg bw/day). 

Regarding the cumulative risks (RCRtotal) of DEHP, DBP, and BBP in Denmark, the mean and median 

RCRtotal levels are lower than 1; while the maximum RCRtotal is above the safe level, with values ranging 

from 3.24 (using 5oxo-MEHP with creatinine-based method) to 11.2 (using 5OH-MEHP with volume-

based method). In general, the RCRtotal values of Korea are higher than those in Denmark. Not only the 

upper five percentile and maximum levels, even mean RCRtotal from volume-based methods in Korea are 

above the safe level; ranging from 1.21 (mean RCRtotal using 5OH-MEHP with volume-based method) to 

11.69 (maximum RCRtotal using 5OH-MEHP with volume-based method).  

Comparative analysis of ESA-based and BCA-based risk assessments  

As shown above, both creatinine-based and volume-based RCRtotal values from back-calculation approach 

(BCA) are higher than RCRtotal from exposure scenario approach (ESA). This means that the ESA method, 

which is widely used in chemical management including REACH, underestimates the actual risk level of 

childhood phthalate exposure, which is from BCA method using biomonitoring data. The ratio between 

BCA-based and ESA-based median RCRtotal is 1.0-2.1 in Denmark and 1.4-2.6 in Korea. In Denmark, only 

the maximum RCRtotal values of ESA and BCA analysis are above the safe level, i.e. RCRtotal value of 1. 

However, in Korea, both the upper five percentile and maximum RCRtotal values from ESA and BCA as well 

as the volume-based mean RCRtotal values are above 1. In general, the cumulative risks for 2-year-old 

children in Korea (median) were 1.8 to 3.3 times higher than those in Denmark.  

Additional exposures from food packed in recycled material  

As presented above, the difference between the BCA and ESA exposure estimates indicate that the 

exposure scenario is incomplete and there might be other unknown sources contributing to childhood 

phthalate exposure. Table 11 shows the daily exposure to DEHP, DBP, DiBP, and BBP from food ingestion 

in reference scenario and future scenario (R30, R50, and R100) for 2-year-old children in Denmark and 

Korea.  



Study on New Approaches for extended chemical management and REACH 

 
 

30 
 

Table 11. Childhood daily exposure to DEHP, DBP, DiBP, and BBP from food in different scenarios in Denmark and Korea 

 

Scenarios 
Daily exposure (µg/kg bw/day): median (95 percentile) 

DEHP DBP DiBP3) BBP 

Denmark 

Reference scenario1) 2.712 (7.374) 0.218 (0.549) 0.31 (1.269) 0.075 (0.226) 

Scenario R30 2.646 (7.171) 0.334 (0.713) 1.063 (4.031) 0.074 (0.224) 

Scenario R50 2.601 (7.031) 0.406 (0.867) 1.473 (6.233) 0.072 (0.222) 

Scenario R100 2.474 (6.905) 0.573 (1.296) 2.47 (11.83) 0.07 (0.222) 

Gap (BCA – ESA)2) - 0.5 1.52 - 0.62 

Korea 

Reference scenario1) 3.030 (8.673) 0.235 (0.567) 0.354 (2.211) 0.068 (0.156) 

Scenario R30 2.939 (7.735) 0.493 (1.048) 2.133 (9.204) 0.068 (0.144) 

Scenario R50 2.856 (7.06) 0.642 (1.484) 3.141 (14.498) 0.068 (0.141) 

Scenario R100 2.555 (6.3) 1.002 (2.631) 5.566 (27.871) 0.064 (0.152) 

 Gap (BCA – ESA) 2) - 6.03 2.19 - 1.5 

1) Based on paper II and supplemental calculation for DiBP.  

2) The gap between Back-Calculation Approach (BCA) from biomonitored phthalate level (from children’s urine) and 

Exposure Scenario Approach (ESA) including exposure from outdoor and indoor environment (i.e. air, soil, and dust), 

food (including beverage), and a number of consumer products (e.g. sandals, bags, plastic mats, toys) . Data from the last 

column of table 8 in paper II. 

3) The gap between BCA and ESA for DiBP was not able to be performed in paper II because there was not enough data 

available on DiBP concentration measured from environmental media, e.g. air, soil, and dust. 

 

For DEHP, there is no significant difference in exposure levels among four scenarios and even a slight 

decrease is shown in scenario R30 to R100. As can be seen from Table 7 in Chapter 3.2, even though DEHP 

concentrations of milk powder and water in recycled packages are higher than in the reference scenario, 

the concentration in general cereal products in the reference scenario (Frierens et al., 2012) is higher than 

that of cereal flakes and semolina powder packed in recycled paperboard (46.2µg/kg). This indicates that 

other sources than recycled packaging material contribute to phthalate concentration, e.g. bread and 

cakes with high fat content and prepared under high temperature may indicate an unidentified source to 

exposure in the reference scenario. The minus sign in ‘Gap (BCA-ESA)’ for DEHP in Table 11 shows that 

the total exposure, i.e. back-calculated from urine monitoring data (BCA), is overestimated by the 

scenario-based modelling (ESA) in the case of DEHP.  

For DBP and DiBP, even though not all food items are considered for recycling scenarios, the daily 

exposure to children increases as more packaging is replaced by recycled material: R100 is the highest 

followed by R50 and R30. This means that the more packages for cereals, milk powder and mineral water 

are replaced by recycled plastics and paper, the higher level of these anti-androgenic phthalate will be 

exposed to children. However, the increased exposure level in recycling scenarios still does not fill the gap 

between BCA and ESA in paper II. The gap between BCA and ESA for DBP in Denmark and Korea are 1.52 
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and 2.19 µg/kg bw/day while the increased exposure of the scenario R100 is only 0.355 and 0.767 µg/kg 

bw/day, respectively. This result strongly indicates that there are additional unknown sources of 

exposure to DBP.  

For BBP, the higher concentrations in drinking water in recycled PET compared to virgin PET did not 

result in significant increase in the childhood exposure levels among four exposure scenarios. This means 

that cereal products and milk powder in recycled paperboard and mineral water in recycled PET do not 

change the BBP intake significantly. Therefore, the gap between BCA and ESA in Denmark and Korea, i.e. 

0.62 and 1.5 µg/kg bw/day respectively, still remains unidentified. 

Figure 7 presents the contributions of different routes and pathways to the median total daily exposure 

levels to 2-year-old children in Denmark and Korea. The BCA calculated exposure levels are used to 

express the total exposure for DBP and BBP while the ESA estimation is used for DEHP as a conservative 

expression of total exposure. For the exposure via consumer products, the data for Denmark include 

plastic sandals, bags, shower curtains, oilcloth, water wings, swimming pools and balance balls (DEPA, 

2011). Regarding Korea, the data include plastic mats, toys, PVC flooring and wallpaper (KMOE, 2009).  

 

 

 

 

 

 

 

 

Figure 7. Contributions of different sources to the median daily intake levels to DEHP, DBP, and BBP for 2-year-old 
children in Denmark and Korea. 

 

The additional exposure to DBP from food in recycled packaging materials (for Scenario R100) is shown 

with the light green sector; filling only 23% and 35% of the total gap in Denmark and Korea, respectively. 

However, it should also be mentioned that only a limited number of food items in recycled packages were 
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included in this study. Therefore, the total additional phthalate exposure potential from food packed in 

recycled material, including food with high fat contents and prepared under high temperature and stored 

long periods, will be even higher than calculated here. As shown with the area marked by gray diagonal 

lines in Figure 7, more than 50% of DBP and 70% of BBP exposure in Denmark and 30% of DBP and 60% 

of BBP exposure in Korea remains unidentified. 
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4. Risk cycle in a circular economy 
 

4.1 Methodology 
 

To analyze and estimate the flow of phthalates in the present (the year 2012; Reference Scenario) and the 

future circular resource flows (the year 2020; Future Scenario A and B), the flows and stocks of plastics 

and paper in Europe were modeled including the flow of three phthalates, i.e. DEHP, DBP, and BBP, in 

plastics and paper. The material and substance flow modeling was performed using STAN 2 software 

developed and published by the Institute for Water Quality, Resource and Waste Management at Vienna 

University of Technology (free download from www.stan2web.net). The year 2020 was selected for the 

Future Scenarios due to the fact that in 2020 all existing provisions should be fully implemented to meet 

the European strategy for sustainable growth, e.g. “Europe 2020” (EC, 2014).  

The circular resource flow model includes two layers: goods (materials in terms of plastics and paper) and 

substances (in terms of micro-pollutants DEHP, DBP and BBP in plastics and paper) with the functional 

unit as tons of raw materials per year. The system boundary of the circular plastic flow model comprises 

the EU-27 plus Norway and Switzerland based on the available data on European statistics on plastics 

(PlasticsEurope et al., 2013). Plastic products are categorized according to five applications, i.e. 

‘packaging’, ‘building and construction’, ‘automotive industry’, ‘electrical and electronics’, and ‘other uses’ 

including agriculture, furniture, toys, and sport. After use, the post-consumer plastic wastes are collected 

by these five categories and the wastes are recycled as secondary material (Material Recycling), used as 

fuel for generating energy (Energy Recovery), landfilled (Disposal) or exported outside Europe (Export; 

exit the system). The system boundary of the circular paper flow model comprises 18 European countries, 

i.e. the members of the Confederation of European Paper Industries (CEPI) representing 95% of the 

European pulp and paper industry in terms of production (CEPI, 2013). As there is no data available on 

distribution of phthalates in different paper product categories, all paper products are considered as one 

bulk category without differentiating between product categories, e.g. newspapers, paperboard and 

others. Based on the assumption that there is no change in the stock of paper, the sum of inflows is the 

same as the sum of outflows of the system. The recycling, energy recovery and landfill rates taken into 

account in the Reference Scenario and the Future Scenario A and B are illustrated in Table 12 and a 

detailed description of the input data is given in paper III and paper IV.  

  

 

http://www.stan2web.net/


Study on New Approaches for extended chemical management and REACH 

 
 

34 
 

 
Table 12. Material recycling, energy recovery and disposal rates of plastic and paper wastes applied in the Reference 

and the Future Scenario A and B. 

Product (Waste) categories 
Reference Scenario (2012)1) Future Scenario A, B (2020) Sources for recycling 

rates in 2020 Recycling Energy Disposal Recycling Energy Disposal 

Packaging 35.0% 31.0% 34.0% 45.0% 52.4% 2.6%   PlasticsEurope et al., 2013 

Construction & Demolition 21.8% 37.6% 40.6% 70.0% 28.6% 1.4% EC, 2008d 

End-of-life vehicles 11.4% 42.6% 46.0% 85.0% 14.3% 0.7% EC, 2000a 

WEEE 13.0% 42.0% 45.0% 75.0% 23.8% 1.2% EU, 2012 

Others 8.0% 44.0% 48.0% 50.0% 47.6% 2.4% EC, 2008d 

Paper 60.5% - - 70.0% - - CEPI, 2013 

1) Details for the recycling, energy recovery and disposal rates in the Reference Scenario were provided in paper III. 

 

The Reference Scenario: Reflecting the present situation in Europe  

The Reference Scenario is the scenario showing the present flows of products (plastics and paper) and 

substances (DEHP, DBP and BBP) in Europe using the most recent available data. In 2012, 45.9 million 

tons of plastics were produced in Europe: 39.4% for packaging, 20.3% for building and construction, 8.2% 

for automotive, 5.5% for electrical and electronic applications and 26.6% for other applications 

(PlasticsEurope et al., 2013). After use, 25.2 million tons of plastic wastes were collected and used for the 

following purposes: recycled as secondary raw material within Europe (2.0 million tons), exported 

outside Europe to be recycled as secondary raw material (3.3 million tons), incinerated with energy 

recovery (9.6 million tons), and landfilled (10.4 million tons). Regarding paper, after 77.4 million tons 

were consumed, 55.7 million tons of wastes were collected of which 46.8 million tons were recycled. For 

phthalates, it is estimated that 90,528 tons DEHP, 2,650 tons DBP and 2,560 tons of BBP were produced in 

Europe for the year 2012 based on the Eurostat trade statistics data (Eurostat, 2014). No information 

about the distributional amounts of each phthalate among end-product categories exists. However, data 

on the amounts of phthalates used in different manufacturing processes were provided, e.g. calendaring of 

film, cables, adhesives, lacquers, and printing ink, and were used to allocate phthalates in different 

product categories (COWI A/S et al., 2009a; 2009b; 2009c). The information on the distribution of these 

phthalates in plastic and paper products was provided in ‘Supporting information Table 1’ in paper III. 
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Future Scenario A: Full implementation of the EU waste legislation with the same phthalate 

production as now 

Scenario A is based on the assumption that all the EU waste legislations are fully implemented by 2020 

reaching the recycling goal for each product category. In addition, with the effort of waste prevention (EC, 

2008d), there is no increase of the consumption and waste generation of plastic and paper products even 

under the similar trend of economic growth. The production of virgin DEHP, DBP and BBP used for 

plastics and paper, and the distribution of phthalates among product categories was assumed the same as 

the year 2012 in the Reference Scenario. For the material recycling rate of each plastic waste category, as 

shown in Table 12, the targets in the EU waste legislations for different types of wastes were applied. The 

detailed information on the recycling rates of plastics and paper are provided in paper IV. Besides 

material recycling, 47.6% of the remaining plastic wastes (8.9 million tons) were used for energy recovery 

and 52.4% (9.6 million tons) were sent to landfill in 2012. A study for European Commission (BIO IS., 

2011) shows that the amount of waste recovered to energy will be increased up to 118% in 2020 

compared to the year 2008. Based on this, it is assumed that after collection for material recycling, 95.2% 

of the remaining plastic wastes are used for energy recovery and only 4.8% are landfilled in 2020. For 

paper wastes, the average recycling rate in 2012 (60.5%) already meet the recycling target of the 

Packaging directive 1994/62/EC (60%, Article 6.1). However, as the recycling rate of paper has been 

increased steadily in Europe, the annual increase rate of material recycling, i.e. 1.78% between 1991 and 

2012 (CEPI, 2013), is applied to estimate the recycling rate of paper in 2020.  

 

Future Scenario B: Full implementation of the EU waste legislation with reduced phthalate 

production up to 50% 

In Scenario B, it is assumed that because of the restriction under REACH imposing authorization 

requirements on these phthalates after the sunset date (21 February 2015) and voluntary efforts of 

industries to phase out of these phthalates, the production of virgin DEHP, DBP and BBP used for plastics 

and paper in 2020 will be reduced up to 50% of the year 2012: 45,264 tons DEHP, 1,325 tons DBP and 

1,280 tons BBP. Like under Scenario A, it is assumed that with the effort of waste prevention (EC, 2008d) 

there is no increase of the consumption and waste generation of plastic and paper products. The same 

distribution rates of phthalates in product categories, and the rates of plastic and paper wastes used for 

material recycling, energy recovery and disposal in Scenario A were applied to Scenario B. Therefore, the 

Scenario B illustrates an optimistic scenario: the amount of production and wastes of plastic and paper 
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goods remains the same, but phthalate concentration in these products are halved, and the material 

recycling rate meets the EU regulations. 

 

4.2 Results 
 

Figure 8 and 9 show the results of the mass flow analysis of plastics and paper in the year 2012 and the 

estimated mass flows in 2020. Because the same recycling rates were applied, the Future Scenario A and B 

have the same result for the mass flows of plastics and paper.  

 
Figure 8. The flows and stocks of plastics in Europe in the Reference (above) and the Future Scenario A and B (below). 

The figure presents the total system of the EU-27 + Norway + Switzerland (ton/year). 
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As shown in the upper part of Figure 8 (Reference Scenario), a total of25.2 million tons of plastic wastes 

were generated from the five product categories in Europe in 2012, i.e. 55% of annual plastic 

consumption. Among this, a total of 6.5 million tons were collected for material recycling, i.e. 26% of the 

total wastes; only 2 million tons, i.e. 4.3% of total plastic produced in Europe, were recycled in Europe 

while 3.3 million tons of plastic wastes were exported outside Europe for recycling. In addition, 9.6 million 

tons of wastes were used for energy recovery and 10.4 million tons were sent to landfill. As shown in the 

lower part of Figure 8 (Future Scenario A and B), based on the assumption that the same amount of plastic 

wastes are generated, i.e. 25.2 million tons and all the EU waste legislations are fully implemented in 2020, 

12.9 million tons of plastic wastes are estimated to be collected for material recycling, i.e. 51% of the total 

wastes. Among this, 3.9 million tons, i.e. 8.4% of total plastic produced in Europe, are recycled in Europe 

while 6.4 million tons are exported outside Europe for recycling; almost doubled compared to 2012. The 

amount used for energy recovery is estimated to increase approx. 35% compared to 2012, i.e. 13.1 million 

tons, while the amount for landfill is estimated to decrease approx. 80% compared to 2012, i.e. 1.9 million 

tons.  

 

 
Figure 9. The flows of paper in Europe in the Reference (above) and the Future Scenario A and B (below). The figure 

presents the total system of 18 European countries (ton/year). 
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As shown in the upper part of Figure 9 (Reference Scenario), 55.7 million tons (72% of waste) of paper 

were collected for recycling in 2012; among this, 46.8 million tons were recycled in Europe resulting in 

60.5% of recycling rate compared to the total paper consumed in the same year (77.4 million tons). The 

lower part of Figure 9 (Future Scenario A and B) shows that the rate of waste collected for recycling is 

estimated to increase from 72% to 81% in 2020, i.e. 63 million tons. 54.2 million tons of these are 

estimated to be recycled in Europe resulting in 70% of recycling rate compared to the total paper 

consumption. This shows 7.4 million tons of paper wastes (16% of recycled paper in 2012) will be 

recycled additionally in 2020. 

Table 13 and Figure 10 show the results of the substance flow analysis of DEHP, DBP and BBP re-entering 

the product cycle with recycled plastics and paper. Because the main use of each phthalate is different 

from each other, different amount of phthalates are distributed in plastic and paper products. As a result, 

as shown in Italic in Table 13, the total recycled rate of each phthalate is different from each other.  

 

Table 13. Results of the substance flow analysis of DEHP, DBP and BBP in Europe for the Reference and Future Scenario 
A and B. 

 Product categories  
 

Reference Scenario  
(in 2012, tons/yr) 

 
Future Scenario A 

(in 2020, tons/year) 
 

Future Scenario B 
(in 2020, tons/year) 

 
 DEHP DBP BBP  DEHP DBP BBP  DEHP DBP BBP 

P
la

st
ic

s 

Total input to product system  92,080 2,587 2,576  97,722 2,707 2,658  48,861 1,354 1,329 

Packaging  7,232 1,159 122  7,675 1,213 126  3,838 607 63 

Building & Construction  16,329 204 1,890  17,330 214 1950  8,665 107 975 

Automobiles  2,960 179 47  3,142 187 48  1,571 93 24 

Electrical & Electronics  20,144 10 31  21,379 11 32  10,689 5 16 

Others  45,414 1,035 486  48,196 1,083 501  24,098 542 250 

Recycled in EU1)  1,712 122 36  7,354 241 118  3,677 121 59 

Recycled in total2)  3,424 243 82  14,708 482 268  7,354 241 134 

Recycled with plastics (in EU, %)  1.89 4.59 1.41  8.12 9.11 4.63  8.12 9.11 4.63 

Recycled with plastics (in total, %)  3.78 9.18 3.19  16.25 18.21 10.49  16.25 18.22 10.49 

 
 

 
   

 
   

    

P
a

p
e

rs
 

Total  325 372 41  390 445 49  194 224 25 

Recycled in EU1)  165 189 21  230 262 29  114 132 15 

Recycled in total2)  196 225 24  267 305 34  133 153 17 

Recycled with paper (in EU, %)  0.18 7.13 0.82  9.25 9.89 1.13  0.25 9.96 1.17 

Recycled with paper (in total, %)  0.22 8.49 0.94  0.29 11.50 1.31  0.29 11.58 1.33 
     

 
   

 
   

1) Recycled in the system boundary, i.e. Europe-27+Norway+Switzerland for plastics and 18 European countries for paper. 

2) Recycled in Europe + Wastes exported outside Europe to be recycled. 
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As demonstrated in Table 13, the majority of DEHP is used in plastics in the product category “Others” 

which includes consumer and household appliances such as furniture, toys, sport, agriculture, health and 

safety; followed by “Electrical & Electronics” and “Building & Construction”. Finally, 5,706 tons of DEHP 

are contained in plastic wastes for material recycling in 2012 and among these 1,712 tons, i.e. approx. 2% 

of total DEHP production in Europe, are recycled in Europe. In addition, 196 tons of DEHP are recycled 

with the flow of paper in 2012; of which 165 tons are recycled in Europe. The majority of DBP used in 

plastics goes to “Packaging”; followed by the product category “Others” and “Building & Construction”. 

Because of the high recycling rate of plastic packaging (35%) and papers (60.5%), 406 tons of DBP are 

contained in plastics for material recycling in 2012; of which 122 tons, i.e. approx. 5% of total DBP 

production in Europe, are recycled in Europe. Moreover, 225 tons of DBP are recycled with paper in 2012 

and among these 189 tons, i.e. approx. 7% of total DBP production in Europe, are recycled in Europe. The 

majority of BBP in plastics is used in “Building & Construction”; followed by the product category “Others” 

and “Packaging”. As a result, 120 tons of BBP are contained in plastics for material recycling in 2012; of 

which 36 tons, i.e. approx. 1% of total BBP production in Europe, are recycled in Europe. In addition, 24 

tons of BBP are recycled with paper and among these 21 tons are recycled in Europe. In total, 

approximately 4% of DEHP, BBP and 18% of DBP annual production in Europe in 2012 re-enters the 

product cycle (both inside and outside Europe) with recycled plastics and paper in 2012. 

 
Figure 10. The results of substance flow analysis of DEHP, DBP and BBP re-entering the product cycle with recycled 

plastics and paper for the Reference Scenario (present, 2012), the Future Scenario A (shown as S(A): same phthalate 
production and full implementation of the EU waste legislation), and the Future Scenario B (shown as S(B): phthalate 

production reduced to 50% and full implementation of the EU waste legislation). 
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Based on the data from Table 13, Figure 10 shows the combined results of the substance flow analysis of 

DEHP, DBP, and BBP re-entering the product cycle with recycled plastics and paper of the Reference 

Scenario and Future Scenario A and B. For each scenario, the left bars represents the annual production of 

each phthalate and the middle bars represent the recycled phthalates in ‘Total’, which includes wastes 

exported outside Europe to be recycled. The right bars represent recycled phthalates ‘in the EU’, which 

only include recycled wastes within Europe. Results of the Future Scenario A show that a full 

implementation of the EU waste legislation for plastics and paper in 2020 will result in an increase of the 

three phthalates re-entering the product cycle in the range of 70-310%. This corresponds with approx. 17% 

of DEHP, 30% of DBP, and 12% of BBP produced in Europe as raw material re-enters the product cycle 

with recycled plastics and paper in 2020. Results of the Future Scenario B demonstrate that even by 

reducing the phthalate production to 50% compared to the Reference Scenario in 2012, the amounts of 

DEHP and BBP re-entering the product cycle will still increase in 2020; approx. 110% and 40% 

respectively as a result of the increased recycle rate of plastic and paper. The recycling of DBP in Future 

Scenario B shows a slight decrease, i.e. approx. 15%, compared to the year 2012. 

Detailed information on the results of mass flow analysis for the year 2012 is provided in Paper III and the 

results for the year 2020 is provided in Paper IV.  
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5. Discussion 
 

5.1 Main findings -  questions revisited 
 

Based on the results presented in Chapter 2-4 and four papers (see appendices), we now return to the 

questions posed in the Introduction.  

 

  Question 1: How do main routes and the degree of exposure vary among the different population groups with 

various activity patterns under the influence of their environmental quality?  

In this study, this question is exemplified in Paper I and II with the case of lead (Pb) and phthalate (DEHP, 

DBP, and BBP) exposure for one of the vulnerable populations, i.e. children, in Denmark and Korea. The 

two countries have different regulatory quality standards for lead and the three phthalates and different 

current and historical emission intensities of these substances from industries to the environment 

(Chapter 3). This study verifies the existence of varying territorial human background exposure levels. 

Regarding lead exposure, because of the high lead concentration in soil which mainly originates from 

historical accumulation, the daily childhood exposure levels from the environment in Denmark are 

estimated to be higher (2.3 times, median exposure level) than those in Korea (Chapter 3.1). On the other 

hand, regarding phthalate exposure, which is more related with current emission and less with historical 

accumulation, the daily childhood exposure levels of Korea are higher than those of Denmark: DEHP 1.0-

1.5 times, DBP 2.5-3.5 times, BBP 1.9-3.5 times for ESA method and DEHP 1.1-2.1 times, DBP 2.3-4.1 times, 

and BBP 2.8-2.9 times for BCA methods (Chapter 3.2). In case of phthalate exposure, the two population 

groups also have different exposure routes. Based on the results from ESA, food and indoor dust ingestion 

are the main sources of exposure to DEHP and BBP for Danish children, i.e. 50% and 45% to the total 

exposure; while indoor air inhalation is the main source of exposure to DBP, i.e. 30%, followed by indoor 

dust ingestion, i.e. 20%. For Korea, even though food and indoor dust ingestion are also the main sources 

of exposure, food contributes the most for DEHP exposure, i.e. 63-75%, while indoor dust contributes the 

most for DBP and BBP, i.e. 47-70%. Compared to Denmark, the contribution from indoor air inhalation to 

DBP exposure is lower, i.e. less than 10%.  

 

Question 2: Do existing chemical regulations secure the safety of vulnerable groups with reference to the total 

risk?  

One of the main findings of paper II is that there are gaps between exposure estimations modelled from 

the Exposure Scenario Approach (ESA) and the Back Calculation Approach (BCA) which is based on 
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biomonitoring data of urinary phthalate metabolite concentrations. In general, the cumulative risk levels 

from BCA are higher than those from ESA; the median RCRtotal from BCA are 1.0 to 2.6 times higher than 

RCRtotal from ESA. Moreover, the BCA results for Korean children show that more than 5% of Korean 2-

year-olds are exposed to the three anti-androgenic phthalates above safe level, i.e. RCRtotal value of 1. As 

demonstrated in Chapter 2.2, the REACH exposure scenario is not complete as it does not take into 

account territorial varying background human exposure levels; and thereby lacks the ability to protect the 

health of future generations equally from territorial varying environmental health problems. As shown in 

the gaps between ESA and BCA results, the existing chemical regulations might underestimate the actual 

risk levels, and therefore might not secure the safety of vulnerable groups from the total risks they face in 

their daily life.  

It should be mentioned that the quality of input data for exposure assessments needs to be reviewed. As 

measuring the concentration of chemicals in different media is costly and difficult, sometimes the number 

of samples used for ESA and BCA, e.g. samples measuring environmental quality or biomonitoring, is not 

sufficient to represent the exposure in practice and may result in underestimation of exposures. 

Regarding the environmental quality, using modeled data instead of monitored data, e.g. the EUSES model 

in REACH, can also lead to underestimating of exposure if the model does not include all sources of 

exposure. In addition, as mentioned by Clark et al. (2011), the values for FUE are critical to the BCA 

calculation but there are no data available for child-specific excretion fractions for DEHP, DBP, and BBP; 

consequently, the Fue values for adults are applied in this study. All of those above factors constitute 

uncertainties to the human exposure assessment methods, both ESA and BCA.  

Uncertainties can also come from the completeness of the exposure scenario used in this study. There is 

always the possibility that incompleteness of exposure modeling results in a gap between ESA and BCA. 

There may be unknown sources not included in the ESA model. For example, in the exposure scenario 

used in Chapter 3.2, only dermal sorption from indoor dust was included in this study and not from air. 

Food items in the ESA might not include all food sources which children in Denmark and Korea consume 

daily. Also, it is impossible to measure the concentration of phthalates in all consumer products which 

Danish and Korean children are surrounded by. These uncertainties should be considered when results of 

the exposure assessment are interpreted and potentially used to generate new chemical management 

policies.  
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  Questions 3: If not, how should the existing regulatory systems be improved to consider the reality of exposure?  

The answer to this question is discussed separately in Chapter 5.2. Based on the combined results 

acquired from both the original research questions and three sub-questions added later, a systemic 

approach for a circular economy based on sustainable resource flows is proposed.  

 

As discussed in the introduction, paper III and IV were focused on investigating the three sub-questions 

raised additionally.  

 
Sub-question 1: What makes the gaps? What can be additional sources of exposure which are not included in 

scenario-based modelling?  

In paper II, most of the indirect childhood phthalate exposure sources were considered: inhalation from 

indoor and outdoor air, ingestion of soil, indoor dust, food and beverages, and dermal contact to soil and 

indoor dust. Therefore, the gaps between estimated exposure from BCA and ESA might come from direct 

exposure sources such as consumer products. Even though these phthalates in children’s articles, food 

packaging and cosmetics are banned now, phthalates in the majority of consumer products such as 

furniture, building and car interiors, textiles, and footwear, and toys for children at the age of 3 or older 

are still not regulated (Chapter 3.2.2). Therefore there are high possibilities that 2-year-old children can 

still be exposed to these phthalates with using and being in contact with above mentioned products in 

their daily life. Phthalates in recycled materials can represent a further source of contaminants. For 

example, if plastic and paper wastes, which include DEHP, DBP, and BBP, are collected, mixed with other 

plastic wastes, and recycled into consumer products which 2-year-old children can still use and be in 

contact with, then this can be additional sources of exposure. In other words, if the flows of wastes are 

mixed across their original product types and associated quality criteria, then a reduced quality of 

recycled materials will result in unknown and unwanted impurities, explaining parts of the unidentified 

sources to childhood exposure as quantified in Paper II.  

 

Sub-question 2: Does material recycling influence the cycle of pollutants and does exposure from recycled 

products explain the gap between scenario estimation and back-calculation? 

The short answer is ‘yes’. Paper III mainly explores the present cycle of phthalates in plastics and paper 

and possible contribution from recycled food packaging material. A mass flow analysis of plastics and 

paper at European level for the year 2012 shows that 26% of plastic wastes and 60% of paper consumed 

in Europe were recycled. This corresponds to the finding that approximately 4% of DEHP, DBP and 18% of 
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DBP produced in Europe as raw material re-enter the product cycle with recycled plastics and paper. This 

shows the potential influence of childhood phthalate exposure upon moving towards a zero waste society. 

A case study assessing the childhood exposures to phthalates from foods packed in recycled paper and 

plastics verifies that an increase in recycled paperboard and PET bottles in the production of food 

packaging material can cause a significant increase in childhood exposure to DBP. Still, as shown in Figure 

7, the unidentified sources to childhood phthalate exposure remain to be quantified.  

 
 Sub-question 3: Aiming at a sustainable and circular economy, how does the resource strategies influence the 

future cycle of pollutants? And what is the role of REACH in a zero waste society? 

Paper IV explores the possible, and unintended, downside of current resource strategies which mainly 

focus on increasing the recycling rate of wastes to foster the transition into a circular economy.  As 

demonstrated in Chapter 4, if the resource strategies only focus on quantitative goals such as increasing 

recycling rates of wastes, a full implementation of the EU waste legislations in 2020 will increase 

unwanted recycling of micro-pollutants: as exemplified in the present study with 70-300% increase of 

phthalates re-entering the product cycle compared to the year 2012. Based on this, the role of REACH 

should be extended to control the quality of the material flow in a circular economy. An in depth 

discussion is presented in Chapter 5.2.  
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5.2 Proposal of a systemic approach for a circular economy 

based on sustainable resource flows 
 

As shown by Ding et al. (2011) and also demonstrated in different regulatory standards in Denmark and 

Korea (see Chapter 3 and paper I and II in the appendices), differences in the national regulatory 

standards and scope of regulations seem to depend not only on health risk assessments but also the 

economic situation of the country, including technological and socioeconomic factors. Therefore, the 

outcome of regulations and associated resulting total exposures may differ considerably from country to 

country (Schenk et al., 2008). Consequently, as exemplified in this thesis with the childhood exposure to 

lead and phthalates in Denmark and Korea, the population’s exposure level to the same chemicals differ in 

different countries according to existing regulatory standards, lifestyle, eating habits, historical industrial 

development and resulting environmental quality (Barzyk et al, 2011). To examine the appropriateness of 

existing regulations and evaluate the safety of current exposure levels to chemicals with similar toxic-

mechanisms in order to provide equal protection of populations from different countries, a systemic 

approach which integrates information from several national regulatory instruments and management 

tools is therefore needed. 

Figure 11 illustrates a conceptual framework of material flows and regulatory instruments in a circular 

economy. All human activities which constitute the anthroposphere are fully part of the Earth system, i.e. 

the biosphere. As shown with the character “E”, “R”, “P”, and “Q” in a rounded square in Figure 11, 

according to each part of the flow, there are regulatory tools to control the flow of resources between the 

biosphere and the anthroposphere and also within the anthroposphere.  

As shown with the character “E” in Figure 11, there are regulatory tools to control the quality of “emission” 

to prevent or reduce the adverse effects of the waste management facilities on the environment and 

human health. Directives on landfill and incineration are examples of these (EC, 1999; EC, 2000b). In 

principle, the input, i.e. raw material acquisition, and the output, i.e. emission to the environment such as 

air, soil and water, should be within the “planetary boundary” and should not trigger irreversible 

environmental changes (Rockström et al., 2009). 

When wastes are selected for material recycling, they re-enter the product cycle as secondary raw 

materials. Increasing material recycling can avoid not only the emission to the environment, but also the 

raw material acquisition. As shown with the character “R” in Figure 11, there are regulatory tools to 

control the material “recycling” upon proper management. For example, the European End-of-Waste 

criteria specify when certain waste ceases to be waste and obtains a status of a secondary raw material 

http://onlinelibrary.wiley.com/doi/10.1002/jat.1349/abstract;jsessionid=443D90A1DBF397117F6E7E73FF146DF5.d03t03
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(EC, 2013). Under the Waste Framework Directive, the use of recycled material should not lead to overall 

adverse environmental or human health impacts (EC, 2008d). It should be mentioned that the problem of 

“risk cycle” presented in this study should be considered on regulations in this sector, i.e. “R” in Figure 11. 

For the case of phthalates in plastics and paper, products including phthalates may enter the organic 

waste flows, which is likely to be increasingly re-allocated from waste incineration to biogasification and 

fertilizer production. In this respect, phthalates which are destroyed in modern incineration facilities can 

remain in the residue from biogas plants and return to the soil when the residues are spread on the field 

(Suominen et al, 2014). As a result those phthalates will be absorbed by crops and animals entering the 

human food chain (Niu et al., 2014). For the case of heavy metals, e.g. lead or mercury in biogasified sludge 

used as fertilizer, the situations are more serious because they are not decomposed and will stay in the 

anthroposphere unless they are separated from wastes or recycled resource flows. Therefore, quality 

standards are needed for residues in wastes entering biomass flows for biogas and fertilizer production to 

protect the environment and the human food chain (Pizzol et al., 2014; EC, 1986). 

 

 
Figure 11. A conceptual framework of material flows and regulatory instruments to control phthalate concentrations in 
paper and plastics in a regenerative circular economy (E=Emission, R=Recycle, P=Process, Q(V)=Quality of virgin 
material, Q(S)=Quality of secondary material). 

 

As shown with the character “P” in Figure 11, there are regulatory tools to control the “process” of the 

product cycle from production (including product and system design), through use, and to the state of 
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wastes to support sustainable resource flows. With the example of Europe, there are tools such as 

Ecodesign, Ecolabel and Green Public Procurement (GPP) as parts of a broader EU Action Plan on 

Sustainable Consumption and Production and Sustainable Industrial Policy (EC, 2008f). The Ecodesign 

directive provides EU-wide rules for improving the environmental performance of energy related 

products thus focusing mostly on energy efficiency as an instrument for climate mitigation even though 

the overall intention of this directive is more broadly defined as design for reuse and minimal loss of 

resources (EC, 2009b). Another (voluntary) policy instrument supporting the Ecodesign directive is the 

Ecolabel which is meant to promote supply and consumption of products and services with reduced 

environmental impact throughout their life cycle (EC, 2010). Similarly, the Green Public Procurement 

(GPP) is a voluntary instrument for Europe’s public authorities to use their purchasing power to stimulate 

the market demand for sustainable goods and services (EC, 2004). Lastly, the ISO 14000 series, which 

include life cycle assessment (LCA), are international standards for systems management to control and 

improve the environmental performance of companies and organizations (ISO, 2013).   

Finally, as shown with the character “Q” in Figure 11, there are regulatory tools to control the “quality” of 

the resources used for the products. CLP regulation and REACH are the examples of regulations on 

chemicals in general (EC, 2006; 2008a). As shown in Figure 11, in a circular economy, we need regulations 

on both the virgin material, i.e. “Q(V)”, and the secondary raw material from recycling, i.e. “Q(S)”. 

Regarding the quality of secondary raw material, a large amount of recycling today is actually 

“downcycling”; the quality of the materials is downgraded during the recycling process and they become 

suitable for use only in products which require lower raw material quality (Braungart et al., 2007). 

However, to achieve a circular economy with sustainable industries, there is a need to empower 

“upcycling”, i.e. recycled materials retaining their original quality, by guaranteeing clean resource flows 

(Braungart et al., 2007). Generally, products produced from recycled materials are assumed to belong to 

the group of ‘green products’ when they are Ecolabeled or Ecodesigned. However, if these certification 

tools only try to encourage the use of secondary raw materials without controlling the “quality” of 

recycled materials, then there is a risk that ‘green consumers’ might be exposed to higher levels of risk 

than other consumer groups – in other words these ‘green consumers’ might in fact, be less greener than 

traditional consumers, when they are trying to act green. Needless to say, this is not the aim of policies for 

a circular economy. Moreover, despite its wide application, the LCA method is still incomplete, especially 

in assessing health effects from resource recycling (Humbert et al., 2009; van Velzen et al., 2013); 

supporting the argument that LCA should not be misunderstood as a comprehensive or a complete 

assessment and should be used with other assessment tools (EEA, 1997). 
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This is why a systemic approach for a circular economy based on sustainable resource flows is needed. 

Regarding “risk cycle” of phthalates presented in this study, the suitability for use of recycled paper as 

food packaging material without specific regulatory standards may be questioned. Considering the high 

possibility of direct contact with foods and the period of time that foods are stored in containers, 

regulating food packaging made of recycled fibers is needed. Like the regulation on recycled plastic food 

packaging which requires the input materials should originate from the same industry, i.e. food contact 

materials and articles (EC, 2008e), it is possible to “upcycle” resources in a closed loop. Therefore, to 

achieve a circular economy with sustainable industries, there is a need to empower upcycling of resources 

by guaranteeing clean resource flows. However, if there is no economic values of certain substances in 

wastes and if there is no assurance for the quality of products produced from recycled material, e.g. 

phthalates in recycled plastics and heavy metals in biogasified sludge used as fertilizer, then there will be 

no incentive for extracting hazardous micro-contaminants from the recyclate. Consequently, there is a 

need for holistic approaches in resource strategies, forcing companies to apply end of pipe technologies 

making resource flows upcycled and making green products as “green for real” from a health perspective.  

One of the ways to increase upcycling is making the material flows as circular as possible in closed loops 

with strengthening “Q(S)” and linking regulatory tools in “Q” with those in “P” in Figure 11. Making the 

product registration categories consistent to the waste categories, including EoW criteria (EC, 2013; JRC, 

2013), might promote the sorting and recycling of waste in the same product category where it originated. 

However, this is not always feasible for some products, at least in the short term. For example, it is 

difficult to separate plastic toys from wastes and recycle them to make toys again. In this case, an 

alternative can be to set a list of product categories which can use recycled plastics as raw materials, 

mainly the products which have the lowest quality standards for impurities and have relatively low 

chances of direct contact to vulnerable populations, e.g. children. Considering that children are very 

intensive plastic consumers, the recycling of plastics containing above the acceptable level of impurities 

such as anti-androgenic compounds in consumer products, e.g. toys, sofas, furniture, carpets, and clothing, 

should be avoided.  

Considering the scope of management, the role of REACH might become more important for controlling 

the quality of the material flow in a circular economy aiming at a zero waste society. First of all, REACH, as 

a tool to regulate chemicals in general products, should be linked closely to chemical and waste 

management policies in “R” and “P” in Figure 11, e.g. by establishing a data sharing system between 

products and wastes or by applying consistent products (and wastes) categories in order to link 

manufacturers and recyclers. In addition, the scope of REACH should be strengthened to include not only 

“Q(V)” but also “Q(S)”: assessing the risk potential of contaminants in recycled materials should be taken 
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into account in guidance for chemical safety reports. Proper consideration should be given to setting the 

chemical specific standards in REACH for the use of secondary raw materials in different product types, 

e.g. in Annex XVII, to avoid cross contamination from mixing the flows of different wastes, and to reduce 

the potential exposure from consumer products made of recycled material.  
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6. Conclusions and perspectives for future research 
 

In this study, with the aim to increase the protection of vulnerable population groups from excessive total 

risks to hazardous chemicals, the limitations of existing chemical regulations and the actual risk levels of 

childhood exposure to lead and phthalates in Denmark and Korea have been investigated. In addition, this 

thesis examines the potential to improve chemical regulations and REACH with extending their scope to 

consider aggregated exposure in a circular economy.  

First of all, this study shows that the REACH exposure scenario is incomplete for taking into account 

territorial varying background human exposure levels. Based on this finding, the background childhood 

exposure to lead (from air inhalation and soil ingestion) and three phthalates (DEHP, DBP, and BBP from 

indoor and outdoor environment and food) in Denmark and Korea was assessed by applying an exposure 

scenario approach. Regarding lead exposure, because of the historical accumulation, the exposure level 

(median) of children in Denmark is 2.3 times higher than that of children in Korea. On the other hand, 

regarding phthalate exposure, which is more related with current emission, the exposure levels (median) 

of Korean children from both ESA and BCA are 1.1 to 4.1 times higher than those of Danish children. It was 

found that because of the different environmental quality and dietary habits, not only the total level of 

exposure, but also the main exposure routes and sources to the same substance differs significantly 

between the same population groups in the two countries. Additionally, it was shown that even the mean 

RCRtotal value of Korean children’s phthalate exposure from volume based back-calculation was above the 

safe level; which requires additional efforts to reduce the childhood phthalate exposure. The different 

contributions from exposure routes and sources in ESA give information to set the priority of phthalate 

regulations in Denmark and Korea.  

Additionally, the gaps between the exposure scenario approach (ESA) and the back-calculation approach 

(BCA) in the case of DBP and BBP exposure assessments, i.e. ESA underestimated the actual exposure 

represented by BCA, led to additional analyses. The focus was on the unintended recirculation of 

phthalates with material recycling, i.e. plastics and paper. The result shows that 4% to 18% of DEHP, DBP, 

and BBP produced in Europe are re-entering the product cycle in 2012. A case study shows that increased 

use of food packaging materials made from recycled plastics and paper can cause a significant increase in 

childhood phthalate exposure. Lastly, the result from a simulation demonstrates that a full 

implementation of the EU waste legislations in 2020 might increase unwanted recycling of phthalates by 

70-300% compared to 2012. 
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Based on this, the main messages from this study are: 1) The existing regulations on chemicals, including 

REACH, are not sufficient to secure the safety of vulnerable groups with reference to the total risk, 2) The 

exposure scenarios used in the existing regulations, e.g. REACH, may underestimate the actual risk levels, 

3) Under this circumstance, some of the vulnerable populations are being exposed to hazardous chemicals 

above safe levels, 4) However, the risk of health effects are not considered to exist and therefore not 

considered as an issue of concern in the existing resource strategies. For these reasons, without 

controlling the quality of secondary resource flows and reducing the concentrations of hazardous 

chemicals in recycled materials, increased recycling will lead to an increase of unintended cycle of 

pollutants in the anthroposphere.  

The findings and results from this study point toward the following critical issues which can be the subject 

of future research. These include:  

 including territorial background exposures to the REACH exposure scenario by ECHA, 

 linking REACH with other existing tools, e.g. PRTR, national and/or global environmental 

monitoring systems, End-of-Waste criteria, and Ecolabelling, to extend its scope to consider 

aggregated exposure in a circular economy, 

 improving the ESA methodology by including other main sources and routes of exposure to fill the 

gaps between BCA and ESA, 

 getting more complete and recent measured data for phthalate concentrations in the media, 

especially from Danish and Korean food items, to assess phthalate exposure close to the real 

exposure situations in these two countries,  

 developing the child-specific ‘intake factor’ for assessing consumer exposure in ESA such as 

product use pattern, use frequency and amount of use per time,  

 further studies to set child-specific phthalate excretion fractions, i.e. FUE, to associate between 

urinary metabolite concentrations and internal intake of parent phthalate, 

 further studies to set the rate of urinary creatinine excretion and urine excretion volume of 

Mongoloid race to improve the BCA estimation for Korean children, 

 further studies investigating the actual use of recycled plastics and paper in food packages and the 

migration levels of hazardous substances from packages to food, 

 further studies investigating the childhood phthalate exposure via non-food consumer products 

which contain recycled plastics and paper,  

 including the flows of phthalates in abandoned plastic wastes in the ocean and phthalates in 

wastes entering biomass flows for biogas and fertilizer production into MFA.  
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Regarding the exposure from consumer products, tools are available based on already established 

physiological activity factors and exposure assessment methods to calculate internal daily exposure levels. 

However, there is no available open database for the amount of micro-pollutants from each product items 

being migrated to the human body, e.g. via direct skin contact, sweat or saliva; which makes scenario 

based exposure assessment impossible. To control the quality of products in a circular economy and to 

protect humans and the environment from excessive risks, further research should be done to investigate 

and verify the migration levels of endocrine disrupting additives, including the above mentioned three 

phthalates, from different product items including recycled materials.  

  



Study on New Approaches for extended chemical management and REACH 

 
 

53 
 

 References 

 

Anderson, W.A., Castle, L., Scotter, M.J., Massey, R.C., Springall, C., 2001. A biomarker approach to 

measuring human dietary exposure to certain phthalate diesters. Food Addit Contam 2001: 18(12): 1068–

1074. 

Assmuth, T., Hilden, M., Craye, M., 2010. Beyond REACH: roadblocks and shortcuts en route to integrated 

risk assessment and management of chemicals. Science of the Total Environment 408, 3954-3963. 

Barzyk, T.M., White, B.M., Millard, M., Martin, M. et al., 2011. Linking Socio-Economic Status, Adverse 

Health Outcome, and Environmental Pollution Information to Develop a Set of Environmental Justice 

Indicators with Three Case Study. Environmental Justice 4(3),171-177. 

Becker, K., Güen, T., Seiwert, M., Conrad, A., Pick-Fuß, H., Müller, J., ... & Kolossa-Gehring, M., 2009. GerES IV: 

phthalate metabolites and bisphenol A in urine of German children. International journal of hygiene and 

environmental health, 212(6), 685-692. 

Benson, Robert. 2009. Hazard to the developing male reproductive system from cumulative exposure to 

phthalate esters – dibutyl phthalate, diisobutyl phthalate, butylbenzyl phthalate, diethylhexyl phthalate, 

dipentyl phthalate, and diisononyl phthalate. Regulatory Toxicology and Pharmacology 53 (2009) 90-101. 

BIO IS. (BIO Intelligence Service), 2011. Implementing EU waste legislation for green growth, Final Report 

prepared for European Commission DG ENV, Bio Intelligence Service, Paris. 

Biliterwski, B. and Grundmann, V., 2012. Riskcycle - Aims and future impacts of the project. RISKCYCLE 

Conference-Risk-Based Management of Chemicals and Products in a Circular Economy at Global Scale, 

Dresden, 8-9. 5. 2012, Conference proceedings. 

Boriani, E., Mariani, A., Baderna, D., Moretti, C., Lodi, M., Benfenati, E., 2011. ERICA: a multiparametric 

toxicological risk index for the assessment of environmental healthiness. Environment International 36 

(7), 665-674. 

Bornehag, C. G., Sundell, J., Weschler, C. J., Sigsgaard, T., Lundgren, B., Hasselgren, M., Hägerhed-Engman, L., 

2004. The association between asthma and allergic symptoms in children and phthalates in house dust: a 

nested case-control study. Environmental health perspectives, 1393-1397. 

Boas, M., Frederiksen, H., Rasmussen, U.F., Skakkebæk, N.E., Hegedüs, L., Hilsted, L., Juul, A., Main, K.M., 

2010. Childhood Exposure to Phthalates: Associations with Thyroid Function, Insulin-like Growh Factor I, 

and Growth, Environ. Health Perspect, 118(10): 1458–1464. 

Braungart, M., McDonough, W., Bollinger, A., 2007. Cradle-to-cradle design: creating healthy emissions – a 

strategy for eco-effective product and system design, Journal of Cleaner Production 15 (2007) 1337-1348. 

 



Study on New Approaches for extended chemical management and REACH 

 
 

54 
 

Calafat, A.M., McKee, R.H., 2006. Integrating biomonitoring exposure data into the risk assessment process: 

phthalates [diethyl phthalate and di(2-ethylhexyl) phthalate] as a case study. Environ. Health Perspect. 

2006, 114(11), 1783-1789. 

CEPI (Confederation of European Paper Industries), 2013. Key Statistics – European Pulp and Paper 

Industry 2012. Brussels. 

Cheng, K.S., Chiang, J.L., Hsu, C.W., 2007. Simulation of probability distributions commonly used in 

hydrological frequency analysis. Hydrological Processes 21(1), 51-60. 

CHESAR, 2012. Chemical Safety Assessment and Reporting Tool, Ver2.0. http://chesar.echa.europa.eu/    

(accessed August 2014) 

Clark, K. E., David, R. M., Guinn, R., Kramarz, K. W., Lampi, M. A., Staples, C. A., 2011. Modeling human 

exposure to phthalate esters: a comparison of indirect and biomonitoring estimation methods. Human and 

Ecological Risk Assessment: An International Journal, 17(4), 923-965. 

COWI A/S supported by IOM and Entec UK Ltd, 2009a. Data on manufacture, import, export, uses and 

releases of Bis(2-ethylhexyl) phthalates (DEHP) as well as information on potential alternatives to its use. 

Available at: http://echa.europa.eu/documents/10162/13640/tech_rep_dehp_en.pdf (Accessed July 2014)   

COWI A/S supported by IOM and Entec UK Ltd, 2009b. Data on manufacture, import, export, uses and 

releases of Dibutyl phthalate (DBP) as well as information on potential alternatives to its use. Available at: 

http://echa.europa.eu/documents/10162/6ce77be0-6c61-4e95-9241-0c262817555a (Accessed July 2014)  

COWI A/S supported by IOM and Entec UK Ltd, 2009c. Data on manufacture, import, export, uses and 

releases of Benzyl butyl phthalate (BBP) as well as information on potential alternatives to its use. 

Available at: http://echa.europa.eu/documents/10162/8065581d-1abf-4077-97f0-ab00e1c0e2b2 (Accessed 

August 2014) 

David, R.M., 2000. Exposure to phthalate esters. Environ. Health Perspect, 108(10): A440-443. 

DEPA (Danish Environmental Protection Agency), 2011. Annex XV restriction report – proposal for a 

restriction, Copenhagen. Available at: 

http://echa.europa.eu/documents/10162/13641/restriction_report_phthalates_en.pdf (Accessed August 

2014) 

Ding, Q., Schenk, L., Malkiewicz, K., Hansson, S.O., 2011. Occupational exposure limits in Europe and Asia – 

Continued divergence or global harmonization?, Regulatory Toxicology and Pharmacology, 61 (3). 296-

309. 

DMOE (Danish Ministry of the Environment), 2006. Statutory Order No. 1650 of 13 December 2006 on the 

use of waste for agricultural purposes (Sludge Order). Available (Danish) at: 

https://www.retsinformation.dk/Forms/R0710.aspx?id=13056 (Accessed August 2014) 

http://chesar.echa.europa.eu/
http://echa.europa.eu/documents/10162/13640/tech_rep_dehp_en.pdf
http://echa.europa.eu/documents/10162/6ce77be0-6c61-4e95-9241-0c262817555a
http://echa.europa.eu/documents/10162/8065581d-1abf-4077-97f0-ab00e1c0e2b2
http://echa.europa.eu/documents/10162/13641/restriction_report_phthalates_en.pdf
https://www.retsinformation.dk/Forms/R0710.aspx?id=13056


Study on New Approaches for extended chemical management and REACH 

 
 

55 
 

DMOE, 2009. Statutory Order No. 855 of 5 September 2009 on the ban on phthalates in toys and childcare 

articles. Avialable (Danish) at: https://www.retsinformation.dk/Forms/R0710.aspx?id=126137 (Accessed 

August 2014) 

DMOE, 2010. Statutory Order No. 1022 of 25 August 2010 on on environmental quality standards for 

water bodies and requirements for the discharge of pollutants into rivers, lakes or the sea. Available 

(Danish) at: https://www.retsinformation.dk/forms/R0710.aspx?id=132956 (Accessed August 2014) 

DMOE, 2012. Danish Ministry of Environment, Danish Lessons: Water supply in Denmark. Available at: 

http://www.geus.dk/program-areas/water/denmark/vandforsyning_artikel.pdf (Accessed August 2014) 

DMOE, 2013. Denmark at the leading edge regarding phthalates, April 9, 2013. Available at:  

http://www.mst.dk/English/About+the+Danish+EPA/News/Denmark_and_phthalates.htm (Accessed August 

2014) 

DMOE, 2014. List of quality in relation to contaminated soil and drinking water quality criteria. Available 

(Danish) at: http://mst.dk/media/mst/9150735/kvalitetskriterier_jord_og_drikkevand_maj_2014.pdf 

(Accessed August 2014)   

EC (European Commission), 1986. Council Directive 86/278/EEC on the protection of the environment, 

and in particular of the soil, when sewage sludge is used in agriculture. Official Journal of the European 

Communities, No L 181, 6-12. 

EC, 1999. Council Directive 1999/31/EC on the landfill of waste. Official Journal of the European 

Communities L182, 1-19. 

EC, 2000a. Directive 2000/53/EC of the European Parliament and of the Council on end-of-life vehicles. 

Official Journal of the European Communities L269, 34-42. 

EC, 2000b. Directive 2000/76/EC of the European Parliament and of the Council on the incineration of 

waste. Official Journal of the European Union L332, p.91. 

EC, 2004. Directive 2004/18/EC of the European Parliament and of the Council on the coordination of 

procedures for the award of public works contracts, public supply contracts and public service contracts. 

Official Journal of the European Union L134, 114-240. 

EC, 2006. Regulation (EC) No 1907/2006 of the European Parliament and of the Council concerning the 

Registration, Evaluation, Authorization and Restriction of Chemicals (REACH), Official Journal of the 

European Union L136, 3-280.  

EC, 2008a. Directive 2008/50/EC of the European parliament and of the council on ambient air quality 

and cleaner air for Europe, Officla Journal of the European Union, L152/1-44. 

EC, 2008b. Directive 2008/105/EC of the European parliament and of the council on environmental 

quality standards in the field of water policy, Official Journal of the European Union, L348, 84-97. 

https://www.retsinformation.dk/Forms/R0710.aspx?id=126137
https://www.retsinformation.dk/forms/R0710.aspx?id=132956
http://www.geus.dk/program-areas/water/denmark/vandforsyning_artikel.pdf
http://www.mst.dk/English/About+the+Danish+EPA/News/Denmark_and_phthalates.htm
http://mst.dk/media/mst/9150735/kvalitetskriterier_jord_og_drikkevand_maj_2014.pdf


Study on New Approaches for extended chemical management and REACH 

 
 

56 
 

EC; 2008c. Regulation (EC) No 1272/2008 of the European Parliament and of the Council on classification, 

labelling and packaging of substances and mixtures, amending and repealing Directives 67/548/EEC and 

1999/45/EC, and amending Regulation (EC) No 1907/2006. Official Journal of the European Union L353, 

1-1353. 

EC, 2008d. Directive 2008/98/EC of the European Parliament and of the Council on waste and repealing 

certain Directives. Official Journal of the European Union L312, 3-29. 

EC, 2008e. Commission Regulation (EC) No 282/2008 on recycled plastic materials and articles intended 

to come into contact with foods and amending Regulation (EC) No 2023/2006. Official Journal of the 

European Union L86, 9-18. 

EC, 2008f. Communication on the Sustainable Consumption and Production and Sustainable Industrial 

Policy Action Plan. COM(2008) 397 final. Brussels, 16.7.2008. 

EC. 2009a. Regulation (EC) No 1223/2009 of the European parliament and of the council on cosmetic 

products, Official Journal of the European Union, L342, 59-209. 

EC, 2009b. Directive 2009/125/EC of the European Parliament and of the Council of 21 October 2009 

establishing a framework for the setting of ecodesign requirements for energy-related products. Official 

Journal of the European Union L285, 10-35. 

EC, 2010. Regulation (EC) No 66/2010 of the European Parliament and of the Council on the EU Ecolabel. 

Official Journal of the European Union L27, 1-19. 

EC, 2011. Commission Regulation (EU) No 10/2011 on plastic materials and articles intended to come into 

contact with food. Official Journal of the European Union L12, 1–89. 

EC, 2012. Toxicity and assessment of chemical mixtures, SCHER/SCENIHR/SCCS 2011. Available at: 

http://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_155.pdf. (Accessed 

August 2014) 

EC, 2013. Proposal for a Council regulation on defining criteria determining when recovered paper ceases 

to be waste pursuant to Article 6 (1) of Directive 2008/98/EC on waste. COM (2013) 502 final, 2013/0235 

(NLE), Brussels, 9.7.2013. 

EC, 2014. Europe 2020, Available at: http://ec.europa.eu/europe2020/index_en.htm (Accessed July 2014) 

ECB (European Chemicals Bureau), 2004. European Union Risk Assessment Report: Dibutyl Phthalate. 

European Chemicals Bureau, Luxembourg. 

ECB, 2007. European Union Risk Assessment Report: Benzyl Butyl Phthalate (BBP). European Chemicals 

Bureau, Luxembourg. 

ECB, 2008. European Union Risk Assessment Report: Bis(2-ethylhexyl)phthalate (DEHP). European 

Chemicals Bureau, Luxembourg. 

http://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_155.pdf
http://ec.europa.eu/europe2020/index_en.htm


Study on New Approaches for extended chemical management and REACH 

 
 

57 
 

ECHA (European Chemicals Agency), 2012a. RAC/SEAC Background document to the Opinion on the 

Annex XV dossier proposing restrictions on four phthalates. ECHA/RAC/RES-O-0000001412-86-07/S1, 

ECHA7SEAC7RES-O-0000001412-86-10/S2.  

ECHA, 2012b. Guidance on information requirements and chemical safety assessment, Available at: 

http://echa.europa.eu/web/guest/guidance-documents/guidance-on-information-requirements-and-chemical-

safety-assessment  (Accessed August 2014) 

ECHA, 2012c. Opinion on an Annex XV dossier proposing restrictions on four phthalates, ECHA/RAC/RES-

O-0000001412-86-07/F.  

ECHA, 2013a. Opinion of the Committee for Risk Assessment on an Annex XV dossier proposing 

restrictions of the manufacture, placing on the market or use of a substance within the EU. 

ECHA/RAC/RES-O-0000003487-67-04/F.  

ECHA, 2013b. Authorisation, establishing reference DNELs for DEHP, RAC/24/2013/08 rev.2, Available at:  

http://echa.europa.eu/documents/10162/13579/rac_24_dnel_dehp_comments_en.pdf (Accessed August 

2014) 

ECHA, 2013c. Authorisation – Establishing reference DNELs for DBP, RAC/24/2013/09_rev 2, Available at: 

http://echa.europa.eu/documents/10162/13579/rac_24_dnel_dbp_comments_en.pdf (Accessed August 

2014) 

ECPI (European Council for Plasticisers and Intermediates), 2014. Plastics and Flexible PVC Information 

Centre. Available at:  http://www.plasticisers.org/en_GB/regulation/REACH_plasticisers  (Accessed August 

2014) 

EEA (European Environment Agency), 1997. Life Cycle Assessment (LCA) – A guide to approaches, 

experiences and information sources. Environmental Issues Series no. 6 

EEA, 2014. Green economy. Available at: http://www.eea.europa.eu/themes/economy/intro (Accessed 

August 2014) 

EEB (European Environmental Bureau), 2005. EU Environmental Policy Handbook, a Critical Analysis of 

EU Environmental Legislation. Available at: http://www.eeb.org/publication/policy_handbook.html 

(Accessed August 2014) 

EFSA (European Food Safety Authority), 2005a. Opinion of the scientific panel on food additives, 

flavourings, processing aids and material in contact with food (AFC) on a request from the commission 

related to di-butylphthalate (DBP) for use in food contact materials: question No. EFSA-Q-2003-192. EFSA 

J. 242, 1–2. 

EFSA, 2005b. Opinion of the scientific panel on food additives, flavourings, processing aids and materials 

in contact with food (AFC) on a request from the commission related to bis(2-ethylhexyl)phthalate (DEHP) 

for use in food contact materials: question No. EFSA-Q-2003-191. EFSA J. 243, 1–2. 

http://echa.europa.eu/web/guest/guidance-documents/guidance-on-information-requirements-and-chemical-safety-assessment
http://echa.europa.eu/web/guest/guidance-documents/guidance-on-information-requirements-and-chemical-safety-assessment
http://echa.europa.eu/documents/10162/13579/rac_24_dnel_dehp_comments_en.pdf
http://echa.europa.eu/documents/10162/13579/rac_24_dnel_dbp_comments_en.pdf
http://www.plasticisers.org/en_GB/regulation/REACH_plasticisers
http://www.eea.europa.eu/themes/economy/intro
http://www.eeb.org/publication/policy_handbook.html


Study on New Approaches for extended chemical management and REACH 

 
 

58 
 

EFSA, 2005c. Opinion of the scientific panel on food additives, flavourings, processing aids and materials 

in contact with food (AFC) on a request from the commission related to butylbenzylphthalate (BBP) for 

use in food contact materials: question No. EFSA-Q-2003-190. EFSA J. 241, 1–2. 

EFSA, 2013. Scientific opinion on lead in food: EFSA panel on contaminants in the food chain (CONTAM). 

Published on 22 March 2013, replacing the earlier version published on 20 April 2010. EFSA Journal 2010; 

8(4): 1570. 

EU, 2012. Directive 2012/19/EU of the European Parliament and of the Council on waste electrical and 

electronic equipment (WEEE). Official Journal of the European Union L197, 38-71. 

Eurostat, 2014. Eurostat Prodcom Annual Data 2012 (updated 04/04/2014), available at: 

http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/tables_excel  

Fierens, T., Servaes, K., Van Holderbeke, M., Geerts, L., De Henauw, S., Sioen, I., Vanermen, G. 2012. Analysis 

of phthalates in food products and packaging materials sold on the Belgian market. Food and Chemical 

Toxicology, 50 (7), pp. 2575-2583. 

Frederiksen, H., Nielsen, J. K. S., Mørck, T. A., Hansen, P. W., Jensen, J. F., Nielsen, O., ... & Knudsen, L. E.,  

2013. Urinary excretion of phthalate metabolites, phenols and parabens in rural and urban Danish 

mother–child pairs. International journal of hygiene and environmental health, 216(6), 772-783.  

Fromme, H., Gruber, L., Schlummer, M., Wolz, G., Boehmer, S., Angerer, J., Mayer, R., Liebl, B., Bolte, G., 2007. 

Intake of phthalates and di(2-ethylhexyl)adipate: results of the integrated exposure assessment survey 

based on duplicate diet samples and biomonitoring data. Environ. Int. 33(8), 1012–1020. 

Gosens, I., Delmaar, C. J., ter Burg, W., de Heer, C., Schuur, A. G., 2013. Aggregate exposure approaches for 

parabens in personal care products: a case assessment for children between 0 and 3 years old. Journal of 

Exposure Science and Environmental Epidemiology, 24(2), 208-214. 

Hawley, J.K. 1985. Assessment of health risk from exposure to contaminated soil. Risk Analysis, 5(4), 289-

302. 

Humbert, S., Rossi, V., Margni, M., Jolliet, O., Loerincik, Y., 2009. Life cycle assessment of two baby food 

packaging alternatives: glass jars vs. plastic pots. 

IPCS (International Program on Chemical Safety), 2009. Assessment of combined exposures to multiple 

chemicals: Report of a WHO/IPCS International Workshop on Aggregate/Cumulative Risk Assessment 

(Harmonization Project Document No.7). International Programme on Chemical Safety, World Health 

Organization, Geneva, Available at: 

http://www.who.int/ipcs/methods/harmonization/areas/workshopreportdocument7.pdf  (Accessed August 

2014) 

http://epp.eurostat.ec.europa.eu/portal/page/portal/prodcom/data/tables_excel
http://www.who.int/ipcs/methods/harmonization/areas/workshopreportdocument7.pdf


Study on New Approaches for extended chemical management and REACH 

 
 

59 
 

ISO (International Organization for Standardization), 2013. ISO 14000 – Environmental management. 

Available at: http://www.iso.org/iso/home/standards/management-standards/iso14000.htm (Accessed 

August 2014). 

Itoh, H., Yoshida, K., Masunaga, S., 2005. Evaluation of the effect of governmental control of human 

exposure to two phthalates in Japan using a urinary biomarker approach. Int. J. Hyg. Environ. Health 2005, 

208(4), 237-245. 

JRC (European Commission Joint Research Centre), 2001. Organic contaminants in sewage sludge for 

agricultural use, Available at: http://ec.europa.eu/environment/waste/sludge/pdf/organics_in_sludge.pdf 

(Accessed August 2014). 

JRC, 2013. End-of-waste criteria for waste plastic for conversion. Technical proposals (Final draft report), 

Seville, Spain. 

KATS (Korean Agency for Technology and Standards), 2007. Notification No. 2007-34 of 24 January 2007 

on the safety standards for industrial products subject to safety self-assurance for industrial products. 

Available (Korean) at: http://www.kats.go.kr/htm/business_04/safety_03_02.asp (Accessed August 2014). 

KATS, 2011. Notification No. 2011-553 of 1 December 2011 on the safety standards for industrial 

products subject to safety self-assurance for industrial products. Available (Korean) at:  

http://www.kats.go.kr/htm/business_04/safety_03_02.asp (Accessed August 2014). 

KATS, 2012a, Notification No. 2012-0175 of 25 April 2012 on the safety standards for industrial products 

subject to safety self-assurance for industrial products. Available (Korean) at: 

http://www.kats.go.kr/htm/business_04/safety_03_02.asp (Accessed August 2014). 

KATS, 2012b. Notification No. 2012-0800 of 21 December 2012 on the safety standards for industrial 

products subject to safety self-assurance for industrial products. Available (Korean) at: 

http://www.kats.go.kr/htm/business_04/safety_03_02.asp (Accessed August 2014). 

KMFDS (Korean Ministry of Food and Drug Safety), 2013a. Notification No. 2013-2 of the MFDS of 16 

January 2013 on  cosmetic ingredients. Available (Korean) at: 

http://www.mfds.go.kr/index.do?x=17&searchkey=title:contents&mid=686&searchword=%C8%AD%C0%E5%C

7%B0&division=&y=10&pageNo=2&seq=6139&cmd=v (Accessed August 2014). 

KMFDS, 2013b. Standards and Specifications for Food Utensils, Containers and Packages. Available 

(English) at: 

http://www.foodnara.go.kr/pack/index.do;jsessionid=tD1CHvZjQSTNtv3cFTauhqZARCmZs3LFOS10Dz4J3CdLd2

CsSpbz4IPvBaC4yltS?nMenuCode=21&page=1&page=1&mode=view&boardSeq=773 (Accessed August 2014). 

KMOE (Korean Ministry of Environment), 2009. Case study on combined exposure assessments for DEHP, 

DBP, BBP and DINP. Korean Ministry of Environment. Sejong-City. 

http://www.iso.org/iso/home/standards/management-standards/iso14000.htm
http://ec.europa.eu/environment/waste/sludge/pdf/organics_in_sludge.pdf
http://www.kats.go.kr/htm/business_04/safety_03_02.asp
http://www.kats.go.kr/htm/business_04/safety_03_02.asp
http://www.kats.go.kr/htm/business_04/safety_03_02.asp
http://www.kats.go.kr/htm/business_04/safety_03_02.asp
http://www.mfds.go.kr/index.do?x=17&searchkey=title:contents&mid=686&searchword=%C8%AD%C0%E5%C7%B0&division=&y=10&pageNo=2&seq=6139&cmd=v
http://www.mfds.go.kr/index.do?x=17&searchkey=title:contents&mid=686&searchword=%C8%AD%C0%E5%C7%B0&division=&y=10&pageNo=2&seq=6139&cmd=v
http://www.foodnara.go.kr/pack/index.do;jsessionid=tD1CHvZjQSTNtv3cFTauhqZARCmZs3LFOS10Dz4J3CdLd2CsSpbz4IPvBaC4yltS?nMenuCode=21&page=1&page=1&mode=view&boardSeq=773
http://www.foodnara.go.kr/pack/index.do;jsessionid=tD1CHvZjQSTNtv3cFTauhqZARCmZs3LFOS10Dz4J3CdLd2CsSpbz4IPvBaC4yltS?nMenuCode=21&page=1&page=1&mode=view&boardSeq=773


Study on New Approaches for extended chemical management and REACH 

 
 

60 
 

KMOE, 2011a. Regulation No. 395 of 1 February 2011 of Drinking water quality standards and inspection. 

Available (Korean) at: 

http://www.law.go.kr/LSW/lsInfoP.do?lsiSeq=110429&ancYd=20110201&ancNo=00395&efYd=201103

23&nwJoYnInfo=N&efGubun=Y&chrClsCd=010202#0000 (Accessed September 2014). 

KMOE, 2011b. Regulation No. 427 of 6 October 2011 of Soil environment conservation act. Available 

(Korean) at: 

http://www.law.go.kr/lsInfoP.do?lsiSeq=117607&ancYd=20111006&ancNo=00427&efYd=20111006&n

wJoYnInfo=N&efGubun=Y&chrClsCd=010202#0000 (Accessed September 2014). 

KMOE, 2012a. Enforcement decree no. 24203 of 27 November 2012 on the framework act on 

environmental policy. Available (Korean) at:  

http://www.law.go.kr/lsSc.do?menuId=0&p1=&subMenu=1&nwYn=1&query=%ED%99%98%EA%B2%BD%EC%

A0%95%EC%B1%85%EA%B8%B0%EB%B3%B8%EB%B2%95&x=0&y=0#AJAX (Accessed August 2014). 

KMOE, 2012b. Regulation No.476 of 24 September 2012 of the groundwater quality conservation, 

Available (Korean) at: 

http://www.law.go.kr/lsSc.do?menuId=0&p1=&subMenu=1&nwYn=1&query=%EC%A7%80%ED%95%

98%EC%88%98&x=0&y=0#liBgcolor3 (Accessed September 2014). 

KMOE, 2013. Act No. 11690 of 23 March 2013 on toxic chemicals control. Available (Korean) at: 

http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EC%9C%A0%ED%95%B4%ED%99%94%ED%95%99%EB%AC

%BC%EC%A7%88%20%EA%B4%80%EB%A6%AC%EB%B2%95 (Accessed August 2014). 

KMOE, 2014a. Establishment of a precautionary risk management system. Available at: 

http://eng.me.go.kr/eng/web/index.do?menuId=162&findDepth=1 (Accessed August 2014). 

KMOE, 2014b. Act No. 11789 of 22 May 2013 on registration, evaluation, etc. of chemical substances. 

Available (Korean) at: http://www.law.go.kr/lsInfoP.do?lsiSeq=140402#0000 (Accessed August 2014). 

KMOE, 2014c. Regulation No. 563 of the MOE of 17 July 2014 of the water quality and ecosystem 

conservation act, Available (Korean) at:  

http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EC%88%98%EC%A7%88%20%EB%B0%8F%20%EC%88%98%

EC%83%9D%ED%83%9C%EA%B3%84%20%EB%B3%B4%EC%A0%84%EC%97%90%20%EA%B4%80%ED%95%9C

%20%EB%B2%95%EB%A5%A0%20%EC%8B%9C%ED%96%89%EA%B7%9C%EC%B9%99 (Accessed August 

2014). 

KMOTIE (Korean Ministry of Trade, Industry and Energy), 2013. Regulation No. 41 of the MOTIE of 27 

December 2013 on the quality management and safety control of industrial products act, Available 

(Korean) at: 

http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%ED%92%88%EC%A7%88%EA%B2%BD%EC%98%81%20%EB

%B0%8F%20%EA%B3%B5%EC%82%B0%ED%92%88%EC%95%88%EC%A0%84%EA%B4%80%EB%A6%AC%EB%B

2%95%20%EC%8B%9C%ED%96%89%EA%B7%9C%EC%B9%99 (Accessed August 2014). 

http://www.law.go.kr/LSW/lsInfoP.do?lsiSeq=110429&ancYd=20110201&ancNo=00395&efYd=20110323&nwJoYnInfo=N&efGubun=Y&chrClsCd=010202#0000
http://www.law.go.kr/LSW/lsInfoP.do?lsiSeq=110429&ancYd=20110201&ancNo=00395&efYd=20110323&nwJoYnInfo=N&efGubun=Y&chrClsCd=010202#0000
http://www.law.go.kr/lsInfoP.do?lsiSeq=117607&ancYd=20111006&ancNo=00427&efYd=20111006&nwJoYnInfo=N&efGubun=Y&chrClsCd=010202#0000
http://www.law.go.kr/lsInfoP.do?lsiSeq=117607&ancYd=20111006&ancNo=00427&efYd=20111006&nwJoYnInfo=N&efGubun=Y&chrClsCd=010202#0000
http://www.law.go.kr/lsSc.do?menuId=0&p1=&subMenu=1&nwYn=1&query=%ED%99%98%EA%B2%BD%EC%A0%95%EC%B1%85%EA%B8%B0%EB%B3%B8%EB%B2%95&x=0&y=0#AJAX
http://www.law.go.kr/lsSc.do?menuId=0&p1=&subMenu=1&nwYn=1&query=%ED%99%98%EA%B2%BD%EC%A0%95%EC%B1%85%EA%B8%B0%EB%B3%B8%EB%B2%95&x=0&y=0#AJAX
http://www.law.go.kr/lsSc.do?menuId=0&p1=&subMenu=1&nwYn=1&query=%EC%A7%80%ED%95%98%EC%88%98&x=0&y=0#liBgcolor3
http://www.law.go.kr/lsSc.do?menuId=0&p1=&subMenu=1&nwYn=1&query=%EC%A7%80%ED%95%98%EC%88%98&x=0&y=0#liBgcolor3
http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EC%9C%A0%ED%95%B4%ED%99%94%ED%95%99%EB%AC%BC%EC%A7%88%20%EA%B4%80%EB%A6%AC%EB%B2%95
http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EC%9C%A0%ED%95%B4%ED%99%94%ED%95%99%EB%AC%BC%EC%A7%88%20%EA%B4%80%EB%A6%AC%EB%B2%95
http://eng.me.go.kr/eng/web/index.do?menuId=162&findDepth=1
http://www.law.go.kr/lsInfoP.do?lsiSeq=140402#0000
http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EC%88%98%EC%A7%88%20%EB%B0%8F%20%EC%88%98%EC%83%9D%ED%83%9C%EA%B3%84%20%EB%B3%B4%EC%A0%84%EC%97%90%20%EA%B4%80%ED%95%9C%20%EB%B2%95%EB%A5%A0%20%EC%8B%9C%ED%96%89%EA%B7%9C%EC%B9%99
http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EC%88%98%EC%A7%88%20%EB%B0%8F%20%EC%88%98%EC%83%9D%ED%83%9C%EA%B3%84%20%EB%B3%B4%EC%A0%84%EC%97%90%20%EA%B4%80%ED%95%9C%20%EB%B2%95%EB%A5%A0%20%EC%8B%9C%ED%96%89%EA%B7%9C%EC%B9%99
http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%EC%88%98%EC%A7%88%20%EB%B0%8F%20%EC%88%98%EC%83%9D%ED%83%9C%EA%B3%84%20%EB%B3%B4%EC%A0%84%EC%97%90%20%EA%B4%80%ED%95%9C%20%EB%B2%95%EB%A5%A0%20%EC%8B%9C%ED%96%89%EA%B7%9C%EC%B9%99
http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%ED%92%88%EC%A7%88%EA%B2%BD%EC%98%81%20%EB%B0%8F%20%EA%B3%B5%EC%82%B0%ED%92%88%EC%95%88%EC%A0%84%EA%B4%80%EB%A6%AC%EB%B2%95%20%EC%8B%9C%ED%96%89%EA%B7%9C%EC%B9%99
http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%ED%92%88%EC%A7%88%EA%B2%BD%EC%98%81%20%EB%B0%8F%20%EA%B3%B5%EC%82%B0%ED%92%88%EC%95%88%EC%A0%84%EA%B4%80%EB%A6%AC%EB%B2%95%20%EC%8B%9C%ED%96%89%EA%B7%9C%EC%B9%99
http://www.law.go.kr/%EB%B2%95%EB%A0%B9/%ED%92%88%EC%A7%88%EA%B2%BD%EC%98%81%20%EB%B0%8F%20%EA%B3%B5%EC%82%B0%ED%92%88%EC%95%88%EC%A0%84%EA%B4%80%EB%A6%AC%EB%B2%95%20%EC%8B%9C%ED%96%89%EA%B7%9C%EC%B9%99


Study on New Approaches for extended chemical management and REACH 

 
 

61 
 

Koch, H.M., Bolt, H.M., Preuss, R., Angerer, J., 2005. New metabolites of di(2-ethylhexyl)phthalate (DEHP) 

in human urine and serum after single oral doses of deuterium-labelled DEHP. Arch. Toxicol. 79, 367–376. 

Koch, H. M., Becker, K., Wittassek, M., Seiwert, M. et al., 2007. Di-n-butylphthalate and 

butylbenzylphthalate – urinary metabolite levels and estimated daily intakes: pilot study for the German 

Environmental Survey on children. J. Exp. Sci. Envirom. Epidemiol., 17, 378–387. 

Koch, H.M., Wittassek, M., Bruning, T., Angerer, J., Heudorf, U., 2011. Exposure to phthalates in 5-6 years 

old primary school starters in Germany – A human biomonitoring study and a cumulative risk assessment. 

Int. J. Hyg. Environ. Health 214 (2011) 188-195. 

Kortenkamp, A. and Hass, U., 2009. Report from expert workshop on combination effects of chemicals on 

28-30 January 2009, Hornbæk, Denmark. Available at: 

http://eng.mst.dk/media/mst/67463/BILAG_2_Expertworkshop.pdf (Accessed August 2014). 

Kortenkamp, A. and Faust, M., 2010. Combined exposures to anti-androgenic chemicals: steps towards 

cumulative risk assessment. International Journal of Andrology 33 (2010), 463-474. 

Liu, L., Bao, H., Liu, F., Zhang, J., Shen, H., 2012. Phthalates exposure of Chinese reproductive age couples 

and its effect on male semen quality, a primary study. Environment international, 42, 78-83. 

Mieritz, M. G., Frederiksen, H., Sørensen, K., Aksglaede, L., Mouritsen, A., Hagen, C. P., ... & Juul, A., 2012. 

Urinary phthalate excretion in 555 healthy Danish boys with and without pubertal gynaecomastia,  

International journal of andrology, 35(3), 227-235. 

Moeller, R. and Biwer, A.P., 2014 (January 23). Paradigm change in risk assessment and a challenge for 

SME. Availabe at : http://www.tudor.lu/en/press/paradigm-change-risk-assessment-and-challenge-sme 

(Accessed September 2014). 

Niu, L., Xu, Y., Xu, C., Yun, L., & Liu, W. (2014). Status of phthalate esters contamination in agricultural soils 

across China and associated health risks. Environmental Pollution, 195, 16-23. 

NRC (National Research Council), 2009. Committee on Improving Risk Analysis Approaches Used by the 

U.S. EPA, Science and Decisions: Advancing Risk Assessment. The National Academies Press, ISBN 0-309-

12047-0. 

Pizzol, M., Møller, F., Thomsen, M., 2013. External costs of atmospheric lead emissions from a waste-to-

energy plant: A follow-up assessment of indirect exposure via topsoil ingestion. Journal of Environmental 

Management, 121,170–178. 

Pizzol, M., Smart, J. C., & Thomsen, M., 2014. External costs of cadmium emissions to soil: a drawback of 

phosphorus fertilizers. Journal of Cleaner Production. http://dx.doi.org/10.1016/j.jclepro.2013.12.080  

http://eng.mst.dk/media/mst/67463/BILAG_2_Expertworkshop.pdf
http://www.tudor.lu/en/press/paradigm-change-risk-assessment-and-challenge-sme
http://dx.doi.org/10.1016/j.jclepro.2013.12.080


Study on New Approaches for extended chemical management and REACH 

 
 

62 
 

PlasticsEurope, European Plastics Converters, Plastics Recyclers Europe, European Association of Plastics 

Recycling and Recovery Organisation, 2013. Plastics – the Facts 2013. An analysis of European last plastics 

production, demand and waste data. Belgium.  

Remer T., Neubert A., andMa ser-Gluth C. 2002. Anthropometry-based reference values for 24-h urinary 

creatinine excretion during growth and their use in endocrine and nutritional research. Am J Clin Nutr 

2002: 75(3): 561–569. 

Rockström, J., Steffen, W., Noone, K. et al., 2009. Planetary boundaries: exploring the safe operating space 

for humanity. Ecology and Society 14(2): 32. 

San Francisco Chronicle, 2006 (December 14). European Parliament OKs World’s Toughest Law on Toxic 

Chemicals/30,000 Substances to Be Regulatede-U.S. Will Be Affected. Available at: 

http://www.sfgate.com/green/article/European-Parliament-OKs-world-s-toughest-law-on-2465418.php 

(Accessed August 2014). 

Schenk, L., Hansson, S.O., Ruden, C., Gilek, M., 2008. Are occupational exposure limits becoming more alike 

within the European Union?, Journal of Applied Toxicology, 28 (7), 858-866. 

Sioen, I., Fierens, T., Van Holderbeke, M., Geerts, L., Bellemans, M., De Maeyer, M., ... & De Henauw, S., 2012. 

Phthalates dietary exposure and food sources for Belgian preschool children and adults. Environment 

international, 48, 102-108. 

Sørensen, P.B., Thomsen, M., Assmuth, T., Grieger, K.D., Baun, A., 2010. Conscious worst case definition for 

risk assessment, part I: a knowledge mapping approach for defining most critical risk factors in 

integrative risk management of chemicals and nanomaterials. Science of the Total Environment 408 (18), 

3852-3859. 

Suominen, K., Verta, M., Marttinen, S., 2014. Hazardous organic compounds in biogas plant end products—

Soil burden and risk to food safety. Science of The Total Environment.  

http://dx.doi.org/10.1016/j.scitotenv.2014.02.036  

Søeborg, T., Frederiksen, H., Andersson, A.M., 2012. Cumulative risk assessment of phthalate exposure of 

Danish children and adolescents using the hazard index approach. Int J Androl 35, 245-52.  

Thomsen, M., Sorensen, P.B., Fauser, P., Faber, J., Lahr, J., Peirano, P., Vernai, A.M., Strebel, K., Schlink, U., 

Porragas, G.E., Giralt i Prat, F., 2006. D1.2.4. Pre-selection of Scenario for Cumulative Risk 

AssessmenteDocumentation of the First Version of Selection Procedure Including Initial Uncertainty 

Evaluation. NoMiracle, 2006. 

UBA (Umwelt Bundes Amt, German Federal Environment Agency), 2011. Basic principles for the 

development of a concept for environmental exposure assessments of single substances released from 

multiple uses under REACH. Report No. 63/2011. ISSN 1862-4804. Available at: http://www.uba.de/uba-

info-medien-e/4183.html (Accessed August 2014). 

http://www.sfgate.com/green/article/European-Parliament-OKs-world-s-toughest-law-on-2465418.php
http://dx.doi.org/10.1016/j.scitotenv.2014.02.036
http://www.uba.de/uba-info-medien-e/4183.html
http://www.uba.de/uba-info-medien-e/4183.html


Study on New Approaches for extended chemical management and REACH 

 
 

63 
 

US EPA, 2008. Child-specific Exposure Factors Handbook. US Environmental Protection Agency, 

Washington, D.C. 

Vandenberg, L. N., Colborn, T., Hayes, T. B., Heindel, J. J., Jacobs Jr, D. R., Lee, D. H., ... & Myers, J. P., 2012. 

Hormones and endocrine-disrupting chemicals: low-dose effects and nonmonotonic dose responses. 

Endocrine reviews, 33(3), 378-455. 

van Velzen, U.T., Bos-Brouwers, H., Groot, J., Bing, X., Jansen, M., Luijsterburg, B., 2013. Insights into the 

complex issue of recycling plastic packaging waste. Wageningen UR Food & Biobased Research. 

WHO (World Health Organization), 2000. Air Quality Guidelines for Europe. Second Edition. WHO 

Regional Publications, European Series, No 91. Copenhagen. 

WHO, 2012. Risk Assessment. Available at:  http://www.who.int/foodsafety/micro/riskassessment/en/ 

(accessed July 2014). 

Wittassek, M., Heger, W., Koch, H. M., Becker, K. et al., 2007. Daily intake of di(2-ethylhexyl)phthalate 

(DEHP) by German children – a comparison of two estimation models based on urinary DEHP metabolite 

levels. Int. J. Hyg. Environ. Health, 210, 35–42. 

Wittassek, M., Koch, H. M., Angerer, J.,  Brüning, T., 2011. Assessing exposure to phthalates–the human 

biomonitoring approach. Molecular nutrition & food research, 55(1), 7-31. 

Wormuth, M., Scheringer, M., Vollenweider, M., & Hungerbühler, K., 2006. What are the sources of 

exposure to eight frequently used phthalic acid esters in Europeans?. Risk Analysis, 26(3), 803-824. 

Zartarian, V., Bahadori, T., Mckone, T., 2005. Adoption of an official ISEA glossary, Journal of Exposure 

Analysis and Environmental Epidemiology 15, 1-5. 

  



Study on New Approaches for extended chemical management and REACH 

 
 

64 
 

 

 

 

 

 

 

 

 

Appendices 

 

 

 

 

 



Paper I 

 

 

 

Framework for combining REACH and national regulations to obtain equal 

protection levels of human health and the environment in different countries 

– Comparative study of Denmark and Korea 

 

 

by 

 

Jihyun Lee, Anders Branth Pedersen, and Marianne Thomsen 

 

 

 

Published in 

Journal of Environmental Management 

Vol.125, pp. 105-116, 2013 

 

 



Framework for combining REACH and national regulations to obtain equal
protection levels of human health and the environment in different countries e

Comparative study of Denmark and Korea

Jihyun Lee, Anders Brandt Pedersen, Marianne Thomsen*

Department of Environmental Science, Faculty of Science and Technology, Aarhus University, Frederiksborgvej 399, 4000 Roskilde, Denmark

a r t i c l e i n f o

Article history:
Received 2 October 2012
Received in revised form
11 February 2013
Accepted 17 February 2013
Available online 4 May 2013

Keywords:
REACH
Background exposure
Environmental health
Lead
System approach

a b s t r a c t

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 EUmarket. 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 1e99% in Denmark while it is 83e17% in
Korea.

� 2013 Elsevier Ltd. All rights reserved.

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 po-
tential 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? Basi-
cally, 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 orig-
inates from multiple sources within the working and living envi-
ronment, all complicating the exposure scenarios (Boriani et al.,
2011, 2013; Boogaard et al., 2011; Soerensen et al., 2010a,b;
Thomsen et al., 2006, 2008, 2012). Therefore, assessing and man-
aging 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 environ-
ment from the risks that can be posed by chemicals; 2) enhance the
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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 sub-
stances 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 e 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.

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 ac-
count 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 pro-
vided 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 re-
sources (Rockström, 2009). Historical, existing and emerging pol-
lutants 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., 2013;
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 po-
tential 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 back-
ground 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 hu-
man 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 environ-
mental 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 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 condi-
tioned childhood exposure levels, presented in Section 5.4.

3. REACH and other national regulations

Several national regulations exist aiming to protect the envi-
ronment and human health. While REACH focuses attention on
better control of the continued flow of chemicals within the Euro-
pean 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 in-
dustrial activities on the surrounding environment (EC, 1997, 2001,
2004). Similarly, a number of voluntary environmental manage-
ment 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
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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 andhumanbackgroundexposure to support REACH
in deriving PECs for appropriate total exposure from single chem-
icals and mixtures (Backhaus and 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 regula-
tions e including the areas of risk assessment of existing and new
substances, their classification, and safety data sheets e 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,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 con-
ditions, 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; Soerensen et al., 2010a,b;
Thomsen et al., 2008; Zartarian et al., 2005). In REACH guidance on
information requirements and CSA (ECHA, 2012), risk characteriza-
tion forhumans should “document theoutcomeof the combined risk
via all pathways for the different populations separately, and com-
bined (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 as-
sessments (Part D on exposure scenario building and in-depth
guidance in R.12 to R.18). In particular, an exposure scenario in-
cludes 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, appli-
cation, post-use and post-application), all exposure routes (inhala-
tion, 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 (ECHAguidance 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 guid-
ance to represent generic worst-case scenarios. The regional con-
centrations are used as ‘background concentrations’ in the
calculation of PEClocal and added to the local concentrations close to
the point source (PEClocal ¼ Clocal þ 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 precau-
tionary measures of risks of total exposure from chemical mixtures
(COM, 2012).

Fig. 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).

As shown in Fig. 1, the grey REACH exposure assessment sce-
nario 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 sce-
narios have been extended to include cumulative exposure by
including indirect exposure via the environment and food (ECHA
guidance R.16). However, as shown in Fig. 1, there are still other
indirect exposure pathways that are not covered in REACH expo-
sure 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, cu-
mulative risks, including risks from accumulated historical pollut-
ants and from total emissions by several registrants, are not
assessed under current REACH regulation (Assmuth et al., 2010;
Grob 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 REACHmay 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 source-
specific data to the extended exposure scenario for use in cumu-
lative exposure assessment.

3.2. National regulatory frameworks and tools for EH management

The Kiev protocol is the first legally binding international in-
strument 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 trans-
ferred off-site for treatment or disposal (UNECE, 2012; OECD,
2012a). As the information in PRTR is publicly available, this sys-
tem is not only used for assisting governments to track the gener-
ation and release of pollutants and to set priorities for pollution
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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 pro-
duction, use, and recycling, up to final disposal (Askham, 2012; JRC,
2010; Potting and Hauschild, 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 environ-
mental monitoring programs.

Contrary to LCA, Environmental Impact Assessment (EIA) and
Strategic Environmental Assessment (SEA) aim to protect the pro-
ductivity 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 devel-
opment) and programs (e.g. waste management) are taken into
consideration in SEA (OECD, 2006a; EC, 2001). Prior to the imple-
mentation of planned projects, programs and policies, EIA iden-
tifies 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 haz-
ardous 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 im-
pacts 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 (EC, 2004), sup-
ports greater acknowledgement of the interrelatedness between
environmental quality, ecosystem services and human health and
thereby the need for combined information and knowledge to in-
crease action in the direction of better protection of the environ-
ment 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 estab-
lished 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 sedi-
ment, 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 Reg-
ister. E-PRTR (Regulation (EC) No 166/2006), which replaces the
previous European Pollutant Emission Register (EPER) and is the
new Europe-wide register system under the directive on Inte-
grated 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

Fig. 1. Different routes, pathways and sources contributing to total human exposure. The pathways shaded grey are covered by the exposure assessment under REACH, while
uncoloured pathways are not taken into account in REACH exposure scenario assessment (software used: FreeMind).
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Government, 2010). Denmark imports a large share of its indus-
trial products of which the synthetic chemical content is now
controlled by REACH to protect consumers’ exposure and, there-
fore, the main emission source from consumers’ consumption
may be the end-of-life products, i.e. the waste management sys-
tem (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 Environ-
mental 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, ground-
water and soil are set by separate laws, focussing specifically on
each of the separate environmental media (KMGL, 2010, 2011b,
2011c). KMOE and research institutes under KMOE collect envi-
ronmental quality data for air, surface water, groundwater, 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 e petroleum, iron, gas, coal, etc e and major export
products are industrial products such as electrical machinery, ve-
hicles, 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 regu-
lations trying to control the emission of chemicals to the environ-
ment, total concentrations of pollutants in environmental media
and biota are still increasing, as evidenced by the environmental
burden of disease (e.g. WHO, 2011a; 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 in-
crease 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 e if indeed it is possible to define an
‘acceptable level’ such as this. A systems approach, integrating in-
formation from a number of regulatory instruments and manage-
ment tools, may provide an estimate for the total substance flow
crossing the humaneenvironment system interface, making it
possible to assess cumulative risks. Fig. 2 illustrates the raw ma-
terial flows provided by the ecosystem and transformed and pro-
cessed within the human system in different stages; planning,
production, consumption, and waste treatment (in rectangles
shaded grey). Fig. 2 also shows the regulatory instruments and
management tools (in rounded rectangles), including environ-
mental standards, PRTR, environmental monitoring, EIA/SEA,

Fig. 2. Systemic approach to monitor, verify and report chemical flows to obtain a better protection level of human health and the environment. Arrows represent material and
substance flows.
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REACH and LCA, designed to control the use of chemicals and to
maintain and improve environmental quality.

The preservation of ecosystem services, including natural re-
sources 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 Fig. 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 Fig. 2, EIA and SEA are
suggested EMS tools that can be implemented to adopt a precau-
tionary 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 per-
formance 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 main-
tained within the levels set by regulatory standards. And, to assess
cumulative risks as precisely as possible, background environ-
mental 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 Fig. 2). In a sustainable
industrial system, with balanced material flow and substance ex-
change 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 pre-
venting damage to the environment and health risks arising from
environmental contamination.

Regarding the marketing of new chemicals, GIS-based ap-
proaches 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 sustain-
ability of industrial systems by including thewhole 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, 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 (KMGL, 2010), 19 pollutants in
groundwater (KMGL, 2011b) and21pollutants 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 mg/
m3. As observed from Table 1, among the eight substances in
Korean air quality standards, five of the Danish air quality stan-
dards, i.e. in case of SO2, CO, NO2, O3 and PM10, are about 1.1e1.5
times stricter than those in Korea.

When comparing quality standards forwater 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 fresh-
water quality standards for lead,mercury and cadmium are 7, 20 and
55 times stricter, respectively, compared toKorea. Fordrinkingwater,
Denmark has higher quality standards than the EU with regard to
groundwaterused asdrinkingwater, i.e.1.25e50 times stricter,while
Koreahasadopteddrinkingwaterquality standards similar to the EU.
Like for thewater compartments, soil quality standards for Denmark
are stricter than in Korea, with the exception of chromiumwhich is a
factor 4 lower than for similar land use in Denmark.

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 haz-
ardous 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 4 shows the average air qualities for Korea and Denmark
for the substances subject to regulatory quality standards (NERI,
2010a; KEC, 2012).

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

Quality goals SO2
a COa NO2 O3

a Bz Pb PM10 PM2.5 Cdb Asb Nib

EU/Denmark 125 10,000 40 120 5 0.500 40 25 0.0050 0.0060 0.0200
Korea 143 11,000 62 129 5 0.500 50 25

a Concentration for SO2 is an average for 24 h and concentrations for CO and O3 are averages for 8 h.
b For these 3 items, target value enters into force 31.12.2012 (EC, 2011).
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In Denmark, the annually reported concentrations of SO2, CO
and Pb are less than 10% of the air quality standards. For concen-
trations of NO2, the concentration at street sites (traffic sites) is
1.025 times higher than the quality standard (40 mg/m3). In Korea,
the concentrations of SO2 and CO are lower than the regulatory
quality standards, while, similar to Denmark, the annual concen-
tration 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 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,
2012b).

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. 1.6e2.6 times higher than those in Korea.
Only for chromium is a higher pollution level observed in Korean
freshwater sediments, i.e. 2.3e2.8 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 fa-
cility level as well as off-site transfers of waste and of pollutants in
wastewater covering 91 key pollutants in the EU and 388 sub-
stances 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, 2917 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 towater and the transfer
of total organic carbon, total nitrogen and total phosphorus in
Denmark are also excluded in Table 6 because these three sub-
stances mainly relate to eutrophication, and they are not included
in the Korean PRTR reporting system either.

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/
km2 in Denmark and 12.0 kg/person and 5856 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 environ-
mental 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 environ-
mental quality and resulting human exposure are relevant to take
into account in potential future improvements to REACH exposure
scenarios, standard deviations of the average reported values in
Tables 3 and 4 were derived. Average concentration levels of lead
and physiological parameters for children, including standard de-
viation of the lognormally/normally distributed data are provided
in 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

Table 2
Water and soil quality standards in Denmark and Korea, provided as average concentration levels.

Quality goals Water (mg/L) Soil (mg/kg)

Freshwater Drinking water Groundwater KORe DK

KOR DK(¼EU) KOR EU DKc KORd

Pb 50 7.2 10 10 1 100 200 40
Cd 5 0.09a 5 5 0.5 10 4 0.5
As 50 e 10 10 8 50 25 20
Hg 1b 0.05 1 1 0.1 1 4 1
Cr(VI) 50 e 50 50 1 50 5 20

a This is the quality standard for ‘Class 3’ (the middle range level among 5 classes) (EC, 2008b).
b By law, the quality standard is zero for these compounds. This is the limit of detection (KMGL, 2011a).
c The provided quality standards refer to groundwater used as drinking water (DEPA, 2010).
d 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).
e 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].a

Number of sites Cd Cu As Hg Pb Cr(6þ) Ni PCB Benzene Toluene Ethyl-benzene Xylene Phenol

1521 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

a 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 5.4 the data in 2010 have been used.
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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 Koreawere 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 1521
sampling sites. These were chosen for the purpose of comparability
with Danish monitoring data. As Danish nationwide soil moni-
toring data are not available, the most recent and representative
monitoring data from housing and recreational areas in Copenha-
gen and in the city of Ringsted in 2002 and 2003 were used
(Falkenberg et al., 2004). For physiological parameters, recom-
mended values from the US EPA for children between 3 and 6 years
old were used, assuming that no difference exists among physio-
logical 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 (Figs. 3 and 4)

as well as total daily intake (Fig. 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. Figs. 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 Figs. 3e5.

In Fig. 3, the probability of air concentration exceeding 0.5 mg/
m3, the air quality standard in Denmark and Korea, is very low in
both countries because the area of frequency above 0.5 mg/m3 is 0%
in Denmark and 0.03% in Korea. However, with the level of
0.0097 mg/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 mg/m3. On the other hand, when looking at Fig. 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 con-
centration 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.

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):

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. Fig. 5 shows the result of this analysis, i.e. the
probability distributions of daily intake of lead via the soil ingestion

Table 4
Air quality in Denmark and Korea in 2009 [mg/m3].

Average conc. SO2 CO NO2 O3 Bz Pb PM10 PM2.5 Cd As Ni

Denmark Urban 229 17 52 0.004 21 14 0.0015 0.0004 0.0029
Traffic 3 462 41 36 1 0.005 28 18 0.0015 0.0005 0.0036
Rural 210 10 58 0.004 18 14 0.0015 0.0005 0.0018

Korea Urban 16 691 51 52 0.050a 53
Traffic 17 928 87 32 60
Rural 6 492 14 74 45
Background 7 500 11 91 49

a 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 þ lake) 25.6 0.4 11.3 0.04 39.9 77.9 17.4

Daily intake via the air and soil
�

mg
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�
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�
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�
�
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�
�
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g
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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 3.57 mg lead per kg body weight per
day (mg/kg bw/day). This value was derived by using a former PTWI
(Provisional Tolerable Weekly Intake) value, 25 mg/kg bw/week,
suggested by the Joint FAO/WHO Expert Committee on Food Ad-
ditives (JECFA). It should be mentioned that since the 73rd report of
JECFA in 2010, showing that even this former PTWI value is asso-
ciated 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 mg/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 contrib-
uting factor; especially during childhood where up to 50% of total
exposure, especially in contaminated areas, occurs via the envi-
ronment (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 corre-
sponding to 50% and 10% of the PTDI; i.e. 1.785 and 0.357 mg/kg bw/
day, respectively.

Fig. 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 contribu-
tion 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 au-
thorities 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 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 add-
ing 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 sys-
tems as illustrated in Fig. 2, would be a more practical way to
improve the whole management system in a systemic way
(Assmuth et al., 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 govern-
ments 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 man-
agement 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, wa-
ter, soil, sediment) provide a measure of current environmental
quality. The difference between policy goals, environmental
quality standards, and present environmental quality clearly illus-
trates differences in exposure from the background environment.

Table 6
PRTR data in Denmark and Korea in 2009

Total area
(km2)

Total population Total PRTR
(kg/yr)

Emission (kg/yr) On-site landfills
(kg/yr)

Transfers
(kg/yr)

Air Water Total

Denmark 43,000 5,519,000 13,199,480 11,076,031a 21,015b 11,097,045 e 2,102,435b

Korea 100,000 48,747,000 585,614,448 46,857,837 130,750 46,988,587 10,861,225 527,764,636

a This does not include CO2, CH4, NO2 and SO2, which are not included in Korean PRTR data.
b 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.

Input parameters Unit Median Stdev Distribution

Lead conc. Pair (DK) mg/m3 0.005 0.0011 Log normal
Pair (KR) mg/m3 0.0495 0.0388 Log normal
Psoil (DK) mg/g 104.36 105.28 Log normal
Psoil (KR) mg/g 26.56 18.14 Log normal

Physiological
parameter
(3e6 yrs)

Body weight kg 18.6 3.9 Normal
Inhalation m3/day 10.9 2.7 Normal
Soil ingestion g/day 0.1 ea ea

a 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). Fig. 3. The estimated distributions of urban air lead concentration.
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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 sedi-
ments 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 drinkingwater 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 eutrophi-
cation) 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 environ-
mental exposure assessment, PRTR data can be used to predict
regional concentrations (PEClocal) that not only include the emis-
sion 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; Grob
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 differ-
ences in the source contribution to childhood lead exposure be-
tween 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 back-
ground 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 mg/kg bw/day (12% of
PTDI) of lead, while the exposure level is 1.03 mg/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 combine the expo-
sure 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 environ-
mental 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 hu-
man health and the environment, REACH needs to evaluate the
cumulative impacts of chemicals and contribute to the sustain-
ability of the industrial system by taking into account the whole
material flow in a life cycle perspective. A systems approach, link-
ing 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 pro-
mote 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 Fig. 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

Fig. 4. The estimated distributions of soil lead concentration.

Fig. 5. The estimated distribution of children’s daily intake of lead through air inha-
lation and soil/dust ingestion.
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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 hu-
man exposure and thereby the predicted exposure levels as defined
within REACH.
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In this paper, the cumulative risks ofDi(2-ethylhexyl) phthalate (DEHP), Di-n-butyl phthalate (DBP), and Benzyl-
butyl phthalate (BBP) to 2-year-old children in two countries: one European (Denmark) and one Asian (South
Korea) were compared. Denmark does not produce phthalates as a raw material, while Korea produces more
than 0.4 million tons of the three above-mentioned phthalates each year. First, a comparative review of the
existing phthalate regulations in the two countries was performed. Next, the level of childhood phthalate
exposure from environmental and food sources was estimated using an exposure scenario approach. Then, the
scenario based exposure level was compared with back-calculated exposure levels based on biomonitored uri-
nary phthalate metabolite concentrations. The result verifies the existence of varying territorial human back-
ground exposure levels and the gap between exposure estimations based on exposure modeling and
biomonitoring data. Cumulative childhood risk levels in Denmark were lower than in Korea. For both countries,
risk levels from back calculation were higher than those from scenario estimation. The median cumulative risk
levels from scenario estimation and back calculation respectively were 0.24 and up to 0.5 in Denmark while
0.52 and up to 0.95 in Korea. Food and indoor dust were the main exposure sources for all three phthalates. In
order to protect human health from cumulative risks of these phthalates, the exposure scenarios in existing
regulations such as the EU REACH need to be strengthened. Moreover, based on the contributions from different
exposure sources, national specific risk management tools need to be developed and strengthened, applying a
systemic approach to promote sustainable material flows.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Phthalates, diesters of ortho–phthalic acid, have been used as plasti-
cizers to increase theflexibility of plastics formore than 50 years.While
global production of phthalateswas 4 million tons per year in the 1990s
(Lin et al., 2003), it is reported that approximately 6 million tons of
plasticizers are consumed annually in recent years, and phthalates are
the most commonly used plasticizers (ECPI, 2010). Phthalates can be
found in building and construction materials, cables and wires, floor-
ings, clothing, cosmetics, toys, food contact and packaging materials,
inks and glues as well as in medical devices such as tubing and blood
bags (ECPI, 2010; Sioen et al., 2012; Wittassek et al., 2011).

As phthalates are not chemically bound to the products, they present
themselves aswidespread contaminants found innumerousmedia, includ-
ing air (outdoor and indoor), soil, dust, water (surface, ground, waste and
drinking), sewage sludge, food, vegetation and wildlife (Becker et al.,

2009; Clark et al., 2011). Humans may therefore be exposed to phthalates
simultaneously through a variety of exposure pathways such as ingestion
of food, drinkingwater, dust and soil, and inhalation of indoor and outdoor
air (Clark et al., 2011). Using consumer products such as cosmetics, toys
and pharmaceuticals is an additional source of exposure to phthalates. Re-
cent studies in industrialized countrieshave shownthathumansarewidely
exposed to various phthalates (Becker et al., 2009; Clark et al., 2011; Kim
et al., 2011; Mieritz et al., 2012; Wormuth et al., 2006).

Several phthalates have been documented to cause adverse effects
to the environment and also to human health such as toxic effects on
liver, kidney and the reproductive system (Liu et al., 2012; Sioen et al.,
2012). It has been also reported that phthalate exposure is linked to
asthma and allergy symptoms like rhinitis and eczema in children
(Bornehag et al., 2004). Reproductive toxicity, such as reduced
anogenital distance, increased nipple retention, testicular toxicity and
delayed germ cell development (ECB, 2008; EFSA, 2005a, 2005b,
2005c), has led to stricter regulation and restrictions on the use of
phthalates in, e.g., toys, childcare products, cosmetics and food packag-
ing. Di(2-ethylhexyl) phthalate (DEHP), Di-n-butyl phthalate (DBP)
and Benzyl-butyl phthalate (BBP) are all now classified as reprotoxic
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substances (e.g. category 1B according to Regulation (EC) No. 1272/
2008, category 2 according to Directive 67/548/EEC), and the use of
these phthalates is prohibited in the production of toys and childcare
articles (REACH Annex XVII, 51). Since 2004, the use of DEHP, DBP,
and BBP has not been permitted in cosmetics (Directive 2004/93/EC) ei-
ther, nor in materials intended to come into contact with food since
2007 (Directive 2007/19/EC). Moreover, due to the cumulative effect
of multiple chemicals with similar mechanism of action, the Danish
government proposed a restriction on the combined use of four
phthalates (DEHP, DBP, BBP and DIBP (Diisobutyl phthalate)) in the
production of articles intended for indoor use and in articles that may
come into direct contact with the skin putting a limit on the content
of one or more of these four phthalates of 0.1% by weight (DEPA,
2011). However, despite accepting the approach of combined exposure
assessments for these four anti-androgenic phthalates, the European
Chemicals Agency (ECHA) assessed the combined exposure to the four
phthalates to be below the current risk level. Also, the need for further
riskmanagement procedureswas rejected as the above-mentioned regu-
latory criteria are expected to bring about further reduction in the use of
these phthalates (ECHA, 2012a).

The majority of phthalate esters is produced in Europe, the US and
Asian and Pacific countries (Thomas, 2010), and annual production vol-
ume of DEHP, DBP, and BBP in Europe in the mid- and late-1990s was
595,000, 49,000 and 45,000 t, respectively (ECB, 2004, 2007, 2008).
Since 1990, the trend in the European phthalates market has gradually
shifted towards high molecular weight phthalates, with 7–13 carbon
atoms in their chemical backbone such as Diisononyl phthalate (DINP)
and Diisodecyl phthalate (DIDP) (ECPI, 2010). However, DEHP, DBP,
and BBP are still produced and used on a large scale worldwide. In
2007, approximately 1 million tons of plasticizers were consumed in
Europe and total production volumes of DEHP, DBP, and BBP in
Europe were 341,000, 10,000 and 18,000 t, respectively (ECHA, 2009a,
2009b, 2009c). The demand for plasticizers in Asia is about 3.5 times
higher than in Europe, with 345,000 t of DEHP and 7,000 t of DBP
being produced in Korea alone in 2010 (Korean chemicals management
association, personal communication, 22 October, 2012). Globally,
production of plasticizers has not decreased but increased from
4 million tons in 1994 to 6 million tons in 2007.Whereas the total pro-
duction of DEHP, DBP, and BBP in Europe has decreased by 320,000 t
from the 1990s to 2007, in Korea alone an increase in the production
of plasticizer of 360,000 t has been observed (Cischem, 1995; ECHA,
2009a, 2009b, 2009c; KMOE, 2009). In Europe, the decreasing market
trend for these phthalates – produced and imported as a raw material –
continued to 2010; although no recent data was found to be available
after 2010 (ECHA, 2012a; personal communication, DEPA, July 2013).
On this basis, outsourcing of phthalate production from inside to outside
of Europe seems to have occurred (UNEP, 2013).

One of the reasons that ECHA did not adopt the Danish proposal was
that the data presented did not indicate sufficient risk from combined
exposure to the four phthalates in question (DEPA, 2011). However,
the US EPA peer consultation workshop on cumulative risk assessment
of phthalates would support the Danish proposal, as epidemiological
studies have demonstrated a possible association between exposure to
multiple phthalates and indicators of potential effects on the male re-
productive system at exposure levels similar to background levels ob-
served in the population (US EPA, 2010). Furthermore, the US EPA
conclude that the global volume of plasticized PVC production, i.e. PVC
or other polymer materials containing phthalates, constitutes a long-
term and dispersive source of human and environmental exposure to
phthalates (UNEP, 2013; US EPA, 2012). Regulatory action to protect
human health from harmful effects of chemicals has been developed
and implemented at the national (e.g. DMOE, 2009, 2010b; KFDA,
2007; KMGL, 2012c) and international levels (e.g. EC, 2006). Therefore,
risk management tools, such as environmental standards, consumer
and occupational exposure limits and standards for industrial and con-
sumer products may vary accordingly.

In the Danish proposal to restrict four phthalates, the total risk
characterization ratios (RCR) for 2-year-old children reported as ‘lowest
median’, ‘high median’ and ‘realistic worst case scenario’ exposure to
DEHP, DBP, BBP and DIBPwere estimated to be 0.43, 2.7 and 6.1, respec-
tively. The RCRs from biomonitoring data for the same exposure catego-
ries were 0.6, 1.5 and 5.4, respectively (DEPA, 2011). Does the Danish
report overestimate the cumulative risks of the four phthalates or is
there a need to improve chemical regulation at the international level
to protect populations in different countries equally? In this paper,
whether phthalate exposure is a problem to be considered in countries
inside and outside of Europe is re-assessed, exemplified by the two
countries, Denmark and Korea.

1.1. Regulatory standards for phthalates in DK and KR

In general, Denmark follows the European regulatory standards for
the environment and product quality. There are European standards
for DEHP in freshwater (EC, 2008), and for groundwater, soil and
sewage sludge Denmark has its own standards (DMOE, 2010a, 2010b;
EC, 2001). For products, phthalate concentrations in toys and childcare
articles are regulated under REACH (EC, 2006). Denmark moreover
has standards for phthalates outside REACH for toys and childcare arti-
cles for children under 3 years old (DMOE, 2009). Under the European
regulations, cosmetics should not include phthalates (EC, 2009) and
food packaging and food contact materials should follow migration
and content standards for phthalates (EC, 2011).

In Korea, like Europe, there is an environmental standard forDEHP in
freshwater (KMGL, 2012a). Compared to Denmark, which has quality
standards for DEHP in sewage sludge, Korea has emission standards
for DEHP for wastewater (KMGL, 2012b). Phthalates in products for
children, e.g. textiles for infants under 24 months, toys and childcare
articles, should follow the standards for each item (KMGL, 2012c).
DEHP and DBP cannot be used in cosmetics (KMGL, 2010), DEHP is
not permitted in food packaging, and DBP and BBP are banned from
baby bottles and pacifiers (KFDA, 2007). For food packaging and food
contact materials, migration standards are applied (KFDA, 2009). Addi-
tionally, there are standards for DEHP, DBP, and BBP in PVC floorings
and wallpaper (KATS, 2011, 2012). Table 1 shows an overview of the
regulations on these phthalates in Denmark and Korea. It also includes
regulations on other phthalates including DINP, DIDP, Di-n-octyl
phthalate (DNOP), and Bis(2-methoxyethyl) phthalate (DMEP).

As shown in Table 1, regulatory standards for phthalates in the envi-
ronment exist at the European level only for DEHP, while Denmark also
has standards for DBP and BBP. Denmark has established a limit value of
50 mg/kg in dried sewage sludge, while a draft for a European sewage
sludge regulation sets a limit value of 100 mg/kg of dried matter (CEC,
2000). The Danish drinking water supply is based entirely on ground-
water (DMOE, 2012) and the quality standard for groundwater used
as drinking water is 1 μg/l for DEHP and other phthalates (DMOE,
2010a). There is no Korean quality standard for phthalates in drinking
water.

As can be observed from Table 1, Denmark has a greater number of
environmental regulatory standards and the level of the standards is
also stricter than in Korea, indicating a higher protection level in
Denmark compared to Koreawith regard to exposure from the environ-
ment. Regulatory standards for products are more similar, which may
be due to the fact that Korea has to comply with REACH to export
their products to the EU market. Korea has regulatory standards for
building materials such as PVC flooring and wallpaper, while no such
standards exist in Denmark and presumably are not required as the
Danish minister of the environment banned the use of DEHP, DBP,
BBP, and DIBP in concentrations above 0.1% in products for indoor use
and products that can come into direct contact with the skin or mucous
membranes from 2013 (DEPA, 2013).

Differences in the national regulatory standards and scope of regula-
tions seem to depend not only on health risk assessments but also the
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economic situation of the country, including technological and socio-
economic factors (Ding et al., 2011). Consequently, the outcome of
regulations and associated resulting total exposures may differ consid-
erably from country to country (Schenk et al., 2008), and people's expo-
sure level to the same chemicals may differ in different countries
according to existing regulatory standards, lifestyle, eating habits and
environmental quality (Barzyk et al., 2011). To examine the appropri-
ateness of existing regulations and evaluate the safety of current
exposure levels to chemicals with similar action in order to provide
equal protection of populations from different countries, a systemic ap-
proach which integrates information from several national regulatory
instruments and management tools is therefore needed (Lee et al.,
2013).

This paper presents an in-depth comparison and assessment of the
cumulative risk and exposure levels to DEHP, DBP, and BBP for children
in order to verify the relations among different source intensities and
pathways in the environment and food in Denmark and Korea. The
different levels of aggregate exposure, cumulative risk and different
contributions of routes and pathways to the exposure were compared.
For each country, the exposure and risk of three phthalates via the envi-
ronment and food using the exposure scenario approach (ESA, see
Section 4.1) were assessed and compared with the result from back-
calculation approach (BCA, see Section 4.2), which used human

biomonitoring data for assessing total exposure levels. Moreover, com-
parison of the BCA, which reflects real childhood exposure levels, and
the sum of the scenario-based exposure estimation from the environ-
ment, food and products provides information about the completeness
of the exposure scenarios used in risk assessment (see Section 5); i.e., if
exposure levels based on back-calculation exceed those based on scenar-
io estimation, then we may conclude that the some important exposure
routes and pathways may not be considered properly so the current risk
assessment with ESA is not conservative, as it is proposed to be.

2. Methodology

As shown in Fig. 1, two approaches were applied to assess the intake
level of DEHP, DBP, and BBP; a prospective method using the exposure
scenarios approach (ESA) and a retrospective method using the back-
calculation approach (BCA).

As has been shown in many studies, ESA is based on exposure
models simulating human exposure to chemicals (Clark et al., 2011;
Wormuth et al., 2006). ESA aims to assess aggregate exposure — the
exposure to one single chemical via all routes, pathways and sources
of exposure (EC, 2012). This approach relies on measurement data for
chemicals in media such as the environment, foodstuffs and consumer
products. ESA might lead to underestimation of the risk when

Table 1
Regulations on phthalates in Denmark and Korea.

Media Uses Substance Unit Value Reference

Denmark Environment Freshwater/marine DEHP μg/l 1.3 EC, 2008; DMOE, 2010a
Freshwater/marine DBP μg/l 2.3/0.23 DMOE, 2010a

BBP 7.5/0.75
Groundwater DEHP μg/l 1a DMOE, 2010b

Other phthalates μg/l 1 DMOE, 2010b
Sewage sludge
(for agricultural use)

DEHP mg/kg 50b DMOE, 2006

Soil DEHP mg/kg 25 DMOE, 2010b
Other phthalates mg/kg 250 DMOE, 2010b

Products Toys and childcare article DEHP + DBP + BBP wt % 0.1 EC, 2006
DINP + DIDP + DNOP wt % 0.1

Toys and childcare article
(0–36 months)

Other phthalates wt % 0.05 DMOE, 2009

Cosmetics Cosmetics BBP, DBP, DEHP, DMEP, etc. 0 EC, 2009
Packaging Food packaging

(specific migration limits)
DEHP mg/l 1.5 EC, 2011
DBP mg/l 0.3
BBP mg/l 30
DINP + DIDP mg/l 9

Food contact materials (% in the plastic) DEHP, BBP, DINP, DIDP wt % 0.1
DBP wt % 0.05

Korea Environment Freshwater DEHP μg/l 8 KMGL, 2012a
Emission standards for wastewater
(to clean region)

DEHP μg/l 20 KMGL, 2012b

Emission standards for wastewater
(to A,B and exceptional area)

DEHP μg/l 800

Products Textiles for infants (0–24 months) DEHP + DBP + BBP+
DINP + DIDP + DNOP

wt % 0.1 KMGL, 2012c

Toys, childcare articles, children's jewelry, school articles and
baby carriages

DEHP + DBP + BBP + DNOPc wt % 0.1

Building materials PVC floor covering (with Korean floor heating system, upper part) DEHP + DBP + BBP wt % 1.5 KATS, 2012
PVC floor covering (with Korean floor heating system, lower part) DEHP + DBP + BBP wt % 5
PVC floor covering (without floor heating system, upper part) DEHP + DBP + BBP wt % 3
PVC floor covering (without floor heating system, lower part) DEHP + DBP + BBP wt % 10
Wallpaper DEHP + DBP + BBP wt % 0.1 KATS, 2011

Cosmetics Cosmetics DEHP, DBP wt % 0 KMGL, 2010
Packaging Baby bottle and pacifier DBP, BBP wt % 0 KFDA, 2007

Food packaging DEHP wt % 0
PVC packaging
(specific migration limits)

DEHP mg/l 1.5 KFDA, 2009
DBP mg/l 0.3
BBP mg/l 30
DNOP mg/l 5
DINP + DIDP mg/l 9

a In Denmark, groundwater is used as drinking water source. The US EPA limit for DEHP in drinking water is 6 μg/l (US EPA, 2009).
b The limit is 100 mg/kg in the EC working document on sludge, 3rd draft (CEC, 2000).
c For children's jewelry the total content of DEHP + DBP + BBP should be under 0.1%.
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significant sources are absent from the exposure scenario (Gosens et al.,
2013;Wittassek et al., 2011). However, ESA can provide specific knowl-
edge on the contribution of different sources to aggregate exposure,
which is necessary for chemical management (EC, 2012; Wittassek
et al., 2011). In chemical safety assessments under the EU REACH,
modeled concentrations of assessed substances can be used for evaluat-
ing the indirect (via the environment and food) and direct (for
workers and consumers) exposure (ECHA, 2012b). However, a modeled
concentration can experience limitations in reflecting real environ-
mental situations which are the result of combined effects from several
emission sources and different fate and transport patterns in the environ-
ment. Therefore, in order to reflect the difference in the indirect exposure
sources where phthalates are not added intentionally, i.e. the environ-
ment and food, available monitored phthalate concentrations from the
Denmark and Korea were collected and applied in the exposure assess-
ment (shown in the boxes shaded gray in Fig. 1).

To verify the completeness and conservativeness of the existing reg-
ulatory risk assessment schemes mentioned above, the BCA was
adopted to calculate the total exposure level of each phthalate in the
human body including all, i.e. known and unknown, exposure sources
and pathways (Koch et al., 2007; Wittassek et al., 2007). In BCA, the
total exposure to chemicals is calculated from monitored concentra-
tions in human biological samples, which is expected to give a picture
of the real exposure experienced by the population, and multiplied by
properly defined excretion factors (ECHA, 2012e). In this study, as shad-
ed in gray in Fig. 1, children's urinary phthalate metabolite concentra-
tions were used.

2.1. Exposure scenario approach (ESA)

The aggregated exposure via the environment, food and beverages
to 2-year-old children in Denmark and Korea was estimated in order
to assess unintentional childhood exposure to phthalates in the two
countries. The exposure routes via the outdoor environment include
outdoor air inhalation and soil ingestion. The exposure routes via the
indoor environment include indoor air inhalation and indoor dust in-
gestion; the latter being an estimate of indirect exposure from indoor
consumer products, which may be used as a substitute for the limited
data on direct exposure via consumer products (cf. Fig. 1). In addition

to this, dermal exposure via soil and indoor dust adhered to children's
skin was also estimated.

Exposure via indoor and outdoor air inhalationwas calculated based
on Eq. (1).

Dinh ¼ Cinh � IHair � Tcontact � CF=BWð Þ � rabsorp ð1Þ

Dinh is the inhalatory internal exposure to phthalates per body weight
per day (μg/kg bw/day), Cinh is the phthalate concentration in the in-
haled air (μg/m3), IHair is the inhalation rate (m3/day), Tcontact is the ex-
posure duration (hour/day), CF is the conversion factor of 1/24, BW is
body weight (kg) and rabsorp is the internal absorption fraction for
each phthalate.

Oral exposure via food, soil and indoor dust was calculated based on
Eq. (2).

Doral ¼ C� IR=BWð Þ � rabsorp ð2Þ

Doral is the oral internal exposure per body weight per day (μg/kg bw/
day), C is the phthalate concentration in food, soil and indoor
dust (μg/kg), IR is children's intake rate of food, soil and indoor dust
(kg/day), BW is body weight (kg) and rabsorp is the internal absorption
fraction for each phthalate.

Dermal exposure via soil and indoor dust was calculated using
Eq. (3) (Wormuth et al., 2006).

Ddermal ¼ Cpart � qpart skin � Apart � 0:15
� �

=BW
� �

� rabsorp ð3Þ

Ddermal is the dermal internal exposure to phthalates per body weight
per day (μg phthalate/kg bw/day), Cpart is the phthalate concentration
in particles adhered to skin (μg/kg), qpart_skin is the amount of particles
per area of skin per day (kg/cm2∙day), Apart is the skin surface area in
contact with particles (cm2), 0.15 is fraction of chemicals in
particles available for absorption (Hawley, 1985), BW is body weight
(kg), and rabsorp is internal absorption fraction for each phthalate.

In order to derive probabilistic exposure estimates, the Monte Carlo
method was applied using the software Crystal Ball™. The calculations
were performed using lognormal distributions for phthalate concentra-
tions in exposure media and normal distributions for physiological

Fig. 1. Prospective (ESA) and retrospective (BCA) approaches to assess human exposure levels to phthalates. The concentration data and exposure pathways shaded graywere used in this
study.
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parameters. The Monte Carlo model was set up to run 10,000 trials as-
suming independent relationships between the input parameter uncer-
tainty and variability (Cheng et al., 2007). All the input parameters for
the ESA are presented in Tables 2, 3 and 5, and results are presented
in Section 4.1.

2.2. Back-calculation approach (BCA)

Total exposure was calculated based on concentrations of metabo-
lites in children's urine. In themajority of the studies using biomonitor-
ing data for phthalate exposure assessment, creatinine-corrected
urinary metabolite levels have been used (Calafat and McKee, 2006;
Fromme et al., 2007; Itoh et al., 2005). However, as results from the
volume-based back-calculation model have shown higher exposure
levels than when using the creatinine-based model, Wittassek et al.
(2007) and Koch et al. (2007) recommend using both models together.
This approach has been adopted in the present study.

Daily intake under the creatinine-based model was calculated using
Eq. (4) (Clark et al., 2011;David, 2000; Koch et al., 2007;Wittassek et al.,
2007).

Dcrea ¼ UE� CE=1000� FUEð Þ � MWp=MWm

� �
ð4Þ

Dcrea is the daily intake of the parent phthalates per bodyweight per day
(μg/kg bw/day), UE is the creatinine-corrected urinary metabolite
concentration (μg/g cre) and CE is the 24-hour urinary creatinine
excretion rate normalized by body weight (mg cre/kg bw/day). As cre-
atinine excretion increases rapidly in developing children, age and
gender-based reference values for CE were used (Remer et al., 2002).
FUE is the molar ratio of the parent phthalate intake and the amount

excreted in urine as the specific metabolite. It should be mentioned
that as there is no data available for child-specific excretion ratios of
these phthalates, most recent and widely used FUE values from adults
(Anderson et al., 2001; Koch et al., 2005a) were used in this study.
MWp and MWm are the molecular weights of parent phthalates and
their metabolites (g/mol).

The second BCA approach based on the volume-based urinary
metabolite concentrations was performed by applying Eq. (5) (Koch
et al., 2007; Wittassek et al., 2007).

Dvol ¼ UE� UV=1000� FUEð Þ � MWp=MWm

� �
ð5Þ

Dvol is the daily intake of the parent phthalates per body weight per day
(μg/kg bw/day), UE is the urinary metabolite concentration (μg/l) and
UV is the mean daily excreted urine volume normalized by body weight
(ml/kg bw/day). As young children excrete higher urine volumes per
body weight compared to adults, age-based reference UV values were
used (Becker et al., 2009). FUE is themolar ratio of the parent phthalate in-
take and the amount excreted in urine as the specific metabolite. MWp

and MWm are the molecular weights of parent phthalates and their me-
tabolites (g/mol). All the input parameters for the BCA are presented in
Tables 4 and 5, and the results in Section 4.2.

2.3. Cumulative risk assessment for three phthalates

When substances have a similar mode of action and/or have the
same target cell, tissue or organ, they may act in a potency-corrected
‘dose/concentration additive’ manner (Kortenkamp and Faust, 2010).
Chemicals may also interact to produce greater effects (synergy) or
less serious effects (antagonism) than the effect predicted on the basis

Table 2
Concentrations used to calculate indirect exposure via indoor and outdoor environment.

Medium Country Unit DEHP DBP BBP References

Mean SD Mean SD Mean SD

Outdoor air DK ng/m3 5.3 13.3 1.5 3.0 0.058 0.74 Müller et al. (2003) and ECB (2007), modeled concentration
KR 75.1 111.1 18.2 15.2 6.2 10.6 KNIER (2007, n=64)

Indoor air DK ng/m3 230 106.5 270 175.8 21 25.2 Bergh et al. (2001, n=169)
KR 189.1 97.51 156.2 101.7 21 72.6 KMOE (2009, n=60)

Soil and dust DK μg/kg 14.8 5.4 1.8 0.78 0.38 0.23 Vikelsøe et al. (1999, n=24)
KR 182.6 290.7 44.2 79.6 5.1 1.0 KNIER (2007, n=130)

Indoor dust DK μg/g 641.2 519.7 24.2 19.7 21.7 19.5 Langer et al. (2010, n=648)
KR 412 241 241 256 105 180 H.H. Kim et al. (2009, n=79)

Table 3
Concentrations and intake rates used to calculate exposure via food ingestion (Sources: See text).

Food categories DEHP in food
(μg/kg food)

DBP in food
(μg/kg food)

BBP in food
(μg/kg food)

Daily food intake
(g/day)

Mean SD Mean SD Mean SD Denmark Korea

Fruit and vegetables (n = 27)a 8.2 222.2 2.2 1.7 0.4 1.7 265.0 273.5
Milk and dairy products (n = 56)a 45.4 59.7 3.3 4.3 0.2 0.5 489.6 312.9
Cereals and cereal products (n = 47)a 91.3 95.8 6.3 5.8 1.9 1.4 111.6 248.2
Meat and meat products (n = 22)a 56.5 44.3 1.9 1.5 0.3 1.2 56.2 21.5
Fish and fish products (n = 18)a 196.8 405.2 0.3 0.8 0.2 0.5 8.6 33.6
Fats and oils (n = 26)a 149.3 161.1 1.5 21.2 31.9 74.8 17.3 1.9
Snacks (n = 28)a 43.5 32.2 4.9 5.6 0.9 1.2 31.3 8.4
Condiments and sauces (n = 40)a 88.5 154.6 5.9 11.1 7.7 24.9 8.4 5.2
Miscellaneous (n = 22)a 30.7 52.1 4.2 3.0 1.0 0.6 30.6 30.6
Baby food (n = 17)a 23.3 8.1 2.1 2.6 2.5 1.7 53.0 53.0
Beverages (n = 85)a 0.28 0.72 0.15 0.18 0.14 0.15 657.3 500.0
Composite diet samples (n = 18, for Korean scenario 2)b 90.4 52.3 9.5 7.2 4.3 3.0 – 988.8
Beverages (n = 18, for Korean scenario 2)b 0.98 0.58 0.21 0.08 0.06 0.04 – 500.0

a Based on Fierens et al. (2012).
b Based on KMOE (2009).
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of additive methods (EC, 2012; IPCS, 2009). Even though there are con-
cerns about underestimating synergistic interactions, recent analyses
suggest that dose-addition models can adequately describe the effects
of mixtures of endocrine disrupting chemicals with both similar and
dissimilar modes of action (DEPA, 2011; ECHA, 2012e; Kortenkamp
and Hass, 2009). As DEHP, DBP, and BBP are included in REACH annex
XIV due to their reprotoxic properties, i.e. anti-androgenic mode of ac-
tion, the dose-addition method was used to assess the cumulative risk
from the three phthalates (Benson, 2009; Koch et al., 2011; Søeborg
et al., 2012).

In this study, as shown in Eq. (6), the cumulative risk of these three
phthalates (RCRtotal) was calculated as the sum of the risk characteriza-
tion ratios (RCRindividual) for the individual phthalates (ECHA, 2012c). As
defined in ECHA guidance, the RCRindividual is the ratio between the in-
ternal exposure estimate of a chemical and the derived no-effect level
(DNEL) for the chemical (ECHA, 2012d).

RCRtotal ¼
X

RCRindividual ¼
X

Eindividual=DNELindividualð Þ ð6Þ

Eindividual is the aggregate or total exposure to each phthalate per body
weight per day (μg/kg bw/day). In ESA (Section 2.1), the aggregate ex-
posure (Eindividual), i.e. the sum of Dinh, Doral and Ddermal, is calculated
based on known and monitored exposure sources. In the BCA
(Section 2.2), the Eindividual is calculated as Dcrea or Dvol, based on bio-
monitoring data representing the total exposure resulting from known
and unknown sources. DNELindividual is the derived no-effect level of
each phthalate based on reproductive toxicity. In this study, themost re-
cent and lowest DNELs for each of the phthalates (DEHP 34; DBP 6.7;
BBP 500 in μg/kg bw/day) were used based on NOAELs for anti-
androgenic effects in developmental studies accepted by ECHA (ECHA,
2012c, 2013a, 2013b). The DNEL values of DEHP and DBP used in this

study are lower than the tolerable daily intake (TDI) of EFSA which
are 50 and 10 μg/kg bw/day respectively, while BBP has the same values
for both DNEL from ECHA and TDI of EFSA (EFSA, 2005a, 2005b, 2005c).
When the RCR value exceeds 1, the level of risk is considered not to be
safe.

3. Data

3.1. Input parameters for the exposure scenario approach (ESA)

Exposure values from the outdoor environment, indoor environ-
ment and food were calculated based on available data from the lit-
erature on measured phthalate concentrations in Denmark and
Korea. In cases where no data was available, modeled data or data
from other countries closest to the two countries were used. Input
parameters for Monte Carlo based probabilistic exposure assess-
ments in the ESA are presented in Tables 2 and 3. All phthalate con-
centrations in environmental media and food were considered to be
log-normally distributed.

3.1.1. Levels of phthalates in outdoor air
As no data on measured phthalate concentrations in outdoor air

were available for Denmark,modeled regional predicted environmental
concentrations (PECs) based on Danish emission data were used; the
PECair for DEHP and DBP of 5.26 and 1.5 ng/m3, respectively (Müller
et al., 2003). In Sweden, which is located downwind and adjacent to
Denmark, nationwide ambient air concentrations of DEHP and DBP
were monitored in 14 sites in 1990 and the median concentrations
were 2.0 and 1.7 ng/m3 respectively (Thuren and Larsson, 1990).
Despite Muller's estimation of regional PEC values for DEHP being
higher than monitored concentrations in Sweden in 1990, they still

Table 4
Urinary phthalate metabolite concentrations of children in Denmark and Korea used for BCA (Sources: see text and ‘Supporting information’, Table 1a).

Parent phthalates Metabolites MWm (g/mol) FUEa Unit Denmark Korea

Mean P50 Max Mean P50 P95 Max

DEHP
(MWp = 390)

5OH-MEHP 294 0.23 μg/g cre 54b 52 1519 96 75 229 765
μg/l 31b 34 1695 54 39 143 529

5oxo-MEHP 292 0.15 μg/g cre 28b 27 665 74 60 171 500
μg/l 16b 18 695 42 31 113 235

DBP
(MW = 278)

MnBP 222 0.69 μg/g cre 39 32 144 163 136 405 716
μg/l 37 33 125 97 73 300 926

BBP
(MW = 312)

MBzP 256 0.73 μg/g cre 24b 23 1695 108.8 67.2 338 1705
μg/l 1.7b 15 2410 65 36 250 2205

a Anderson et al. (2001) and Koch et al. (2005a).
b Geometric mean values.

Table 5
Physiological parameters used for ESA and BCA (Sources: see text).

Approaches Parameters Unit Denmark Korea

Parameters for ESA Mean body weight of 2-year-olds (BW) kg 13.9 (SD: 1.59) 12.9 (SD: 1.79)
Height cm 92.2 (SD: 3.52) 87.1 (SD: 6.62)
Body surface (total) cm2 6223 (SD: 547) 5538 (SD: 370)
Fraction of body surface (arms/hands/legs/feet) % 14.4/4.7/25.3/6.3
Inhalation rate (IHair) m3/day 8.9 (SD: 2.9)
Time spent outdoor (two scenarios) hours 2.5/5.0
Soil ingestion rate (IRsoil) mg/day 50
Indoor dust ingestion rate (IRdust) mg/day 60
Soil adherence to skin (arms/hands/legs/feet) mg/cm2 0.0041/0.011/0.0035/0.01
Indoor dust adherence to skin (arms/hands/legs/feet) mg/cm2 0.0199/0.088/0.0165/0.061
Inhalatory absorption fractions (rabsorp) for three phthalates % 100
Oral absorption fractions (rabsorp) for three phthalates % 100
Dermal absorption fractions (rabsorp) (DEHP/DBP/BBP) % 5/10/5

Parameters for BCA Urinary creatinine excretion rate of 2-year-olds (CE) mg cre/kg bw/day 15.16 (boys), 14.37(girls)
Daily urine excretion volume of 2-year-olds (UV) ml/kg bw/day 34 (for both boys and girls)
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come within the range of seasonal variation in the Swedish data. The
modeled air concentrations byMüller et al. (2003) are based on specific
Danish data on phthalate imports, use patterns and emissions, and have
been used in this study. It was assumed that the variation in phthalate
air concentration in Denmark is similar to that reported in the Swedish
study, and therefore standard deviations from the Swedish study were
used as input parameters for the Monte Carlo based probabilistic expo-
sure assessments presented in Section 2.1. For BBP, there is no moni-
tored or modeled data for Denmark or its neighboring countries. The
continental PEC value of 0.058 ng/m3, estimated by EUSES from an EU
risk assessment report, was used for the ESA (ECB, 2007), assuming
that the range of BBP concentrations in the outdoor air is similar to
the measurements from a US study, which reports a similar average
concentration; 0.051 ng/m3 (NTP-CERHR, 2003).

In Korea, the National Institute of Environmental Research (KNIER)
has beenmonitoring phthalates in the ambient air annually. Monitoring
sites are spread nationwide and data are measured four times a year
(KNIER, 2007). Average yearly concentrations and standard deviations
for measurements in 2007, the most recent data available, were used
to derive Korean childhood exposure (KNIER, 2007).

3.1.2. Levels of phthalates in indoor air
There are few studies of phthalates in indoor air compared to

phthalates in indoor dust. In a Danish risk assessment report on
2-year-old children and pregnant women in Denmark, values of indoor
air concentrations of DEHP, DBP, and BBP monitored in the USA and
Australia were used (DEPA, 2009, 2012). The mean respective values
are 0.19 μg/m3, 0.48 μg/m3 and 0.04 μg/m3 for USA (Adibi et al., 2008)
and 0.04 μg/m3, 0.137 μg/m3 and 0.007 μg/m3 for Australia (Boast
et al., 2010). In the Danish proposal for a REACH annex XV restriction,
DEPA used modeled (Xu et al., 2009) indoor air concentrations of the
phthalates in a Danish children's playroom and bathroom including
furniture and products marketed in Denmark. The estimated ‘steady-
state’ concentrations of phthalates in a children's playroom with vinyl
flooring and wallpaper were 0.16 μg/m3 for DEHP, 8.2e–11 μg/m3 for
DBP and 3.2e–6 μg/m3 for BBP. These productswere assumed to contain
phthalate concentrations in accordance with chemical analysis of prod-
ucts performed in 2010 by DEPA (DEPA, 2011). The estimated concen-
tration of DEHP is in the range of other studies; however, the values of
DBP and BBP estimated by DEPA are much lower thanmeasured values
from the literature (Adibi et al., 2008; Bergh et al., 2011; Boast et al.,
2010; Fromme et al., 2004; Larsen et al., 2007), indicating the model
to be incomplete regarding all sources contributing phthalates in indoor
air. The most recent Swedish studymeasured indoor phthalate concen-
trations in 169 apartments in Sweden during 2006 and 2007withmean
concentrations and range of indoor phthalates of 230 (42–890) ng/m3

for DEHP, 270 (15–1600) ng/m3 for DBP and 21 (b1.0–300) ng/m3 for
BBP (Bergh et al., 2011). The Swedish study is the most comprehensive
and recent source of indoor monitoring data and can be considered in-
herently more complete regarding known and unknown exposure
sources. The Swedish monitoring data were therefore used for calculat-
ing Danish childhood phthalate exposure via indoor air inhalation.

In Korea, there is one study of phthalate concentrationsmonitored in
indoor air covering sixty buildings (houses and offices) in 2008 (KMOE,
2009), and the data from this studywere used to calculate Korean child-
hood phthalate exposure via indoor air inhalation.

3.1.3. Levels of phthalates in outdoor soil
There are several, albeit relatively old, data sources for concentra-

tions of phthalates in the soil in Denmark. In order to investigate the ef-
fect of different fertilizers on the phthalate concentration in soils,
Vikelsøe et al. (1999) measured soils near the city of Roskilde under
different usage. Average concentrations in Danish topsoils (0–10 cm)
were 14.83 (DEHP), 1.8 (DBP) and 0.38 (BBP) μg/kg from areas such
as preserved natural, organic and conventionally cultivated including
manure or sludge amended soils. Müller et al. (2003) modeled regional

PECs for Danish agricultural, natural and industrial soils as 7.95, 10.8 and
75.7 μg/kg for DEHP and 4.38, 0.19 and 112 μg/kg for DBP. Measured
values from Vikelsøe et al. (1999) are slightly higher than Muller's
model estimations for natural soils; 14.83 vs. 7.95 μg/kg for DEHP and
1.8 vs. 0.19 μg/kg for DBP. In the present study, data from Vikelsøe
et al. (1999) from topsoils near Roskilde were considered the most
reliable and therefore used for calculating Danish childhood phthalate
exposure via soil ingestion and dermal contact.

In Korea, as part of the nationwide survey on endocrine disrupting
chemicals, KNIER has monitored phthalates in soils since 2004. Topsoils
from natural, agricultural, residential and industrial areas have been
sampled; 38 sites in 2004, 23 sites in 2005 and 2006, and 46 sites in
2007. In this study, an aggregated average of monitoring data from
2004 to 2007 was used to calculate Korean childhood phthalate
exposure via soil ingestion and dermal contact (KNIER, 2007).

3.1.4. Levels of phthalates in indoor dust
In Denmark, Langer et al. (2010) sampled dusts from 500 playrooms

and 151 daycare centers fromhomes and buildings in Denmark in 2008.
The results were also used in a risk assessment report on pregnant
women's phthalate exposure funded by the Danish EPA (DEPA, 2012).
The median concentrations of DEHP, DBP, and BBP from Langer et al.
(2010) were lower than those in a Swedish study that monitored 346
samples in 2001 and 2002 (Bornehag et al., 2004). The lower values in
the Danish studymost likely reflect the effect of stricter phthalate regu-
lations including an EU prohibition of the use of phthalates in toys from
2007 aswell as possible geographic variations such as the different uses
of PVC flooring, e.g. 50% in Sweden and 5% in Denmark (DEPA, 2012).
Data from Langer et al.'s study were therefore used for calculating
Danish childhood phthalate exposure via indoor dust ingestion and
dermal contact in Denmark.

In Korea, H.H. Kim et al. (2009) measured phthalate concentrations
in indoor dust from 40 children's facilities and 39 households in Seoul.
Samples were collected in 2005 and the average concentrations were
412 μg/g for DEHP, 241 μg/g for DBP and 105 μg/g for BBP. There is
also amore recent study collecting indoor dust samples from 12 houses,
measuring DEHP concentrations (Kim et al., 2010). Here, all measured
data were reported to be above 740 μg/g, with a maximum value of
6,700 μg/g. However, this study applied a different sampling method,
a specifically designed collecting nozzle, instead of using the phthalate
collecting filter paper widely used in European study and in H.H. Kim
et al. (2009). For comparability with the Danish data and sampling
methodologies, the data from H.H. Kim et al. (2009) were therefore
used to calculate Korean childhood phthalate exposure via indoor dust
ingestion and dermal contact.

3.1.5. Levels of phthalates in food and children's food consumption
For Denmark, there was no available data measured after adoption

of the regulation on phthalates inmaterials intended to come in contact
with food (Directive 2007/19/EC). A Danish survey of 29 total diet sam-
ples and 11 baby food and infant formula products in 1998 reported
mean concentration levels in total diet samples of 0.18 mg/kg for
DEHP, 0.19 mg/kg for DBP and 0.019 for BBP (Breindahl and Petersen,
1998; Petersen and Breindahl, 2000). For levels of phthalates in baby
food and infant formula products, most of the samples were below the
limit of determination defined as ten times of the standard deviations
of the reagent blanks (Petersen and Breindahl, 2000). In a more recent
study, Müller et al. (2003) estimated phthalate concentrations in food
at a regional level, e.g. for DEHP 0.19 and 2.4 ∗ 10−5 mg/kg, for DBP
2.1 ∗ 10−3 and 2.3 ∗ 10−4 mg/kg for fish and meat respectively. In a
risk assessment report published by the European Food Safety Authority
(EFSA, 2005a, 2005b, 2005c), rather old data for phthalates in food were
used, originating from theDanish studiesmentioned above and one Brit-
ish study byMAFF. In the recent Danish report for phthalate exposure to
2-year-old children, data fromDenmark (Petersen and Breindahl, 2000),
UK (EFSA, 2005a, 2005b, 2005c), and Europe, Asia and the US (Wormuth
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et al., 2006) were used (DMOE, 2009). In the report on pregnant women
(DEPA, 2012), data from Germany (Fromme et al., 2007) were used.
Wormuth et al. (2006) estimated a daily internal exposure to phthalates
based on measuring foods from the US, Europe and Asia from literature
sources published in 1995 to 2002. Fromme et al. measured phthalates
in total diet samples of 50 persons between the ages of 14 and 60 in
Southern Germany in 2005. The calculated daily intakes of phthalates
from Fromme et al. (2007) are lower than the calculated intake values
from the Danish study in 1999 (Petersen and Breindahl, 2000) as well
as the values fromWormuth et al.'s paper in 2006. Wemay also assume
that as use of phthalates in food contact material is now restricted, the
level of phthalates in food would be lower today (DEPA, 2011).

Since the implementation of regulation on food contact materials,
there have been studies conducted in the UK and Belgium on phthalate
concentrations in food. In the UK, a project conducted by the English
Food Standards Agency presents monitoring data for phthalate concen-
trations in samples from total diet study after 2007, and in samples from
261 retail foodstuffs (FERA, 2012). In Belgium, a national study from
2009 to 2011 reports phthalate concentrations in food from 388 sam-
ples from 37 food categories in the Belgian market (Fierens et al.,
2012). The data from the Belgian study reveal similar concentration
ranges to the study in the UK (FERA, 2012) and both of these recent
studies verify lower phthalate concentrations than in the data frompre-
vious studies such as Petersen and Breindahl (2000), Müller et al.
(2003),Wormuth et al. (2006) and Fromme et al. (2007). As the Belgian
data from Fierens et al. (2012) is the most recent monitoring data on
phthalates in foods and all samples are collected after regulation of
phthalates in food contact materials (Directive 2007/19/EC), these
data were used to calculate Danish childhood phthalate exposure via
food ingestion.

In Korea, there is only one study on phthalates in food after regula-
tion of phthalates in materials intended to come into contact with
food (KFDA, 2007). In 2008, sponsored by KMOE, phthalates in 18
total diet samples of children with an average age of 1.8 years were an-
alyzed (KMOE, 2009). The mean concentration levels of the samples
were 0.09 mg/kg for DEHP, 0.01 mg/kg for DBP and 0.004 mg/kg for
BBP; almost half the values in the 1998 Danish study (Breindahl and
Petersen, 1998). With total diet samples, it is not possible to differenti-
ate exposure contributions from different food items and also there
were no data available on phthalate concentrations in each food items
from Asian countries which have relatively similar dietary habits to
Korea. Therefore, in the present study, two scenarios were made for
Korea, using both the data from Fierens et al. (2012) and the data
from KMOE (2009), to calculate Korean childhood phthalates exposure
via food ingestion. In Korean scenario 1, the phthalate concentrations
from Fierens et al. (2012) were multiplied by the Korean 2-year-old
child's daily consumption of each food item. In Korean scenario 2, the
phthalate concentrations from Korean composite diet samples (KMOE,
2009) were multiplied by the total daily food intake of Korean 2-year-
olds.

For the amounts of food consumed daily by Danish 2-year-olds, esti-
mated values from EFSA's comprehensive European food consumption
database on chronic food consumption statistics were used (EFSA,
2011). This database provides food consumption values for children in
13 countries including Denmark, and data for toddlers in 7 countries,
not including Denmark. In order to estimate daily food consumption
for Danish 2-year-olds, the ratio of toddlers' to children's daily food con-
sumption for the European countries included in thefigureswas applied
to the Danish children's daily consumption rate for each food group. For
Korean scenario 1, the average food intake for 2-year-olds for each food
group from the Korean exposure factors handbook was used (Jang,
2007). For Korean scenario 2, the sum of daily intake for all food groups
was taken from the same handbook to calculate phthalate exposure
from food ingestion.

Detailed information on available data on phthalate concentrations
in food before and after regulation for phthalates in food packaging

and food contact materials is provided in ‘Supporting information’,
Fig. 1.

3.2. Input parameters for the back-calculation approach (BCA)

In order to estimate internal body exposures to DEHP, DBP, and BBP,
the concentrations of their oxidized metabolites in urine are needed as
input parameters, described in Eqs. (4) and (5) in Section 2.2. Because of
the data availability from the two countries, two oxidized DEHPmetab-
olites, i.e. mono(2-ethyl-5-hydroxyhexyl)phthalate (5OH-MEHP) and
mono(2-ethyl-5-oxohexyl)phthalate (5oxo-MEHP), were used. For
DBP and BBP, the simple monoesters, i.e. mono-n-butyl phthalate
(MnBP) and monobenzyl phthalate (MBzP) were used. The concentra-
tions of phthalate metabolites used as input parameters for BCA are
presented in Table 4 and described in the section below.

Unlike for adults, only a limited number of studies investigate
children's urinary phthalate excretion and there is no data available
on urinary phthalate metabolites for Danish 2-year-old children. Also,
differences in childhood urinary phthalate metabolite concentrations
between different countries are greater than differences among chil-
dren in different age groups within one country (‘Supporting informa-
tion’, Table 1a1), due to different consumption patterns of products
and foods and different phthalate concentrations in the environment.
Therefore, it is not feasible to apply the urinary phthalate concentration
of 2-year-olds measured from one country to another. As a result, we
evaluated the significance of differences in urinary metabolite concen-
tration between different age-groups. The concentrations reported in
different age-groups including teenagers and adults indicate that
metabolite levels tend to decrease with increasing age (Becker et al.,
2009; CDC, 2009). However, a simple linear correlation test of age-
groups below age 12 based on German studies (Becker et al., 2004,
2009; Koch et al., 2007) showed no clear linearity; i.e. r2 values ranging
from 0.18 to 0.85 (‘Supporting information’, Table 1b). For MnBP, an in-
creasing trend was even observed for volume-based urinary concentra-
tion, while a decreasing trend was found for creatinine-corrected
concentration from the same study (Koch et al., 2007). We also tested
the hypothesis of differences between mean urinary phthalate concen-
trations of two population groups, using a two-sample z-test in
Microsoft Excel based on measurements from Germany (Becker et al.,
2004, 2009). The results showed that there were no significant
differences between age-groups below 12 and the youngest age-group
(3–5 years), verified by p values above 0.05 (‘Supporting information’,
Table 1b). Therefore the Danish data from the age-group 4–11 were
used as input parameters for the BCA.

Boas et al. (2010) reported biomonitoring data of 12 phthalate me-
tabolites in urine samples collected from 845 Danish children in the 4
to 9-year-old age range between 2006 and 2007. However, they report-
ed only the combined measure of MnBP and mono-isobutyl phthalate
(MiBP); unspecified MBP. Frederiksen et al. (2013) measured urinary
phthalate metabolites of 143 children aged 6 to 11 in 2011, reporting
urinary MnBP concentration separately from MiBP. Therefore, the con-
centrations of urinary 5OH-MEHP, 5oxo-MEHP and MBzP from Boas
et al. (2010) and MnBP from Frederiksen et al. (2013) were chosen for
back-calculation as these are most representative for our target age.

In spite of the non-significant differences between urinary metabo-
lite concentration of age groups below 12 and the youngest age group
3–5 years, it should still be mentioned that even the same urinary
phthalate metabolite concentrations may lead to different daily expo-
sure dose per body weight (Koch et al., 2007). This is due to the fact
that creatinine excretion rate and urinary volume per day per body

1 ‘Supporting information’ in Table 1a shows the urinary phthalatemetabolites concen-
trations of children from Germany (Becker et al., 2004, 2009; Koch et al., 2004, 2007,
2011), the US (CDC, 2009), Spain (Casas et al., 2011) and Taiwan (Lin et al., 2011),
Norway (Bertelsen et al., 2013) with the measured data from Denmark (Boas et al.,
2010; Frederiksen et al., 2013) and Korea (Kho et al., 2008, KMOE, 2009; KNIER, 2012).
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weight decrease with increasing age (Remer et al., 2002). In this study
we used creatinine excretion rates and urinary volumes of 3-year-old
children as reported in Remer et al. (2002).

In Korea, urinary metabolites of DEHP and DBP from pregnant
women, new born babies and children aged 1 to 5 yearsweremeasured
and reported under the Mothers and Children's Environmental Health
Study (MOCEH) financed by the KMOE (B.M. Kim et al., 2009; KNIER,
2012). There are also other studies on urinary phthalate metabolites of
school-age children in Korea (Cho et al., 2010; B.N. Kim et al., 2009;
Koo and Lee, 2005). The most recent Korean biomonitoring data for
5OH-MEHP, 5oxo-MEHP and MnBP from a cohort of 417 children aged
2 years (KNIER, 2012) were used to back-calculate the daily intake of
DEHP and DBP. As the cohort study only includes DEHP and DBP urinary
metabolites, data from 2009 on creatinine-corrected urinaryMBzP con-
centrations of 18 children with an average age of 1.8 years (KMOE,
2009) were used as input parameters to back-calculate the daily intake
of BBP.

3.3. Physiological parameters for ESA and BCA

The target group in this study is 2-year-old children as they are par-
ticularly vulnerable, not only due to their physical size with small body
weight and large surface volume but also due to their high activity level
andmouthing behavior. The information and data available for deriving
physiological and activity related parameters are presented in Table 5,
assumed to be normally distributed, and described below.

For body weight and height, the Danish National Institute of Public
Health published a report on new Danish reference values for height,
weight and body mass index for children in 2010 (Nielsen et al.,
2010). In this report, only data about 2- to 3-year-olds were available.
In the present study, average body weight and height from Nielsen
et al. (2010) of children aged 2 and 3 were used to estimate exposure
to 2-year-olds in Denmark. For Korea, the values of average bodyweight
and height of 2-year-olds from the Korean exposure factors for risk
assessment were used (Jang, 2007).

For body surface area, the DuBois and DuBois formula for estimating
surface area from height and weight was used to calculate the body
surface of 2-year-old Danish children (US EPA, 2011). J.Y. Lee's formula
was used for estimating Korean children's body surface area (Jang,
2007). The fractions of body surface for arms, hands, legs and feet of
children aged between 2 and 3 from theUS EPA Exposure Factors Hand-
book (US EPA-EFH) were used for both Denmark and Korea (US EPA,
2011).

Inhalation rates of 2-year-olds in Denmark and Korea were taken
from recommended long-term exposure values for inhalation in the
US EPA-EFH (US EPA, 2011). In a Danish report on phthalate exposure
for 2-year-old children, it is assumed that 2-year-olds spend on average
5 h outdoors per day (DEPA, 2009). In a Korean report for phthalate
exposure to Korean children, 2.5 h per day was used for the time
spent outdoors for children under the age of 3 (KMOE, 2009). In order
to compare the contributions of exposure via indoor and outdoor air in-
halation, both exposure durations for outdoor air, i.e. 2.5 and 5 h per
day, were taken and used for exposure assessment.

For children's exposure via soil and dust ingestions, recommended
values of general population central tendency from the US EPA-EFH
were used for both Denmark and Korea (US EPA, 2011). In the calcula-
tion of childhood phthalate exposure via dermal contact with particles
(soil and indoor dust), the recommended values given in the US EPA-
EFH formean solids adherence to skin for children indoors and outdoors
were used. For dermal exposure to indoor dust, the values for mean
solids adherence to skin for children in residential areas (indoor only)
were used. For dermal exposure to soil, the differences in values
between daycare (indoor and outdoor combined) and residential area
(indoor only) were used (US EPA, 2011).

The inhalatory, oral and dermal absorption rates of DEHP, DBP, and
BBP for children were taken from an EU Risk Assessment Report for

the three phthalates (ECB, 2004, 2007, 2008). In 2013, the committee
for risk assessment (RAC) under ECHA agreed that the absorption
fractions for DEHP and DBP established in the EU-RAR were considered
appropriate (ECHA, 2013a, 2013b). Only absorption rates and DNELs of
DEHP and DBP were reviewed by the RAC in 2013.

Urinary creatinine excretion rates differ with age, size and gender
(Remer et al., 2002). Among the available data, the reference values
for healthy Caucasian children aged 3 years, i.e. 0.134 mmol/kg
bw/day for boys and 0.127 mmol/kg bw/day for girls, were taken from
Remer et al. (2002), as they are the closest values for the target popula-
tion in this study. Like creatinine, the mean excreted urine volume also
varies in children of different ages and the value for 3-year-old children
from Becker et al. (2009) was used as it represents the closest value
available for 2-year-olds.

4. Results

4.1. Cumulative risk estimated from the exposure scenario approach (ESA)

Table 6 shows aggregated daily exposure to three phthalates (DEHP,
DBP, BBP) and the cumulative risk estimated from the ESA for 2-year-
old children in Denmark and Korea. As described in Section 3.3, the
Monte Carlo simulations were carried out both for outdoor activity of
2.5 and 5 h per day (DEPA, 2009; KMOE, 2009). The results of the two
simulationswere almost the same,with differences in aggregated expo-
sures between 0.06 and 3.6%. As phthalate concentrations in indoor air
were higher than outdoor air, the results from the situation where
2.5 h is spent outdoors per day were selected as representing the
worst situation, i.e. the most conservative exposure scenario.

For Korea, the results of two different scenarios are given according
to the method of calculating phthalate exposure via food. As described
in Section 3.1, the exposures via food inKorean scenario 1were calculat-
ed from phthalate concentrations of various Belgian food items multi-
plied by Korean 2-year-old children's daily consumption for each food
item; while for Denmark, the Belgian food quality data were also used
and multiplied by Danish toddler's daily consumption for each food
item. The exposures via food in Korea scenario 2 were calculated from
multiplying phthalate concentrations in Korean composite diet samples
by the daily food intake of Korean 2-year-olds.

In general, for both Denmark and Korea, DEHP has the highest level
of daily intake, followed by DBP then BBP. Apart from DEHP in Korean
scenario 1, the mean and median estimated intake values of DEHP,
DBP, and BBP for Korean children were 1.5 to 4.2 times higher than
those for children in Denmark. The mean and median intake values
assessed using phthalate concentrations in Korean composite diet sam-
ples (Scenario 2) were 1.3 to 1.8 times higher than those using phthal-
ate concentrations in Belgian food items (Scenario 1). This may be due
to either higher phthalate concentration levels in Korean food than
Belgian food or incompleteness of the Belgium food item intake scenar-
io. Apart frommaximum intake values of DEHP andDBP, all daily intake
estimates in Table 6 were lower than the DNELs for each phthalate.

Table 6 also shows the distribution of cumulative risk (RCRtotal)
values. In Denmark, apart from the maximum value, the estimated cu-
mulative risks of DEHP, DBP, and BBP to children from the environment
and food were lower than 1; 0.26 as mean RCR and 0.46 as RCR of the
upper five percentile. The sensitivity analysis using Crystal Ball™

calculates the rank correlation coefficients and provides the degree of
influence of each factor on the RCRtotal values. For Denmark, the DEHP
concentration in indoor dust had the greatest influence on the risk
(44%), followed by DEHP (23%) and DBP (5%) concentrations in milk
and dairy products. In Korea, the RCRtotal values of the ESA were higher
than inDenmark;with e.g.meanRCR 1.5 times higher in Korean scenar-
io 1 and 2.2 times higher in Korean scenario 2. In Korean scenario 2,
which used phthalate concentrations in Korean composite diet samples
to estimate phthalate exposures from food, mean RCRtotal was 1.4 times
higher than in Korean scenario 1. The maximum RCRtotal in Korean
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scenario 1 and themaximum and the upper five percentile of RCRtotal in
Korean scenario 2 were above the safe level of an RCR value of 1. Based
on the sensitivity analysis, the three most influential factors on RCRtotal,
apart from bodyweight, were DBP in indoor dust (65%), DEHP in cereals
and cereal products (8.1%) andDEHP in indoor dust (6%). As opposed to
in Denmark, DEHP in cereals and cereal products was more influential
than DEHP in milk and dairy products.

4.1.1. Source intensity analysis to childhood DEHP, DBP, and BBP exposure
Fig. 2 shows the contributions of different routes and pathways to

the mean total daily internal exposure levels; only able to be obtained
from ESA.

In Denmark, for DEHP and BBP, food and indoor dust were the main
sources of exposurewith contributions of about 50% and 45% to total ex-
posure. For DBP, the contribution of indoor air inhalationwas about 30%
and that of indoor dust was about 20%. For Korea, food and indoor dust
were also the main sources of phthalate exposure. While food is the
main exposure source for DEHP (63–75%), indoor dust ingestion is the
main source for DBP and BBP (47–70%). Like Denmark, indoor air was
another important exposure source for DBP but contributed less than
10% of total exposure.

4.2. Cumulative risk estimated from the back-calculation approach (BCA)

Table 7 shows the estimated daily intake levels of DEHP, DBP, and
BBP and resulting cumulative risk (RCR) of three phthalates to 2-year-
old children in Denmark and Korea based on BCA. As described in
Section 2.2 and Table 4, both creatinine-based and volume-based
models were used for back calculation. For DEHP, the exposures and
risks levels were calculated from both 5OH-MEHP and 5oxo-MEHP;
values in parenthesis were calculated from 5oxo-MEHP.

The upper five percentile values of daily exposure were only calcu-
lated for Korea as the distribution was not given in Danish biomonitor-
ing studies. As there was no data available for volume-based MBzP
concentration in children's urine in Korea, the average ratio (1.36) be-
tween creatinine-based and volume-based daily DBP intake of Korean
2-year-old children was applied to calculate volume-based daily expo-
sure to BBP in Korea.

In general, daily exposures from the volume-based model were 1.2
to 3.3 times higher than in the creatinine-based model, apart from for
BBP in Denmark. For both countries, DEHP had the highest estimated
daily intake values, followed by DBP and then BBP. Themean andmedi-
an daily DEHP intake values for Korean children were 1.1 to 2.6 times
higher than those in Denmark, while the maximum exposure levels

Table 6
ESA estimated daily intake (μg/kg bw/day) and cumulative risk of DEHP, DBP and BBP for 2-year-old children in Denmark and Korea.

Daily intake estimates
(μg/kg bw/day)

Denmark Korea (Scenario 1) Korea (Scenario 2) DNEL
(μg/kg bw/day)

Mean P50 P95 Max Mean P50 P95 Max Mean P50 P95 Max

DEHP 6.32 5.49 12.32 111.61 6.08 5.31 11.84 123.48 9.23 8.2 17.76 52.48 34
DBP 0.52 0.48 0.93 6.32 1.56 1.19 3.78 18.56 2.02 1.66 4.54 31.95 6.7
BBP 0.21 0.18 0.43 2.5 0.59 0.35 1.87 18.21 0.89 0.63 2.27 24.9 500
Cumulative risk(RCR) 0.26 0.24 0.46 3.64 0.41 0.36 0.80 6.21 0.57 0.52 1.04 6.11

Fig. 2. Contributions of different sources to the mean daily intake levels to DEHP, DBP and BBP for 2 year old children in Denmark and Korea.
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for Danish childrenwere higher than those for Korean children. For both
countries, the back-calculated maximum exposure levels were above
the DNEL value, i.e. 34 μg/kg bw/day. Comparing ESA and BCA, back-
calculated DEHP exposure levels of Danish children were lower than
scenario estimation. For Korea, the mean and median BCA values of
DEHP exposure were between the ESA estimations of Korean scenario
1 and Korean scenario 2. For DBP, the exposure levels of Korean children
were higher than those of Danish children; 2.3 to 4.4 times higher in
mean and median daily intakes. In Denmark, only the maximum child-
hood intake values from the volume-based method were above DNEP
(6.7 μg/kg bw/day), while both the upper five percentile andmaximum
intake levels from the BCA in Korea were above DNEL values. For BBP,
apart from mean daily intakes from the volume-based method, the
mean and median daily intakes of Korean children were 2.9 to 4.5
times higher than those of Danish children. For both countries, no BCA
calculations were above the DNEL value of BBP (500 μg/kg bw/day).

Table 7 also shows the distributions of cumulative risk (RCRtotal)
values of childhood exposure to DEHP, DBP, and BBP based on urinary
metabolite concentrations. In Denmark, the mean and median RCRtotal

levels were lower than 1; however the maximum RCRtotal was
above the safe level, with values ranging from 3.24 to 11.2. In general,
the RCRtotal values from BCA in Korea were higher than in Denmark.
Not only the upper five percentile and maximum levels, even mean
RCRtotal from volume-based methods were above the safe level in
Korea, with values ranging from 1.21 to 11.69.

4.3. Comparative analysis of the cumulative risk based on ESA and BCA

As shown in Fig. 3, both in Denmark and Korea, both creatinine-
based and volume-based RCRtotal values from BCA were higher than
RCRtotal from ESA. In Denmark, the mean and median RCRtotal from the
BCA were 1 to 2.1 times higher than RCRtotal from ESA, while the BCA-
based mean and median RCRtotal of Korean children were 1.4 to 3.1
times higher than the ESA-based RCRtotal. Even though only the

maximum RCRtotal values from ESA and BCA for Danish children were
above safe level, i.e. RCRtotal value of 1, both the upper five percentile
and maximum RCRtotal values from ESA and BCA as well as the
volume-based mean RCRtotal for Korean children were above 1. In gen-
eral, the mean and median values of cumulative risks for 2-year-old
children in Korea were 1.8 to 3.7 times higher than those in Denmark.
Similar to daily intake values, the cumulative risk levels of the
volume-based model were higher than the risks from the creatinine-
based model.

The differences between the BCA and ESA exposure estimates indi-
cate that the exposure scenario is incomplete and there might be
other sources contributing to phthalate exposure to children in both
Denmark and Korea.

5. Discussion and conclusion

Compared to the cumulative risk levels in the Danish proposal to
ECHA (DEPA, 2011), which reported 0.43 and 0.6 for lowest median
risk of ESA and BCA respectively, median risk levels of 2-year-old chil-
dren in the present study were lower in Denmark (ESA; 0.24 and BCA;
0.5) but higher in Korea (ESA; 0.52 and BCA; 0.9). Based on this, we
might assume that the cumulative risk level for 2-year-old children in
Denmark is lower and the risk of Korean children is higher than the
European average (DEPA, 2011). Even though the median cumulative
risk levels are below the safe level, i.e. 1, all of the biomonitored data
fromDenmark, Korea and other European countries show that a certain
percentage of children are still exposed to these three phthalates above
safe level, which should not be overlooked. As shown in Section 1.1,
Denmark has stricter regulatory standards for phthalates than Korea
indicating a higher protection level for exposure from the living envi-
ronment in Denmark compared to Korea.

However, for both countries, the ESA still did not estimate exposure
levels close to the real exposure situations reflected by the BCA. The ESA
in the present study includes the exposure routes and pathways from

Table 7
BCA estimated daily intake (μg/kg bw/day) and cumulative risk of DEHP, DBP and BBP for 2-year-old children in Denmark and Korea.

Back-calculated daily exposure Denmark Korea

Mean P 50 Max Mean P 50 P 95 Max

DEHPa (DNEL = 34) Cre. Based 4.6 (3.7) 4.4 (3.6) 129.7 (87.6) 8.2 (9.7) 6.4 (7.9) 19.5 (22.5) 65.3 (65.9)
Vol. Based 6 (4.8) 6.7 (5.3) 332.4 (210.4) 10.6 (12.7) 7.6 (9.4) 28 (34.3) 103.8 (71.1)

DBP (DNEL = 6.7) Cre. Based 1 0.9 3.9 4.4 3.7 10.9 19.2
Vol. Based 2.3 2 7.7 6 4.5 18.5 57.1

BBP (DNEL = 500) Cre. Based 0.6 0.6 41.9 2.7 1.7 8.4 42.1
Vol. Based 0.1 0.8 136.8 3.7 2.3 11.4 57.3

Cumulative risk (RCRtotal)a Cre. Based 0.29 (0.26) 0.26 (0.24) 4.48 (3.24) 0.9 (0.95) 0.74 (0.79) 2.22 (2.31) 4.87 (4.89)
Vol. Based 0.52 (0.48) 0.5 (0.46) 11.2 (7.61) 1.21 (1.28) 0.9 (0.95) 3.61 (3.79) 11.69 (10.73)

a Calculated from urinary 5OH-MEHP concentrations (calculated from urinary 5oxo-MEHP concentrations).

Fig. 3. ESA and BCA based childhood cumulative risks of DEHP, DBP and BBP in Denmark and Korea.
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the outdoor environment, food and indoor environment. Therefore, the
difference between total exposure in the BCA and aggregated exposure
in the ESA might represent the exposure via direct contact with con-
sumer products or other exposure sources missing from the ESA. In
their proposal for a restriction on DEHP, DBP, BBP and DIBP, the Danish
EPA assessed the exposure of the four phthalates to 2-year-old children
via the use of consumer products, i.e. plastic sandals, bags, shower cur-
tains, oilcloth, water wings, swimming pools and balance balls (DEPA,
2011). In Korea, a project financed by the KMOE was undertaken to as-
sess the exposure to DEHP, DBP, BBP and DINP for several age groups
(KMOE, 2009). In this project, the childhood exposures via consumer
products and building materials including plastic mats, toys, PVC floor-
ing andwallpaperwere evaluated. In Table 8, the results from these pre-
vious studies estimating childhood phthalate exposure via ingestion
and dermal contacts of products in Denmark and Korea were added to
the ESA estimations from the present study and compared to the
exposure levels from the BCA.

As shown in the last column of Table 8 entitled ‘Gap’, for DEHP the
back-calculated total exposures (A) were lower than the estimated
sum of exposure via the environment, food and products (B + D) for
both Denmark and Korea, which means that the exposure scenario
(indirect + direct) overestimates real exposure situations; i.e. the ESA
is conservative for DEHP. However, for both DBP and BBP in the two
countries, the back-calculated exposure levels (A) were higher than
the sum of scenario-estimated indirect and direct exposures (B + D);
i.e. the ESA is not conservative for BBP and DBP. In general, exposure
scenarios are considered and prepared to be conservative; however,
our study shows that more than 20% (Denmark) and 35–50% (Korea)
of the total exposure from BCA for DBP and BBP is still not explained
by the ESA. The gap revealed in this study, between back-calculation
(A) and exposure scenariomodeling (B + D),means that exposure sce-
nario based risk assessment methodologies underestimate the risk of
childhood exposure to phthalates. Furthermore, the REACH exposure
scenarios, which are less complete than the ESA presented in this
study as they do not include exposure via ingestion and dermal contact
of soil and dust, may underestimate the risk of childhood exposure to
phthalates to an even greater degree.

The strength of ESA is that it can provide information about various
contributions from sources and pathways to the exposure. In order to
develop chemical management systems, e.g. regulatory standards of
environmental media, food packaging and other consumer products,
this knowledge is essential. However, there is always the possibility
that incompleteness of exposure modeling or input data results in a
gap between ESA and BCA. Theremay be unknown sources not included
in the ESA model presented in this study. For example, only dermal
sorption from indoor dust was included in this study and not from air.
Food items in the ESAmight not include all food sourceswhich children
in Denmark and Korea consume daily. Also, the consumer products
included in Danish and Korean risk assessment reports (DEPA, 2011;

KMOE, 2009) represent only some of the products that children are
surrounded by. Even though phthalates in children's articles, food pack-
aging and cosmetics are now banned, phthalates in themajority of con-
sumer products that also contribute to the childhood phthalate
exposure are still not regulated (DEPA, 2011). Phthalates in recycled
materials can represent a further source of contaminants, but they can
be exempted from REACH when they comprise less than 20% of the
recyclate (Gärtner et al., 2009; UBA, 2012). All of the above demonstrate
why exposure scenarios should be verified by comparison with the
results from BCA, which represent total exposure levels including all
known and unknown sources. In addition, the appropriateness of
input data also needs to be reviewed. As measuring the concentration
of chemicals in different media is costly and difficult, sometimes the
number of samples used for ESA is not sufficient to represent the real
situation and may result in underestimation of exposures. Using
modeled data instead of monitored data can also lead to under-
estimating exposure if themodel does not include all sources. For exam-
ple, as discussed in Section 3.1, the modeled values of DBP and BBP in
indoor air by DEPAweremuch lower thanmeasured values from sever-
al literature sources, indicating that the model used was incomplete
with regard to inclusion of all sources contributing phthalates to indoor
air. The exposure pathways considered in the present study, moreover,
are not covered completely in current REACH exposure scenarios (Lee
et al., 2013), making it likely that exposure assessments based on
REACH are less conservative than assumed.

Section 4.1 showed that children in Korea and Denmark have differ-
ent source intensities of DEHP, DBP, and BBP exposure estimations via
the environment and food. This knowledge allows us to see which
sources should be focused on to reduce childhood phthalate exposure
in Denmark and Korea. For example, the contribution and exposure
levels of indoor dust ingestion to the aggregated exposure to DBP and
BBP for Korean children were higher than for children in Denmark. As
PVC floor covering is widely used in Korea, especially combined with
floor heating systems in housing, phthalates in flooring might be one
of the sources contributing phthalates to indoor dust and deserving
attention (Nam, 2010). Regarding exposure via food, the daily intake es-
timations using phthalate concentrations in Korean composite diet
samples (Scenario 2) were higher than exposure estimations using
phthalate concentrations in European food items (Scenario 1), given
the same amount of daily food intake. This difference might come
from emissions from phthalate production in Korea or the way Koreans
prepare their food. Also, considering the differences between Denmark
and Korean scenario 1 with regard to phthalate exposure from different
food items, differences in dietary habits might result in significant dif-
ferences in risk levels despite similar levels of phthalate concentrations
in foods in different countries. However, further studies measuring
phthalate concentrations in Danish and Korean foods are still required
to assess phthalate exposure via food close to the real exposure situa-
tions in these two countries.

As shown in the present study, despite recent regulations and direc-
tives restricting the use of DEHP, DBP, and BBP in several consumer
products, described in Section 1.1, phthalate levels in urine are not
much lower than those in other studies sampled prior to 2006 (Becker
et al., 2009; CDC, 2009; Koch et al., 2004, 2005b, 2007; Wittassek
et al., 2007). In addition, a recent study in press (Langer et al., 2013)
reports volume-based urinary phthalate concentrations of children
aged 3 to 6. The median concentrations of 5OH-MEHP, 5oxo-MEHP
and MBzP were similar to those used in our study; 2 to 10% lower in
Langer et al. (2013). However, the median concentration of MnBP in
Langer et al. (2013) was 2.4 times higher than that in our study. It is
not clear whether the higher concentrations of MnBP in Langer et al.
(2013) are due to an earlier sampling period than in Frederiksen et al.
(2013); 2008 to 2009 versus 2011, respectively. Nevertheless, consider-
ing the fact that DBP has the largest toxic potential among the three
phthalates, our BCA result is probably not the worst case and the cumu-
lative risks of Danish children might be similar to those of Korean

Table 8
The median daily childhood intake estimation from ESA, BCA (this study) and consumer
exposure estimations from other studies in Denmark and Korea (μg/kg bw/day) (Sources:
see text).

Phthalates A
(BCAa)

B
(ESA)

C
(BCA–ESA)

D
(consumer
products)

Gap
(A − (B + D))

Denmark DEHP 6.7 5.49 1.21 1.71 −0.5
DBP 2 0.48 1.52 0 1.52
BBP 0.8 0.18 0.62 0 0.62

Korea DEHP 7.6 8.2b −0.6 5.43c −6.03
DBP 4.5 1.66b 2.84 0.65c 2.19
BBP 2.3 0.63b 1.67 0.17c 1.5

a Volume-based back-calculated daily exposure (calculated from urinary 5OH-MEHP
concentrations).

b Exposure estimations from Korean scenario 2.
c Mean daily exposure levels.
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children when data from Langer et al. (2013) are applied. It should also
be mentioned here that due to data availability, rates of urinary creati-
nine excretion and urine volume from Caucasian children were used
for back-calculation for Korean children. Data fromKorean or Asian chil-
dren are needed to estimate exposure levels that reflect reality more
closely. In addition, as mentioned by Clark et al. (2011), the values for
FUE are critical to BCA calculation. Therefore, additional studies, especial-
ly for child-specific excretion rates, are necessary to associate between
urinary metabolite concentrations and internal intake of parent phthal-
ate more clearly.

Based on BCA-based cumulative risk levels in Denmark and Korea,
we might question whether existing legal requirements such as
REACH and other regulations are working adequately to eliminate or
reduce the exposure to anti-androgenic phthalates to a safe level for
vulnerable subpopulations, e.g. children. Asmentioned above, the expo-
sure scenario in REACH does not include indirect exposure sources
completely, and this may cause the real exposure to be underestimated.
It should also be mentioned that even though Denmark has no phthal-
ate production as a raw material and also has one of the strictest regu-
latory standards for these compounds, there is still a certain level of
childhood exposure to these chemicals. Children can be exposed to
phthalates from other consumer products which are not covered by
existing regulations, e.g. furniture, building and car interiors, textiles
and footwear. Phthalates in recycled plastics or imported products can
be other sources of exposure not currently regulated adequately under
REACH. Even though introducing stricter regulation for a specific item
might reduce the exposure from that source, e.g. reduced phthalate
concentrations in food after regulations on food packaging (‘Supporting
information’, Fig. 1), it should also be considered that intensity of
consumption may offset or even overrule the impact of regulations. In
principle, even cutting the levels set by regulatory standards by 50%
would not reduce the total exposure if twice the amount of the relevant
products was consumed. The reasons outlined here may explain why
children in developed countries like Denmark without facilities
manufacturing the raw material and possibly polluting the local envi-
ronment are still exposed to these endocrine disrupting chemicals.
However, we should also consider the differences in indirect exposure
in different countries which children are exposed to, regardless of
their consumer habits. People may attempt to reduce exposure from
consumer products by avoiding the use of products containing high
levels of phthalates or phthalates prone to migration. On the other
hand, exposure via the environment and foods, evaluated in ESA of
this study, is more difficult to avoid at the individual level because
these pathways are inherently related to the quality of the local
environmental and food. As shown in this study, this might present an
additional burden for children in developing countries like Korea,
which has both manufacturing facilities and a trend of increasing prod-
uct consumption. It should also be considered that only the risk of three
well known, widely studied and regulated endocrine disrupting
chemicals, i.e. DEHP, DBP, and BBP, is evaluated in this study. Consider-
ing additional risks from other chemicals with similar health effects
such as pesticides andother plasticizers, the cumulative risks to children
will be higher.

The results in the present study support the need for a systemic
approach taking the life-cycle of substances into consideration, linking
chemical management tools in different fields. In order to protect
human health from the cumulative risks of these anti-androgenic
phthalates, not only stricter regulation of manufacturing and products
such as by way of REACH is required, but also development and
strengthening of other management tools such as environmental stan-
dards, waste management and clean technology to make material
flows as circular as possible. Moreover, it is also important that systems
to certify the quality of recycled material are established to ensure the
safety of using recycledmaterial in relation to humanhealth and the en-
vironment. Finally, additional studies about other sources and pathways
of exposure to fill the gap between BCA and ESA are needed to find

efficient tools for chemical management and to reduce the cumulative
risks.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2013.10.020.
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Supplement Figure 1. Phthalate concentrations in food measured before and after 2007  

Supplement Figure 1a. DEHP concentration in food items (µg/kg food) 

 

  * In Wormuth et al. (2006), DEHP concentration in condiments and sauces was 1299 µg/kg. 

 

Supplement Figure 1b. DBP concentration in food items (µg/kg food) 

 

 * In Wormuth et al. (2006), DBP concentration in condiments and sauces, snacks, and cereals and cereal products were 219, 269 

and 3747 (µg/kg) respectively. 



Supplement Figure 1c. BBP concentration in food items (µg/kg food) 

 

 

 * In Wormuth et al. (2006), BBP concentration in condiments and sauces was 209 µg/kg. 

 



Supplement Table 1a. DEHP, DnBP and BBP metabolite concentrations in children’s urine 

Reference Age n 
Sampling 

year 
Unit 

DEHP   DBP   BBzP 

5OH MEHP 
 

5 oxo MEHP 
 

MnBP 
 

MBzP 

GM 50th 95th max   GM 50th 95th max   GM 50th 95th max   GM 50th 95th max 

Korea 
                      

  

KNIER (2012) 2 99 2011 µg/l 76.1
1)

 
    

57.5
1)

 
    

144.42
1)

 
    

   
  

  3 111 2011 µg/l 68.2
1)

 
    

53.9
1)

 
    

127.62
1)

 
    

   
  

  
                   

   
  

KNIER (2012) 2 408 2012 µg/l 54.1
1)

 
    

41.8
1)

 
    

98.4
1)

 
    

   
  

  3 450 2012 
 

58.3
1)

 
    

46.0
1)

 
    

99.8
1)

 
    

   
  

  
                   

   
  

KNIER (2012) 2 417 2011-12 µg/l 54.1
1)

 39.0 142.9 529 
 

41.8
1)

 31.0 113.4 235 
 

97.4
1)

 73.5 300.2 926 
 

   
  

  
 

417 2011-12 µg/cre
7)

 95.8
1)

 74.9 228.9 765 
 

73.8
1)

 60.2 170.6 500 
 

163.1
1)

 136.2 405.3 716 
 

   
  

  
                   

   
  

KMOE (2009) 1.8 18 2009 µg/g cre
7)

 
                

59.9 
 

1519 

  
                      

  

Kho et al. (2008) 6 to 10 60 2007 µg/g cre
7)

 79.8 
  

793 
 

80.6 

 
 

759 
 

139.8 
  

5233 
    

  

  
          

 
           

  

Denmark 
                      

  

Boas (2010) 
4 to 9, 
boys 

503 2006-7 µg/l 33.2 37.0 
 

1718 
 

17.0 19.0 
 

656 
 

1242) 1302) 
 

64572) 
 

2.8 17.0 
 

4548 

  
4 to 9, 

girls 
342 

 
µg/l 28.0 31.0 

 
1672 

 
15.0 16.0 

 
734 

 
1142) 1212) 

 
12172) 

 
0.5 12.0 

 
272 

  
                       

  
4 to 9, 
boys 

503 
 

µg/g cre7) 53.0 52.0 
 

1818 
 

27.0 26.0 
 

794 
 

1992) 1912) 
 

49402) 
 

25.0 26.0 
 

2916 

  
4 to 9, 

girls 
342 

 
µg/g cre7) 55.0 52.0 

 
1220 

 
29.0 28.0 

 
536 

 
2212) 2272) 

 
13652) 

 
22.0 20.0 

 
474 

  
                       

Frederiksen (2013) 6 to 11 143 2011 µg/l 321) 23.0 89 347 
 

161) 12.0 40 258 
 

391) 32.0 99 144 
 

111) 7.0 31 104 

  
                      

  

Norway 
                      

  

Bertelsen (2013) 10 623 2001-4 µg/l 78.6 76.6 293.6 1770 
 

49.8 49.7 183 1220 
 

138.8 138.0 377 1480 
 

30.7 29.3 129 6710 

  
                      

  

USA 
                      

  

CDC (2009) 6 to 11 342 2003-4 µg/l 36.9 36.5 318 
  

25.1 25.8 197 
  

36.3 36.7 191 
  

33.9 35.0 255   

  
   

µg/g cre7) 39.0 36.6 211 
  

26.6 25.3 121 
  

38.4 39.0 137 
  

35.8 32.2 229   

  
                      

  

Spain 
                      

  

Cacas et al. (2011) 4 19 2004-6 µg/l  
 

57.4 
    

44.6 
    

30.2 
    

33.0 
 

  

  
                      

  

Taiwan 
                      

  

Lin et al. (2011) 2 to 3 30 2003-4 µg/l 48.2 48.2 
 

1014 
 

39.6 38.6 
 

761 
 

100.4 105.7 
 

368 
 

3.4 3.9 
 

69 

   
µg/g cre7) 140.4 150.9 

 
7306 

 
116.3 114.3 

 
5480 

 
332.0 314.0 

 
1929 

 
10.9 11.3 

 
78 

5 to 6 59 2006-7 µg/l 36.4 31.0 
 

944 
 

28.3 23.4 
 

623 
 

75.1 70.2 
 

16455 
 

3.6 3.7 
 

43 

   
µg/g cre7) 82.2 69.1 

 
2607 

 
63.9 58.7 

 
1207 

 
169.5 154.5 

 
168 

 
8.2 7.6 

 
79 

  
                      

  

Germany 
                      

  

Becker et al. (2009) 3 to 5 137 2007-8 µg/l 51.1 51.7 201 363 
 

38.3 37.9 146 288 
 

102.0 100.0 364 1090 
 

18.8 19.7 73 468 

6 to 8 145 
 

µg/l 54.3 51.3 194 3640 
 

42.3 41.7 156 2490 
 

102.0 101.0 319 1020 
 

16.4 18.2 76 167 

9 to 11 149 
 

µg/l 44.9 45.9 136 477 
 

35.1 38.5 100 328 
 

92.5 92.2 281 458 
 

17.2 16.0 85 154 

  
                      

  

  
                      

  



Becker et al. (2004) 
& Koch et al. (2007) 

2 to 43) 31 2001-2 µg/l 56.7 54.3 237 2590 
 

42.8 44.4 180 1420 
  

170 701 
   

22.3 75   

5 to 64) 46 
 

µg/l 62.6 64.9 138 269 
 

48.4 46.7 103 196 
  

162 420 
   

18.3 74   

7 to 85) 53 
 

µg/l 53.5 51.1 179 320 
 

41.6 40.1 128 290 
  

158 775 
   

22.4 92   

9 to 116) 56 
 

µg/l 54.6 55.6 216 1060 
 

41.5 44.8 145 701 
  

187 611 
   

17.7 187   

  
                      

  

Koch et al. (2004; 
2005) 

2 to 6 36 2003 µg/l   49.6 107       33.8 71       139.0 458       22.1 115   

                        

Koch et al. (2011) 5 to 6 111 2007 µg/l 17.8 17.4 86.1 311  14.7 15.1 71.1 214  32.6 36.8 156 341  5.3 7.2 93.7 298 
 

1) Arithmetic mean concentrations 

2) Sum of MnBP and MiBP 

3) For DEHP metabolites, the age is 3 to 5 and N = 55. 

4) For DEHP metabolites, the age is 6 to 7 and N = 50. 

5) For DEHP metabolites, the age is 8 to 10 and N=39. 

6) For DEHP metabolites, the age is 11 to 12 and N=58. 

7) µg/g cre: µg/g creatinine 

 

 

  



 

Supplement Table 1b. GM (or median), 95% CI of urinary phthalate concentrations of young children and results of the linearity test and z-test comparing the 

means between the youngest age-group and the other age groups  

 

Phthalates Study Age n Sampling year Unit GM 95% CI 
 Linearity test  z-test 

Slope r
2
 

 
P

1)
 

DEHP 
(5OH-MEHP) 

              

Becker  
(2004) 

3 to 5 55 

2001-2 
ug/l 

 

56.7 43.6 - 73.8  

-1.5 0.24 

  
6 to 7 50 62.6 54 - 72.6  

 
0.44 

8 to 10 39 53.5 43.3 - 66.1  
 

0.47 

11 to 12 59 54.6 43.1 - 69.2  
 

0.48 

         
   

  

Becker  
(2009) 

3 to 5 137 

2007-8 ug/l 

51.1 45.2 - 57.7  

-3.1 0.42 
  

6 to 8 145 54.3 47.8 - 61.6  
 

0.45 

9 to 11 149 44.9 40.1 - 50.4  
 

0.39 

DEHP 
 (5oxo-MEHP) 

         
   

  

Becker  
(2004) 

3 to 5 55 

2001-2 ug/l 

42.8 32.4 - 56.7  

-1.1 0.18 

  
6 to 7 50 48.4 42 - 55.7  

 
0.42 

8 to 10 39 41.6 33.6 - 51.4  
 

0.48 

11 to 12 58 41.5 33.2 - 51.9  
 

0.48 

         
   

  

Becker  
(2009) 

3 to 5 137 

2007-8 ug/l 

38.3 33.9 - 43.4  

-1.6 0.20 
  

6 to 8 145 42.3 37.3 - 48  
 

0.42 

9 to 11 149 35.1 31.3 - 39.3  
 

0.43 

DBP 
(MnBP) 

         
   

  
Becker  
(2009) 

3 to 5 137 
2007-8 ug/l 

102 90.2 - 116  
-4.8 0.75 

  
6 to 8 145 102 90.9 - 115  

 
0.50 

9 to 11 149 92.5 83.4 - 103  
 

0.42 

         
   

  

Kock  
(2007) 

2 to 4 31 

2001-2 
ug/l 

(ug/g cre) 

170 (244)2)     
4.7  

(-39) 
0.22 

(0.82) 

  
5 to 6 46 162 (151) 2)     

  
7 to 8 53 158 (149) 2)       

9 to 11 56 187 (115) 2)     
  

BBP 
(MBzP) 

 
 

         
   

  
Becker  
(2009) 

3 to 5 137 
2007-8 ug/l 

18.8 15.8 - 22.3  
-0.8 0.42 

  
6 to 8 145 16.4 14.2 - 18.9  

 
0.40 

9 to 11 149 17.2 15 - 19.6  
 

0.44 

         
   

  

Kock  
(2007) 

2 to 4 31 

2001-2 
ug/l 

(ug/g cre) 

22.3 (22.3) 2)     
-0.97 
(-3.9) 

0.24 
(0.85) 

  
5 to 6 46 18.3 (15.9) 2)     

 
 

7 to 8 53 22.4 (16.9) 2)     
 

 
 9 to 11 56 17.7 (8.99) 2)       

1) According to the one-way z-test compared with 3 to 5-year-old children, performed with log transformation using the Microsoft Excel program  

2) Median concentration    
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The present study aims to investigate how resource strategies, which intend to reduce waste and increase
recycling, influence on human exposure to hazardous chemicals from material recycling. In order to examine
the flows of hazardous chemicals in recycled material, a mass flow analysis of plastics and paper at European
level, including the flow of phthalates, i.e. di(2-ethylhexyl) phthalate (DEHP), di-n-butyl phthalate (DBP), and
benzyl-butyl phthalate (BBP), has been performed. The result for the year 2012 shows that 26% of plastic wastes
and 60% of paper consumed in Europe were recycled. This corresponds to the finding that approximately 4% of
DEHP and BBP and 18% of DBP annual demands in Europe as raw material re-enter the product cycle with
recycled plastics and paper. To examine the potential contribution of the phthalate exposure through recycled
plastics and paper, a case study assessing the childhood exposures to phthalates from foods packed in recycled
paper and plastics has been performed for 2-year-old children in Denmark. The result verifies that an increase
in recycled paperboard and PET bottles in food packaging material causes a significant increase in childhood ex-
posure to DBP corresponding to an additional exposure of 0.116–0.355 μg/kg bw/day; up to 18% of the total DBP
exposure in Danish 2-year-olds. While most of the DEHP exposure can be explained, more than 50% of DBP and
70% of BBP exposure sources still remain to be identified. Finally, a conceptual framework for a circular economy
based on sustainable and clean resourceflows is proposed in order to increasematerial recyclingwithout increas-
ing adverse health effects.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Since the Industrial Revolution, industries and markets have been
adapted to a linearmodel of resource use because it was cheaper to dis-
card than to reuse or recycle (Green Alliance, 2013). This practice led to
a continuous increase of material extraction from the earth, resulting in
accumulations of anthropogenic materials particularly in urban areas
with increased amount of waste and emission flows to the environment
(Kral et al., 2013; UNEP, 2011). This development has caused two main
problems: a decrease of natural resources available to use and an in-
crease of wastes and pollutants harmful to human health and the eco-
system (Lee et al., 2013). Rockström et al. (2009) proposed the
concept “planetary boundary” which is defined as the safe operating
space for humanity with respect to the functioning of the Earth system
to avoid unacceptable global environmental change. The parameters
such as atmospheric carbon dioxide concentration (for climate change)
and amount of nitrogen removed from the atmosphere for human use
(for the nitrogen cycle) are already beyond the boundary level

(Rockström et al., 2009). The threshold for the ‘chemical pollution’ cat-
egory is not defined due to the complex mechanisms and effects of
chemicals and the lack of aggregate scientific knowledge within this
field. However, Rockström et al. (2009) suggested examples of criteria
in the ‘chemical pollution’ category, e.g. the amount emitted to the en-
vironment, or concentration of pollutants such as persistent organic
pollutants (POPs), plastics, endocrine disruptors, heavy metals, and nu-
clear wastes which can cause reduced or failed reproduction, neurobe-
havioral deficits, or compromised immune systems.

In the light of an increased scarcity in fossil resources, our society is
in theprocess of trying tomove towards a transformation into a lowcar-
bon society which manages resources in a more sustainable way (EC,
2005). Such a society would be characterized by the ability to preserve
the natural stock and reduce the negative environmental impacts asso-
ciatedwith linear resource use andwaste production (Cradle-to-Grave)
below the ecologically acceptable level (Boriani et al., 2013; Thomsen
et al., 2012), requiring industries andmarkets to shift from linear to cir-
cular resource flows (Kral et al., 2013). For instance, the European
Commission's Manifesto for a Resource Efficient Europe (EC, 2012a)
starts with the following statement: “In a worldwith growing pressures
on resources and the environment, the EUhas no choice but to go for the
transition to a resource-efficient and ultimately regenerative circular
economy”. In order to foster the transition into a circular economy,
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governments and international organizations have been developing re-
source strategies for wastemanagement: based on reducingwaste gen-
eration, closing the loop of material use by recycling waste as a resource
(Cradle-to-Cradle), and increasing green product production (Danish
Government, 2013; EC, 2011a). Several regulatory and management
instruments have been adopted with the aim to improve circular
resource flows (EEA, 2011; Lee et al., 2013). In Europe, the Waste
Framework Directive prioritizes waste prevention and recycling
to disposal and provides end-of-waste criteria specifying when certain
type of waste ceases to be waste and obtains a status of a product
or a secondary raw material (EC, 2008a). The Waste Framework Direc-
tive has been translated into national resource strategies and action
plans in the Member States, e.g. in 2013, the Danish Government an-
nounced a National resource strategy aiming to create a zero-waste so-
ciety with more recycling and less incineration (Danish Government,
2013).

However, most of resourcemanagement policies and regulations for
a circular economy are focusing on increasing the recycling rate rather
than securing the quality of products made from recycled material. In
this case, some resources with low quality, e.g. products including im-
purities which have adverse health effects, may undergo a recycling
process and be included in recycled products with unpredictable and
not foreseen health and safety problems (Biliterwski and Grundmann,
2012). This means that without proper tools to control the quality of
material flows, risk can also be “cycled” in a circular economy
(Biliterwski and Grundmann, 2012; Kral et al., 2013).

Considering the quality of material flows, the EU chemical manage-
ment regulation, i.e. Regulation concerning the Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH), is a general tool to
assure the quality of chemical contents in products (EC, 2006; Lahl and
Lahl, 2013) besides specific product regulations, e.g. medical products,
cosmetics, and food contact materials (EC, 2004, 2009b, 2011b,
2012b). However, in this transition period from conventional to green
and cleaner production, the role of REACH in a circular economy, as an
instrument for the valuation of the quality of material flows, is not
very clear (JRC, 2013; Lee et al., 2013). According to REACH Article 2.2,
waste is excluded from the scope of REACH. However, when waste
ceases to be waste according to the end-of-waste criteria, the exemp-
tion under Article 2.2 does not apply anymore and the recovered mate-
rial has to follow REACH requirements. Recovered substances, which
have been registered already and which are recovered in the
European Community, are exempted from the registration if they are
identical with the previously registered substances and if the informa-
tion required by Article 31 or 32 such as hazard identification and toxi-
cological information is available (Art. 2.7.d). However, recovered
substances might also include other substances as impurities such as
flame retardants and phthalates in plastics. Under REACH, substances
are regarded as identical where the main constituent makes up 80% or
more of the recyclate, meaning that up to 20% impurities can be accept-
ed (ECHA, 2012a, 2012b). This implies that micro-contaminants such as
phthalates in recycled plasticswhich can constitute an additional source
of exposure are exempted from REACH when they comprise less than
20% of the recyclate (UBA, 2012). Situations like this define the future
“risk cycle” as Biliterwski and Grundmann (2012) highlighted, i.e. risk
of increased inflow of recycled material containing unregulated micro-
contaminants which will ultimately degrade the quality of the environ-
ment and constitute a threat towards future ecosystem services and
human health. In this regard, a systematic analysis on the aggregate
health impact of current and future resource flows is needed to uncover
the gaps in policies and regulations and to secure environmental protec-
tion and human healthwhile moving towards the circular economy in a
zero waste society (Lee et al., 2013).

One of the good examples of how the risk cycle works is regarding
unwanted phthalates such as di(2-ethylhexyl) phthalate (DEHP), di-n-
butyl phthalate (DBP), benzyl-butyl phthalate (BBP) AND Diisobutyl
phthalate (DiBP) in recycled plastics and paper. These phthalates have

been widely used to make plastic soft and flexible and also other appli-
cations such as coatings, adhesives and sealants (ECPI, 2014). As several
adverse health effects, e.g. toxic effects on liver, kidney and reproductive
system, have been reported, these four phthalates have been classified
as substances of very high concern (SVHC) and subject to authorization
if they are used more than 0.1% by weight (REACH Annex XIV). DEHP,
DBP and BBP are also restricted regarding the use in toys and childcare
articles at levels above 0.1% byweight, i.e. 1000 mg/kg, of theplasticized
material by Annex XVII (EC, 2006). However, recycled materials are
privileged in REACH as recovered substances can be exempted from
registration if at least 80% of themain constituent is the same as the sub-
stance that has been registered and if the information about this sub-
stance is available. This means that the remaining 20% is regarded as
impurities regardless of their origin and the substances in this impurity
can be recycled without registration under REACH (UBA, 2012). As a re-
sult, there is a possibility that phthalates in plastics and paper can re-
enterwithout registration to the product cycle with the flow of recycled
plastics and paper. As such, there is no specific guidance for assessing
the risk potential of contaminants in recycled materials. In addition, as
REACH only regulates DEHP, DBP and BBP for the use in toys and
childcare articles, there is a possibility that other products which chil-
dren are in contact with and use in their daily life, e.g. PVC flooring, out-
door furniture, car interior, and children's play equipment, still can
contain these phthalates.

This paper is a follow up study of Lee et al. (2014) which proved the
gaps between scenario-based exposure estimation, i.e. bymodeling, and
real exposure levels, i.e. by back-calculating frombiomonitoring data for
childhood phthalate exposure. Lee et al. (2014) showed that while all of
the DEHP exposure to Danish 2-year-old children back-calculated from
biomonitoring data can be explained by the scenario-based modeling,
the scenario-based estimation only covers 22–25% of DBP and BBP ex-
posure levels deduced from phthalate concentrations in children's
urine; meaning that the rest of DBP and BBP exposure is from unknown
sources. Recycled products which are based on secondary rawmaterials
of low quality, with lack of quality control, can be one of the explana-
tions for the gaps between estimated and real exposure levels (Lee
et al., 2014). The present study aims to investigate how resource strate-
gies influence on human exposure to hazardous chemicals frommateri-
al recycling, exemplified by the four above mentioned anti-androgenic
phthalates, i.e. DEHP, DBP, BBP and DiBP. First, in order to examine the
flow of phthalates in circular resource flows, the mass flow analysis of
plastics and paper at European level, including the flow of three
phthalates, i.e. DEHP, DBP, and BBP, has been performed (Section 3.1).
The flow of phthalates, being included in recycled material and re-
entering the product cycle, represents a potential additional source of
exposure thereby explaining the existing gaps between scenario esti-
mation and biomonitored exposure levels in Lee et al. (2014). However,
because of the lack of political and scientific attention on the possible re-
entering of pollutants with material recycling, not many studies have
been performed on the concentration of phthalates in products made
from recycled plastics and paper. In order to demonstrate whether
recycledmaterial flows constitute an additional source of childhood ex-
posure, the available data on phthalate concentrations in foods packed
in recycled paper and plastics have been reviewed and the additional
phthalates exposures via these foods to children in Denmark have
been assessed as a case study (Section 3.2). Finally, a conceptual frame-
work is proposed for a circular economy based on sustainable and clean
resource flows (Section 4).

2. Methodology

2.1. Mass flow analysis

In order to analyze the flow of phthalates in circular resource flows,
the flows and stocks of plastics and paper in Europe were modeled in-
cluding the flow of three phthalates, i.e. DEHP, DBP, and BBP, in plastics

313J. Lee et al. / Environment International 73 (2014) 312–322



and paper. The material and substance flow modeling were performed
using STAN 2 software developed and published by the Institute for
Water Quality, Resource and Waste Management at Vienna University
of Technology (free download from www.stan2web.net).

2.1.1. Modeling a system
The twomass flowmodels were developed in this study; i.e. one for

the plastic and one for paper resource flow (Supporting information
Figs. 1 and 2). Each model is designed to analyze the flow of two layers:
goods (plastic or paper) and substances (DEHP, DBP and BBP in plastics
or paper). The functional unit is ‘ton/year’. The first layer models the
flow of goods from the life cycle perspective including production, con-
sumption, waste treatment, and recycling, i.e. “cradle to cradle”. The
second layer quantifies the flow of phthalates in plastic and paper prod-
ucts. This will show the flows of micro-contaminants in a circular econ-
omy and the possible additional exposure sources of phthalates from
green production, i.e. using recycled material, according to the fate of
phthalates and the resulting up-cycling and down-cycling of secondary
material flows.

The system boundary of the plastic resource flow model comprises
the EU-27 plus Norway and Switzerland based on the available data
on European statistics on plastics (PlasticsEurope et al., 2013). The
model consists of five application categories, i.e. packaging, building
and construction, automotive industry, electrical and electronics, and
other uses including agriculture, furniture, toys, and sport. After use,
the post-consumer plastic wastes are collected according to these five
product categories. For the mass balance of the system, the difference
of masses between post-consumer waste and plastic demand of each
product category was assumed as increased stocks of the product, or
substance, in the anthroposphere. After collection, wastes are landfilled
(disposal), used as fuel for generating energy (energy recovery), or
recycled as secondary material (material recycling). Part of the plastic
wastes collected for material recycling is exported outside Europe
(export; exit the system) and another part is sent for recovery
(recycling process). Because of the efficiency of this process, only part
of the input is recycled and reenters the material flows as secondary
raw material. Another part is sent to either incinerators or landfills.
When incinerated, plastics are decomposed as chemical bonds in plas-
tics are broken down. For balancing the mass flow within the system
boundary, the flow of plastics used for energy recovery was assumed
to leave the system boundary (combusted; exit the system) and the
flow of plastics sent to landfills was assumed as increased stocks in
the system.

The system boundary of the paper resource flow model comprises
18 European countries, i.e. the members of the Confederation of
European Paper Industries (CEPI) representing 95% of the European
pulp and paper industry in terms of production (CEPI, 2013). In the
case of paper, no differentiation in product categories, e.g. newspapers,
paperboard and others, were introduced. Likewise, there was no data
available on the specific amount of recycled paper used for food packag-
ing materials. Therefore the model included only one bulk category of
products in layer one. Paper produced in Europe is either exported out-
side Europe (exit the system) or consumed in Europe (stays in the
system). Europe also imports paper from outside for consumer use
(enter the system). After use, part of thewaste is not collected formate-
rial recycling (exit the system). Paper waste collected for material
recycling is either exported for recycling outside Europe (exit the
system) or recycled inside Europe and used for paper production.
Europe also imports paper wastes for recycling (enter the system). It
was assumed that there is no change in the stock of paper; therefore
the sum of inflows to the system is the same as the sum of outflows of
the system.

The flow of phthalates in recycled plastics and paper represents the
additional sources for near field exposure: direct exposure from using
consumer products made from secondary material and indirect expo-
sure from food and indoor environment. The flow of phthalates in

landfilled or incineratedwastes constitutes the sources to indirect expo-
sure via outdoor environment and food and is not addressed any further
in the present study (see ‘Supporting information’ Figs. 1 and 2).

2.1.2. Input data
Input data for mass flow analysis of plastics were based on

PlasticsEurope et al. (2013)which includes thedata of Europeanplastics
industry including plastic producers, converters and plastic machinery
sector. In 2012, 45.9 million tons of plastics were demanded by con-
verters in Europe: 39.4% for packaging, 20.3% for building and construc-
tion, 8.2% for automotive, 5.5% for electrical and electronics and 26.6%
for other applications (PlasticsEurope et al., 2013). For the amount of
post-consumer plastic wastes andmaterial recycled plastics, the newest
data available from 2010were used to model the re-enter of phthalates
in the product cycle (JRC, 2013). As the amount of total plastic waste
was increased from 24.7 million tons in 2010 to 25.2 million tons in
2012, the ratio of 1.02 was multiplied to the post-consumer wastes
from each product category in 2010. In addition, the total material
recycling rate of plastics increased from 24.0% in 2010 to 26.3% in
2012 (JRC, 2013; PlasticsEurope et al., 2013). Therefore, this increased
total recycling rate was applied to calculate the material recycling rate
of each product category in 2012 resulting in 35.1% for packaging,
21.8% for building and construction, 11.4% for automotive, 12.6% for
electrical and electronics and 7.8% for other applications. In order to cal-
culate the rate of post-consumer plastic wastes sent to disposal or used
for energy recovery from each product category, the ratio between the
total amounts of plastics in 2012, i.e. 9.6 million tons to landfill and
8.9 million tons for energy recovery (PlasticsEurope et al., 2013), was
applied to the rest of wastes from each product category. After being
collected for material recycling, about 2.0–3.5 million tons of the plastic
wastes are reported to be exported outside Europe in 2012 but the re-
ported data available is incomplete (BIO IS., 2013). Therefore, it was as-
sumed that half of the wastes collected for material recycling were
exported outside Europe and another half was recycled within Europe.
Additionally, among the plasticwaste entering to the ‘Recycling process’
in Europe, 60% is upcycled for reuse while 40% is sent to energy recov-
ery, reuse by other industries or landfilled (BIO IS., 2013). In this
study, for the 40%, it was assumed that half of it is sent to combustion
with energy recovery and another half is landfilled.

Input data for themassflowanalysis of paperwere based on the data
from CEPI (2013). In 2012, 92.1 million tons of paper and board were
produced in Europe; 42.3 million tons from virgin pulp and
46.8 million tons from recycling. Among these, 19.9 million tons of
paper products were exported outside Europe and 5.2 million tons
were imported to Europe. Therefore, 77.4 million tons of paper and
board were consumed in Europe for e.g. newsprint, packaging, and tis-
sues. After use, 55.7 million tons of paper wastes were collected of
which 46.8 million tons were recycled.

For phthalates in plastics and paper, the input data were assumed
based on Eurostat Prodcom Annual Data for 2012 (Eurostat, 2014) and
three reports which were prepared to provide the European Chemicals
Agency (ECHA) with information on manufacture, import, export, uses
and releases of DEHP, DBP and BBP based on the data of 2007 (COWI
A/S et al., 2009a, 2009b, 2009c). In Eurostat, DEHP and DBP are included
in the trade statistics in the commodity group “Dibutyl & dioctyl
orthophthalate (PRODCOM code no. 20143410)” which may also in-
clude DIOP (diisooctyl phthalate) and DiBP (di-isobutyl phthalate); no
data are available on the distribution among those substances. The
production of PRODCOM code no. 20143410 has decreased from
384,782 tons in 2007 to 123,551 tons in 2012. Therefore, the ratio of
0.32 for the total production between 2007 and 2012 was applied to
the European manufacture data in 2007, i.e. 282,900 tons of DEHP and
8280 tons of DBP (COWI A/S et al., 2009a, 2009b), resulting in estimated
amounts of 90,528 tons DEHP and 2650 tons DBP produced for the year
2012. BBP is included in the Eurostat trade statistics in the commodity
group “Other esters or orthophthalic acid (PRODCOM code no.
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20143420)”. The sold volume of this phthalate group decreased from
2007 to 2009 but slightly increased after then. As BBP accounts for
only a small part of the commodity group “Other esters or orthophthalic
acid” (COWI A/S et al., 2009c), the Eurostat data do not provide detailed
information on the specific data for BBP. However, like DEHP and DBP,
the demand for BBP has also been steadily shifting to non-CMR
phthalates. Moreover, no application for authorization for BBP has
been submitted to ECHA, so the use in the EU will be phased out by
the sunset date i.e. Feb 21st 2015 (ECPI, 2014). Therefore, it was as-
sumed that the trend of decreased BBP production is similar to DEHP
and DBP, and the same ratio 0.32 was applied to the data from 2007
(COWI A/S et al., 2009c) to obtain an estimated produced amount of
2560 tons BBP in 2012.No information about thedistributional amounts
of each phthalate among end-product categories exists. However, data
on the amounts of phthalates used in differentmanufacturing processes
were provided, e.g. calendaring of film, cables, adhesives, lacquers, and
printing ink, and were used to allocate phthalates re-entering the prod-
uct cycle (COWI A/S et al., 2009a, 2009b, 2009c). Detailed information
on the distribution of the three phthalates in five application categories
is provided in ‘Supporting information’, Tables 1a to 1c.

2.2. Scenario based exposure assessment

The additional childhood exposure to phthalates from products pro-
duced from recycled plastic and paper and their contribution to the
identified gaps between the back-calculated exposure level and the
scenario-based estimation were assessed using the equations for expo-
sure calculation and physiological parameters of 2-year-old children in
Denmark as described in detail in Lee et al. (2014). Daily intake of
phthalates from food ingestion was calculated based on the following
equation:

D ¼
X

Ci � IRi=BWð Þ � rabsorp � CF ð1Þ

where: D is the oral internal exposure per body weight per day
(μg/kg bw/day), Ci is the phthalate concentration in the food item i
(μg/kg), IRi is children's daily intake rate of the food item i (g/day),
BW is body weight (kg), rabsorp is the internal absorption fraction for
each phthalate, and CF is the conversion factor of 1/1000. In this

study, as is used in risk assessments by the European Chemicals Agency
(ECHA, 2012c), 100% of the internal absorption fractions (rabsorp) were
applied for the four phthalates. Regarding body weight of Danish 2-
year-olds, the data from Nielsen et al. (2010) was used: 13.9 kg with
the standard deviation of 1.59.

The general procedure used to estimate childhood phthalate expo-
sure from food includes the following steps: determining concentra-
tions of the phthalates in each food item and assigning an intake rate
for each item. However, data on the phthalate concentrations in food
items are scarce and even less data about phthalate concentrations in
food packed in recycled material have been documented. Therefore,
with a Belgianmarket survey (Fierens et al., 2012) on phthalate concen-
trations in a wide variety of food items as reference scenario (Lee et al.,
2014), data from recent studies by Gärtner et al. (2009) and Keresztes
et al. (2013) on phthalates in cereal products, baby food, and beverage
packed in recycled material were used to derive input data for demon-
strating the additional exposure from phthalates in recycled paper and
plastics. The phthalate concentrations in each food item and intake
rates, used for the exposure estimates, are summarized in Table 1 and
discussed below.

Gärtner et al. (2009) measured DEHP, DBP, BBP and DiBP concentra-
tions in 20 infant food samples packed in recycled paperboard con-
tainers purchased from retail stores in Berlin; 4 milk powders, 7 cereal
flakes, and 9 semolina powders. In this study, the data from 3 semolina
powder and 7 cereal flakes were used as the mean and standard devia-
tion of cereal and cereal products in recycled paper and the data from 4
milk powders and 6 semolina/milk powderswere used as themean and
standard deviation of milk powder in recycled paper. All the BBP con-
centrations from Gärtner et al. (2009) were lower than the limit of
quantification (LOQ). Therefore, the BBP concentrations from Fierens
et al. (2012) were applied for cereal products and baby food in both
the reference and recycling scenarios as described in the section
below. Regarding beverage, Keresztes et al. (2013) measured DEHP,
DBP, BBP, and DiBP concentrations from mineral water bottled in PET
containers purchased from supermarkets in Hungary. Among three
brands shown in Keresztes et al. (2013), the data from two companies,
i.e. brands B and C using 20–30% of recycled PET flakes in production of
their PET containers,were used in this study.Monitoringdata fromnon-
carbonatedmineralwater samples bottled in 0.5 L PET containers stored

Table 1
Input data for Monte Carlo simulations: phthalate concentrations (μg/kg) and intake rate (g/day) of food items in Denmark (Sources: see text).

Food items Concentrations in food (μg/kg) Food intake rate
(g/day)

DEHP DBP DiBP BBP

Mean SD Mean SD Mean SD Mean SD

Fruits and vegetablesa 8.17 222.21 2.17 1.73 1.36 1.24 0.42 1.69 264.97
Milk and dairy productsa 45.43 59.74 3.30 4.34 4.81 8.34 0.25 0.55 489.59
Cereals and cereal products

Referencea 91.32 95.84 6.26 5.79 25.19 68.42 1.89 1.45 111.64
In recycled paperb 46.20 27.37 48.90 36.56 447.10 579.45 1.89 1.45

Meat and meat productsa 56.52 44.26 1.92 1.52 2.24 1.14 0.35 1.16 56.23
Fish and fish productsa 196.83 405.22 0.29 0.81 0.45 0.89 0.24 0.54 8.63
Fat and oilsa 149.30 161.06 1.46 21.19 0.84 3.45 31.87 74.77 17.33
Snacksa 43.55 32.24 4.86 5.57 7.06 9.20 0.95 1.16 31.31
Condiments and saucesa 88.54 154.63 5.93 11.05 1.55 11.84 7.75 24.94 8.45
Miscellaneousa 30.71 52.07 4.18 2.98 8.95 22.55 0.96 0.64 30.64
Baby food (milk powder)
Referencea 23.30 8.12 2.09 2.63 3.13 1.82 2.54 1.73 26.50
In recycled paperb 62.10 25.60 23.70 12.26 16.68 18.03 2.54 1.73

Baby food (except milk powder)a 23.30 8.12 2.09 2.63 3.13 1.82 2.54 1.73 26.50
Beverages

Referencea 0.28 0.72 0.15 0.18 0.15 0.17 0.14 0.15 657.33
In recycled PETc 1.47 0.95 0.31 0.19 0.10 0.06 0.05 0.02

a Data from Fierens et al. (2012).
b Data from Gärtner et al. (2009).
c Data from Keresztes et al. (2013).
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in 22, 40, 50 and 60 °C for 24 h were used for deriving conservative
measure of the mean and standard deviation of phthalate content in
beverages marketed in recycled PET as they showed higher concentra-
tions than non-carbonated mineral water samples bottled in 2.0 L PET
containers (brand C) over time up to 1283 days (Keresztes et al, 2013).

For food intake rates of Danish 2-year-olds, the data from Lee et al.
(2014) were used for calculation: based on the intake rates from the
European Food Safety Authority's (EFSA) comprehensive European
food consumption database on chronic food consumption statistics
(EFSA, 2011). Regarding milk powder, there were no data available for
specific intake rate of milk powder for 2-year-old children in
Denmark. According to the recommendations for infant nutrition by
Danish national board of health, neither milk powder nor other types
of baby food are recommended for children after 1 year of age to ensure
appetite for a balanced diet (Sundhedsstyrelsen, 2006). As a conserva-
tive estimate, it was assumed that half of the total infant food intake is
milk powder and another half is other types of infant food.

2.2.1. Scenarios to evaluate phthalate exposure due to increased use of
recycled food packaging

One reference scenario and three recycling scenarios were defined
to assess childhood phthalate exposure from recycled food packages.
The reference scenario reflects the current situation (Lee et al., 2014)
and three recycling scenarios, i.e. scenarios R30, R50, and R100, were
based on the assumption of the resource strategy leading to 30, 50, or
100% of packagingmaterial of food items in retail storeswill be replaced
by recycled plastics or recycled paperboard. The reference scenario is
based on Lee et al. (2014), using the data from a Belgian market survey
(Fierens et al., 2012) for phthalate concentrations in food items. In this
survey, no data was available regarding the percentage of food items
packed in recycled material. However, compared to the phthalate con-
centrations of food packed in recycled material from Germany and
Hungary (Biedermann et al., 2013; Gärtner et al., 2009; Keresztes
et al., 2013), the level of phthalates in the same food items in Fierens
et al. (2012) is generally lower than that packaged in recycled material.
The latter verifies the hypothesis of increased levels of phthalates in
food items packed in recycled packaging materials; exemplified by the
food items of cereal products, milk powder and beverages in this case
study. To take into account recycled packaging materials as the sources
to phthalate exposure, Eq. (1) was modified as presented in Eq. (2).

D ¼
X

Ci ref � IRi � 1−Rð Þ=BWf g þ Ci recycle � IRi � R=BW
n oh i

�rabsorp � CF

ð2Þ

where: Ci_ref is the phthalate concentration in food item i from the
reference source (μg/kg), i.e. Fierens et al. (2012), Ci_recycle is the phthal-
ate concentration in food item i in recycled paper or recycled PET, IRi is
children's daily intake rate of food item i (g/day), and R is the rate of
food item i replaced by recycled packaging materials (0 for reference
scenario, 0.3, 0.5 and 1 for scenarios R30, R50 and R100 respectively).
BW, rabsorp, and CF are the same with Eq. (1). For example, the mean
daily intake of DBP from cereal and cereal products in the scenario
R30 for Danish children is calculated as below.

D ¼ 6:26� 111:64� 1− 0:3ð Þ=13:9f g þ 48:9� 111:64� 0:3=13:9f g½ �

�1� 0:001 ¼ 0:154 μg=kg bw=dayð Þ

In order to derive probabilistic exposure estimates for each scenario,
the Monte Carlo method was applied. The calculations were performed
using lognormal distributions for phthalate concentrations in food and
normal distributions for physiological parameters. The Monte Carlo
model was set up to run 10,000 trials assuming independent relation-
ships between the input parameter uncertainty and variability.

It should bementioned that there are several sources of uncertainty.
First of all, because of data availability, only a limited number of food
items in recycled package were included for scenarios R30, R50 and
R100. The food items used in the recycling scenarios, i.e. cereal flakes,
semolina powder, and mineral water, are just parts of “cereal products”
and “beverage” and are not representative for all food items within
these food categories. For example, breads packed in recycled paper or
plastic bags and soda or juices packed in other types of plastic packages
or paper packages coated with plastics were not included. Further re-
search is required to assess how food packed in recycled materials af-
fects the childhood phthalate exposure. Childhood exposure from food
items of high fat content aswell as non-food products based on recycled
paper andplasticsmay constitute additional sources. Therefore, the case
study should be considered only as a demonstration andnot a conserva-
tive, or a complete assessment of phthalate exposure from products
produced from recycled plastic and paper.

3. Results

3.1. The flows of phthalates in plastics and paper in Europe

Detailed information on the results of mass flow analysis of plastics
and paper including phthalates in it is provided in Figs. 1, 2 and
Table 2. ‘Supporting information’ Figs. 3 to 8 also provides the flows of
three phthalates in plastics and paper. Regarding plastics, around
25.2 million tons of plastic waste was generated in Europe, i.e. 55% of
annual plastic consumption. 6.5 million tons of it was collected for ma-
terial recycling, i.e. 14% of European plastic demands and 26% of plastic
wastes. Among these, only 2 million tons of plastic, i.e. 4.3% of total plas-
tic demands, were recycled in Europe while 3.3 million tons of plastic
wastes were exported outside Europe for recycling. In addition,
9.6 million tons of wastes were used for energy recovery and
10.4 million tons were sent to landfill. Regarding paper, under the as-
sumption that there is no stock in the system, i.e. the amount of paper
consumed is the same as the amount of waste generated, 72% of paper
waste was collected for recycling. Finally, 46.8 million tons of paper
was recycled in Europe corresponding to approximately 60.5% of
recycling rate compared to the annual demands.

However, the flows of substances, i.e. phthalates, are different from
the flows of goods, i.e. plastics and paper. As shown in Table 2, the ma-
jority of DEHP demands are used in plastics of the product category
“Others” which includes consumer and household appliances such as
furniture, toys, sport, agriculture, health and safety; followed by “Elec-
trical & Electronics” and “Building & Construction”. Finally, 5706 tons
of DEHP is contained in plastics wastes for material recycling and
among these 1712 tons of DEHP is recycled in Europe. In addition, 196
tons of DEHP is recycled with the flow of paper and among these 165
tons is recycled in Europe. The majority of DBP demand in plastics are
used in “Packaging”; followed by the product category “Others” and
“Building & Construction”. Because of the high recycling rate of plastic
packaging (35%) and papers (60.5%), 406 tons of DBP is contained in
plastics for material recycling and among these 122 tons is recycled in
Europe. Moreover, 225 tons of DBP is recycled with paper and among
these 189 tons is recycled in Europe. The majority of BBP in plastics
are used in “Building & Construction”; followed by the product category
“Others” and “Packaging”. As a result, 120 tons of BBP is contained in
plastics for material recycling and among these 36 tons is recycled in
Europe. In addition, 24 tons of BBP is recycled with paper and among
these 21 tons is recycled in Europe. In total, approximately 4% of DEHP
and BBP and 18% of DBP annual demands in Europe as raw material
re-enter the product cycle with recycled plastics and paper.

Table 2 also shows the average percentages and concentrations of
three phthalates in different product categories of plastics and paper;
calculated by dividing the amounts of phthalates used in products by
the amount of plastics or paper used in the same product category. As
shown in the middle and right columns of Table 2, the average
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percentage and concentration of DEHP in the plastic products are above
the REACH standards, even though existing quality standard on toys and
childcare articles under REACH (EC, 2006) is 0.1% (1000 mg/kg) as the
sum of DEHP, DBP and BBP. In addition, the average concentrations of
DEHP in the waste from the product category Electrical & Electronics
and Others are above the Classification, Labelling and Packaging of sub-
stances and mixtures standard (CLP regulations, EC, 2008b) for being
toxic to reproduction, i.e. 0.3% (3000 mg/kg). Furthermore, the average
content of DEHP in Electrical & Electronics is even higher than 0.5%
(5000 mg/kg) classified as hazardous wastes. Even though the average
concentrations of DBP and BBP in plastics are lower than those of DEHP,
considering the derived no-effect levels of these phthalates (DEHP 34;
DBP 6.7; BBP 500 μg/kg bw/day), the toxic potency of DBP in plastics
and paper is about five times higher than DEHP (ECHA, 2012c, 2013a,
2013b).

3.2. Additional childhood phthalate exposures from food packed in recycled
material

Table 3 shows the daily exposure to DEHP, DBP, DiBP, and BBP from
food in different scenarios for 2-year-old children in Denmark.

For DEHP, there was no significant difference in exposure levels
among four exposure scenarios and even a slight decrease is shown in
scenarios R30 to R100. As can be seen from Table 1, even though
DEHP concentrations of milk powder and water in recycled packages
were higher than those in the reference scenario, the reference scenario
concentration in cereal products (91.32 μg/kg) is higher than that in ce-
real flakes and semolina powder packed in recycled paperboard
(46.2 μg/kg). This indicates that the other sources than recycled packag-
ingmaterial contribute to phthalate concentration, e.g. bread and cakes
with high fat content and prepared under high temperature may indi-
cate an unidentified source to exposure in the reference scenario. The
minus sign in ‘Gap (BCA–ESA)’ for DEHP in Table 3 shows that the
total exposure, back-calculated from urine monitoring data (BCA), is
slightly overestimated by the scenario-based modeling (ESA) in case
of DEHP. Therefore, for DEHP, it was shown that the additional contribu-
tion from food in recycled packagingmaterials in this case studywas in-
significant. Lastly, the Exposure Scenario Approach (ESA) presented in
Lee et al. (2014) seems to be able to capture all main sources to DEHP
exposure in agreementwith thepurpose of the REACHexposure scenar-
io to be conservative to protect human health. For an in depth presenta-
tion of the BCA and ESAmodels and input data uncertainties, the reader
is referred to Lee et al. (2014).

Fig. 2. The flows of paper in Europe. The figure presents the total system of 18 European countries in 2012 (ton/year).

Fig. 1. The flows and stocks of plastics in Europe. The figure presents the total system of EU-27 + Norway + Switzerland in 2012 (ton/year).
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For DBP and DiBP, even though not all food items are considered
in the recycling scenarios, the daily exposure to children increases
as more packaging is replaced by recycled plastics and paper: R100
is the highest followed by R50 and R30. This means that the more
packages for cereals, milk powder and mineral water are replaced
by recycled material, the higher level of these anti-androgenic
phthalate will be exposed to children. However, the increased expo-
sure level in recycling scenarios still does not fill the gap between
BCA and ESA in Lee et al. (2014). The gap of BCA and ESA for DBP is
1.52 μg/kg bw/day and the increased exposure of the scenario R100
compared to the reference scenario is 0.355 μg/kg bw/day, i.e. filling
23% of the total gap. This result strongly indicates that there are ad-
ditional unknown sources of exposure to DBP as discussed in
Section 4.

For BBP, the higher concentrations in drinking water in recycled PET
compared to virgin PET did not result in significant increase in the child-
hood exposure levels among four exposure scenarios. This means that
cereal products and milk powder in recycled paperboard and mineral
water in recycled PET do not change the BBP intake significantly. There-
fore, the gap between the monitored and the estimated exposure, i.e.
0.62 μg/kg bw/day, still remains unidentified.

4. Discussion and conclusion

Based on the assumption that increased material recycling without
regulating micro-contaminants may result in increased cycle of risks
in the anthroposphere, the material flow of anti-androgenic phthalates
in recycled plastics and paper in Europewas analyzed. A demonstration

of additional childhood phthalate exposures due to the consumption of
food packed in recycled paper and plasticswas performed using a prob-
abilistic approach, i.e. the Monte Carlo method. The simulation showed
anevidence of increased exposures toDBP andDiBP in recycledmaterial
used for food packaging under the existing regulatory requirements for
recycling.

The recycle rates of paper and plastics in Europe have increased up
to 60% and 26% respectively in 2012 (CEPI, 2013; PlasticsEurope et al.,
2013) and is expected to increase further as a result of implementing
the European Resource strategy and, e.g., the 2013 Danish resource ac-
tion plan for waste management (DEPA, 2013) and other national
plans.With the present status of the European level of recycledmaterial
flow, around 4 to 18% of DEHP, DBP and BBP re-enter the product cycle
including 2 to 12% of these phthalates re-circulated inside Europe. It
should be mentioned that changes in the assumptions used in the
mass flow analysis, e.g. the fraction of collected plastic wastes sent
back to combustion and landfills, and the distribution of the three
phthalates to plastic and paper product categories, may change the re-
sults of the analysis. Most of the exported plastic wastes for material
recycling go to Asia, especially China. If products using recycled plastics
are imported from Asia into Europe, then the impurities in those
imported productswill re-enter the Europeanmarket, which represents
an example of the “risk cycle” in a globalized economy. Even though
there are several regulations and policy instruments to control the con-
centration of phthalates in products and recycled wastes, it is hard to
say that these regulatory tools are linked or even designed to prevent
the unacceptable level of risks from increased inflow of recycled mate-
rial containing unwanted micro-contaminants, i.e. “risk cycle”. The use
of the above mentioned phthalates is expected to decline after the sun-
set date of 21 February 2015 for the REACH authorization process (EC,
2006). However, a certain percentage of phthalates can stay in the
anthroposphere through material recycling; there might be a lag time
in the circular economy before those target phthalates will be totally
phased out (Biliterwski and Grundmann, 2012). Meanwhile, there will
be no quality standards for substances ‘forbidden’ to be in use, which al-
lows for an uncontrolled circular flow ofmicro-contaminants in “green”
products. At the same time, there will be less monitoring by chemical
management agencies of these substances because, officially, they no
longer exist. A situation like this allows, as presented in this paper, chil-
dren to be re-exposed to hazardous chemicals present within recycled
materials representing a cumulative risk cycle according to the inherent
persistence, bioaccumulation and toxicity potential of the recycled
micro-pollutant mixtures which are not taken into account in existing
regulations. Such phenomena, termed as ‘recognized ignorance’ by
Sørensen et al. (2010), underpin the need for controlling the quality of
recycled material flows to ensure a regenerative economy that does
not pose increased risk towards human health and the environment
due to uncontrolled recycling of hazardous chemicals. In conclusion, a

Table 2
Results of the mass flow analysis of goods (plastics and paper) and substances (DEHP, DBP and BBP) in Europe, 2012.

Plastic and paper demands (tons/yr) Amounts used in products
(tons/yr)

Percentage in products
(%)

Concentration in products
(mg/kg)

DEHP DBP BBP DEHP DBP BBP DEHP DBP BBP

Plastics Total 45,899,949 92,080 2587 2576 0.20 0.01 0.01 2006 56 56
Packaging 18,084,580 7232 1159 122 0.04 0.01 0.00 400 64 7
Building & construction 9,317,690 16,329 204 1890 0.18 0.00 0.02 1753 22 203
Automobiles 3,763,796 2960 179 47 0.08 0.00 0.00 787 47 12
Electrical & electronics 2,524,497 20,144 10 31 0.80 0.00 0.00 7980 4 12
Others 12,209,386 45,414 1035 486 0.37 0.01 0.00 3720 85 40
Recycled plasticsa 1,969,249 1712 122 36 0.09 0.01 0.00 869 62 18

Pape-rs Total 77,364,000 325 372 41 0.00 0.00 0.00 4 5 1
Recycled papera 46,807,000 165 189 21 0.00 0.00 0.00 4 4 0

REACH standards for childcare article (EC, 2006) 0.1 1000
CLP regulation for being classified as toxic to reproduction (EC, 2008c) 0.3 3000
The standards for being classified as hazardous wastes (EC, 2000b) 0.5 5000

a Recycled in the system boundary, i.e. Europe-27 + Norway + Switzerland for plastics and 18 European countries for paper.

Table 3
Childhood daily exposure to DEHP, DBP, DiBP, and BBP from food in different scenarios in
Denmark (μg/kg bw/day).

Scenarios Daily exposure (μg/kg bw/day): median (95 percentile)

DEHP DBP DiBPa BBP

Reference scenariob 2.712 (7.374) 0.218 (0.549) 0.31 (1.269) 0.075 (0.226)
Scenario R30 2.646 (7.171) 0.334 (0.713) 1.063 (4.031) 0.074 (0.224)
Scenario R50 2.601 (7.031) 0.406 (0.867) 1.473 (6.233) 0.072 (0.222)
Scenario R100 2.474 (6.905) 0.573 (1.296) 2.47 (11.83) 0.07 (0.222)
Gap (BCA–ESA)c −0.5 1.52 – 0.62

a The gap between BCA and ESA for DiBP was not able to be performed by Lee et al.
(2014) because there was not enough data available on DiBP concentration measured
from environmental media, e.g. air, soil, and dust.

b Lee et al. (2014) and supplement data (Supplemental calculations for exposure from
food was done by Jihyun Lee).

c The gap between the Back-Calculation Approach (BCA) from biomonitored phthalate
level (from children's urine) and the Exposure Scenario Approach (ESA) including expo-
sure from outdoor and indoor environment (i.e. air, soil, and dust), food (including bever-
age), and a number of consumer products (e.g. sandals, bags, plasticmats, toys). Data from
the last column in Table 8 in Lee et al. (2014).

318 J. Lee et al. / Environment International 73 (2014) 312–322



holistic approach, linking policy tools together, requiring the implemen-
tation of clean technologies to guarantee the quality of recycledmaterial
flows, is important and necessary to secure a future regenerative circu-
lar economy (DEA et al., 2012; Eurostat, 2009).

As shown in Section 3.2, increased use of cereal products, milk pow-
der, and beverages in recycled paperboard and PET bottles can increase
the childhood exposure to DBP and DiBP significantly while there was
no significant change in DEHP and BBP exposure. Parts of the gaps be-
tween back-calculated exposure levels (biomonitored exposure) and
scenario based exposure estimation (BCA–ESA) in Lee et al. (2014)
still remain unidentified even after adding the exposure sources origi-
nating fromgreen or recycled products. Fig. 3 presents the contributions
of different routes and pathways to the median total daily exposure
levels to 2-year-old children in Denmark. The BCA calculated exposure
levels were used to express the total exposure for DBP and BBP while
ESA estimation was used as a conservative expression of total exposure
for DEHP. The additional exposure to DBP from food in recycled packag-
ing materials (Section 3.2, for scenario R100) is shown with the light
green sector in Fig. 3. However, it should be alsomentioned that consid-
ering the limited number of food items in recycled packages included in
this study, the total additional phthalate exposure potential from food
packed in recycled material, including food with high fat contents and
prepared under high temperature and stored long periods, will be
even higher. As indicated area marked by gray diagonal lines in Fig. 3,
compared to the total exposure, more than 50% of DBP and 70% of BBP
exposure remain to be identified.

As most of the indirect exposure sources are considered in Fig. 3, i.e.
inhalation from indoor and outdoor air, ingestion of foil, indoor dust,
food and beverages, and dermal contact to soil and indoor dust, the re-
maining unidentified exposure to DBP and BBPmight come from direct
exposure sources such as non-food consumer products (Lee et al.,
2014). If plastic wastes, which are not designed for children's articles in-
cluding above mentioned phthalates, are collected, mixed with other
plastic wastes, and recycled into clothing, furniture, flooring, or toys
for children above 3 years old, then it is difficult to protect children
from phthalate exposure because 2-year-old children can still use and
be in contact with the above mentioned products in their daily life. In
other words, if the flows of wastes are mixed across their original prod-
uct types and associated quality criteria upon their transformation into
new products, then a reduced quality of recycled materials may occur
resulting in unknown and unwanted impurities, explaining parts of
the unidentified sources to childhood exposure as quantified in Fig. 3.

Fig. 4 illustrates a conceptual framework of material flows and regu-
latory instruments in a circular economy. All human activities which
make the anthroposphere are fully part of the Earth system, i.e. the bio-
sphere. Therefore, the input, i.e. raw material acquisition, and the out-
put, i.e. emission to the environment such as air, soil and water,
should be within the “planetary boundary” and should not trigger irre-
versible environmental changes (Rockström et al., 2009). Increasing
recycling can avoid the use of scarce rawmaterial and also the emission

of wastes to the environment upon proper management. In the mass
flow analysis presented in this study, the fraction of plastics unsuitable
for ‘material recycling’ were allocated to combustion ‘using for energy
recovery’ or assumed disposed of at landfills or simply staying in the
anthroposphere as goods. However, it should be mentioned that aban-
doned plastic wastes can also go to the ocean and give adverse impacts
on the marine ecosystem (Koelmans et al., 2014). Likewise, paper may
enter the organic waste flows, which is likely to be increasingly re-
allocated from waste incineration to biogasification and fertilizer pro-
duction (Danish Government, 2013). In this respect, it should be consid-
ered that phthalates, which are destroyed in modern incineration
facilities, can remain in the residue from biogas plants and return to
soil when the residues are spread on the field (Suominen et al, 2014).
As a result those phthalates will be absorbed by crops and animals en-
tering the human food chain. From the above, we conclude that quality
standards are needed not only for products produced from upcycled
waste materials to protect human health from near-field exposure,
but also for residues in wastes entering biomass flows for biogas and
fertilizer production to protect the environment and the human food
chain (EC, 1986; Pizzol et al., 2014).

Fig. 4 also shows the material flows inside the anthroposphere from
production, through use, and to the state of wastes. Generally, products
produced from recycledmaterials are assumed to belong to ‘greenprod-
ucts’ when they are Ecolabeled (EC, 2010) or Ecodesigned (EC, 2009a).
Green products are defined as products aiming to increase resource
and energy efficiency, protect the environment and climate, reduce
the use of fossil fuels and problematic chemicals, etc. (DEA et al.,
2012; EC, 2009c). However, if these certification tools only try to en-
courage the use of secondary raw materials without controlling the
“quality” of recycled materials, then there is a possibility that ‘green
consumers’ might be exposed to higher levels of risk than other con-
sumer groups. Needless to say, this is not the aimof policies for a circular
economy. Furthermore the suitability for use of recycled paper as food
packaging material without specific regulatory standards may be
questioned. Considering the high possibility of direct contact with
foods and the period of time that foods are stored in the container, reg-
ulating food packagingmade of recycled fibers is needed. Like the regu-
lation on recycled plastic food packaging which requires that the input
materials should originate from the same industry, i.e. food contact ma-
terials and articles (EC, 2008c), it is possible to make recycled materials
retaining their original quality in a closed loop, i.e. “upcycling”
(Braungart et al., 2007). However, the large amount of recycling done
today is actually “downcycling”; the quality of the materials is reduced
during the recycling process and they become suitable for use only in
lower value applications (Braungart et al., 2007). Therefore, to achieve
a circular economy with sustainable industries, there is a need to em-
power upcycling of resources by guaranteeing clean resource flows.
However, if there is no economic incentive in extracting certain sub-
stances from wastes, e.g. phthalates in plastics, and if there is no assur-
ance for the quality of products produced from recycled material (e.g.

Fig. 3. Contributions of different sources to the median daily intake levels to DEHP, DBP, and BBP for 2-year-old children in Denmark.
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through regulatory demands), then there will be no incentive for
extracting hazardous micro contaminants from the recyclate. Conse-
quently, there is a need for holistic approaches in resource strategies,
forcing companies to apply end of pipe technologies to make resource
flows to be upcycled and to make “green products” really green from
the aspect of health. However, these health effect problems are not con-
sidered deep enough in the life cycle assessment (LCA) methodology
which is used as a tool to assess environmental sustainability for deci-
sion supports (Lee et al., 2013). Despite its wide application, the LCA
method is still incomplete, especially in assessing health effects from
recycling plastics and paper (Humbert et al., 2009; van Velzen et al.,
2013). This is why LCA should not be misunderstood as a comprehen-
sive or a complete assessment (EEA, 1997).

To encourage the rate and the amount of material recycling, it is
needed to establish a system to certify secondary material flows, e.g.
an international certification system to guarantee the quality of recycled
plastics. One of the ways to increase upcycling is making the material
flows as closed loops as possible. Making the product registration cate-
gories consistent to the waste categories, including EoW criteria (EC,
2013; JRC, 2013), might promote the sorting and recycling of waste in
the same product category where it originated. However, this is not al-
ways feasible for some products, at least in the short term. For example,
it is difficult to separate plastic toys from wastes and recycle them to
make toys again. In this case, the alternatives can be setting the list of
product categories which can use recycled plastics as raw materials,
mainly the products which have the lowest quality standards for impu-
rities and have relatively low chances of direct contact to vulnerable
populations, e.g. children. Considering that children are very intensive
plastic consumers, the recycling of plastics containing above the accept-
able level of impurities such as anti-androgenic compounds in consum-
er products, e.g. toys, sofas, furniture, carpets, and clothing, should be
avoided.

Considering the scope of management, the role of REACH might be-
comemore important for controlling the quality of the material flow in

a circular economy aiming at a zero waste society. First of all, REACH, as
a tool to regulate chemicals in general products, should be linked closely
to chemical and waste management policies (EC, 1999, 2000a, 2008a,
2008b), e.g. by establishing a data sharing system between products
and wastes or by applying consistent products (and wastes) categories
in order to link manufacturers and recyclers. In addition, assessing the
risk potential of contaminants in recycled materials should be taken
into account in guidance for chemical safety reports. Proper consider-
ation should be given to setting the chemical specific standards in
REACH for the use of secondary raw materials in different product
types, e.g. in Annex XVII, to avoid cross contamination of plastic flows,
and to reduce the potential exposure from consumer products made
of recycled material. Ecolabeling criteria (EC, 2010) can be complemen-
tary to REACH because it can include product specific quality criteria ac-
cording to their possible exposure routes and pathways to the
consumer.

As mentioned above, because of limited scientific data availability,
only cereal products, milk powder, and bottled water were included in
the scenarios (R30 to R100) simulating childhood phthalate exposure
from food packed in recycled material. In order to reflect the real expo-
sure situations, further studies investigating the actual use of recycled
plastics and paper in food packages and the migration levels of hazard-
ous substances from packages to food are still required to assess phthal-
ate exposure via food in recycled package. Last but not least, additional
efforts are still required to fill the gaps between back-calculated and
scenario estimated childhood phthalate exposure (BCA–ESA). The
childhood phthalate exposure via non-food consumer products which
contain recycled materials was not able to be assessed in this study.
Tools are available based on already established physiological activity
factors and exposure assessmentmethods to calculate internal daily ex-
posure levels. However, there was no data available for phthalates from
each product itemsmigrated to human body, e.g. via direct skin contact,
sweat or saliva, which makes scenario based exposure assessment im-
possible. To control the quality of products in a circular economy and

Fig. 4. A conceptual framework of material flows and regulatory instruments to control phthalate concentrations in paper and plastics in a regenerative circular economy.
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to protect humans and the environment fromexcessive risks, further re-
search should be done to investigate and verify the migration levels of
endocrine disrupting additives, including the above mentioned three
phthalates, from different product items including recycled materials.

In this study, the existing regulations under REACH to control the
quality of recycled material flow were reviewed. Even though there
have been several efforts to move to a circular economy, it is shown
that policy instruments for “closing the loop” are focusing on increasing
the recycling rate rather than securing the quality of products made
from recycled material. The result of the mass flow analysis in this
study shows that by recycling 26% of plastic wastes and 60% of paper
consumed in Europe, approximately 4% of DEHP and BBP and 18% of
DBP annual consumption in Europe are recycled together. In addition,
the case study in Section 3.2 shows that increased use of recycled pack-
agingmaterial for food can cause increased childhood exposure to some
of the anti-androgenic phthalates such as DBP andDiBP. However, parts
of the sources to the childhood phthalate exposure in Denmark, i.e.
more than 50% of DBP and 70% of BBP exposure, still remain to be iden-
tified. Finally, a conceptual framework for a circular economy based on
sustainable and clean resourceflows, linking policy instruments togeth-
er, is proposed in order to increase material recycling without increas-
ing adverse health effects.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2014.08.003.
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Supplement figures 

 

 

 
 

Supplement Figure 1. The STAN model for flows and stocks of plastics in Europe. The figure presents the total 

system of EU-27 + Norway + Switzerland in 2012 (ton/year). 

 

 

 

Supplement Figure 2. The STAN model for flows of paper in Europe. The figure presents the total system of 18 

European countries in 2012 (ton/year). 

 

 

 



 

 
Supplement Figure 3. The flows of DEHP in plastics in Europe. The figure presents the total system of EU-27 + 

Norway + Switzerland in 2012 (ton/year).   

 

 

 
Supplement Figure 4. The flows of DBP in plastics in Europe. The figure presents the total system of EU-27 + Norway 

+ Switzerland in 2012 (ton/year).   

 

 



 

 
Supplement Figure 5. The flows of BBP in plastics in Europe. The figure presents the total system of EU-27 + Norway 

+ Switzerland in 2012 (ton/year).   

 

 

 

 

 

 

 
Supplement Figure 6. The flows of DEHP in paper in Europe. The figure presents the total system of 18 European 

countries in 2012 (ton/year).   

 

 

 

 



 

 
Supplement Figure 7. The flows DBP in paper in Europe. The figure presents the total system of 18 European 

countries in 2012 (ton/year).   

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplement Figure 8. The flows BBP in paper in Europe. The figure presents the total system of 18 European 

countries in 2012 (ton/year).   

 

 



Supplement Table 1a. The distribution of DEHP of manufacturing processes to application categories 

Processing 
Used 
(tons)1) 

End-product Packaging B & C Automotive E&E Others Paper 

Calendering of film/sheet and coated products 14,080 
Packaging, curtains, tape, foils, office supplies, swimming pools, 
rubber beach toys, etc. 

7,040 
   

7,040 
 

Calendering of flooring, roofing, wall covering 6,720 Flooring, wall covering, roofing 
 

6,720 
    

Extrusion of hose and profile 11,200 Garden hoses, profiles for electric equipment, etc. 
   

5,600 5,600 
 

Extrusion of wire and cable 15,680 Wire and cable 
  

1,568 14,112 
  

Spread coating of flooring 7,680 Flooring, wall covering, roofing 
 

7,680 
    

Spread coating of coated fabric, wall covering, coil 
coating, etc. 

15,040 Upholstery, luggage, rainwear, tarpaulins, wall covering, etc. 
    

15,040 
 

Car undercoating 1,280 Undercoat of cars 
  

1,280 
   

Slush/rotational moulding, dip coating 1,920 Miscellaneous 
    

1,920 
 

Extrusion of cables, medical and misc. products 6,720 Cables, medical products 
    

6,720 
 

Injection moulding of misc. Products 7,040 Shoe soles, toy, etc. 
    

7,040 
 

Plastisol processing from compounds 320 Miscellaneous 
    

320 
 

Processing of adhesives/sealant 2,240 Sealant in building, miscellaneous uses 
 

1,568 
  

672 
 

Processing of lacquers/paint 288 Miscellaneous painted products 58 58 58 58 58 
 

Processing of ink 320 Printed paper, plastics and textiles 
    

160 160 

Total demand (input as virgin material) 90,528   7,098 16,026 2,906 19,770 44,570 160 

1) The ratio of the used amount of each processing to the total demand was from COWI A/S et al. (2009a) 

 

  



Supplement Table 1b. The distribution of DBP of manufacturing processes to application categories 

Processing Tons1) End-product Packaging B & C Automotive E&E Others Paper 

Polymer formulation and processing 1,888 
Flooring, garden hoses, automotive applications, fibre glass and 
others 

944 
   

944 
 

Processing of paint 51 Products painted with nitrocellulose laquers 10 10 10 10 10 
 

Processing of grouting agents 26 Construction work 
 

26 
    

Processing of adhesives 605 
Adhesives in paper and packaging, construction, automotive 
applications 

151 151 151 
  

151 

Production of fiber glass, confidential 80 
Solvent for oil-soluble dyes, insecticides, peroxides and other 
organic compounds  

8 8 
 

32 32 

Total input as virgin material 2,650   1,105 195 169 10 986 183 

1) The ratio of the used amount of each processing to the total demand was from COWI A/S et al. (2009b) 

 

Supplement Table 1c. The distribution of BBP of manufacturing processes to application categories 

Processing Tons1) End-product Packaging B & C Automotive E&E Others Paper 

Calendering of film 179 Packaging films, calendered flooring, wall covering 90 
   

90  

Plastisol coating/flooring 1,229 Flooring 
 

1,229 
   

 

Compounding Hard PVC 205 Miscellaneous 
 

103 
  

103  

Processing of sealant 486 Glass insulation, construction 
 

486 
   

 

Spread coating of leather and textiles 256 Upholstery, shoe uppers, wallets/bags, luggage 
    

256  

Processing of other 26 Miscellaneous 5 5 5 5 5  

Processing of adhesives 128 Miscellaneous 26 26 26 26 26  

Processing of paints and inks 51 Car care, construction, printed paper and board 
 

15 15 
  

20 

Total input as virgin material 2,560   120 1,864 46 31 479 20 

1) The ratio of the used amount of each processing to the total demand was from COWI A/S et al. (2009c) 
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1. Introduction 

 

The concept “sustainable development” was popularized the 

first time in the Brundtland report stating that “development 

that meets the needs of the present without compromising the 

ability of future generations to meet their own needs” 

(Brundtland Commission, 1987). Sustainable development has 

been central for several plans, treaties and regulations within 

economic development, social development and 

environmental protection (UN, 2000; EC, 2005; Obama, 2009). 

One of the main management fields where this principle is 

widely applied is the field of resource strategy aiming at more 

resilient economies based on two types of material flows, 

“biological nutrients, designed to re-enter the biosphere safely 

and build natural capital, and technical nutrients, which are 

designed to circulate at high quality without entering the 

biosphere” (Ellen MacArthur Foundation, 2013). To this end, it 

is important to eliminate toxic chemicals which can impair 

reuse and return of resources to the biosphere (Ellen 

MacArthur Foundation, 2013). However, national resource 

action plans seem to focus only on increasing the “quantity” of 

reused and recycled resources and overlook the “quality” of 

resource flows re-entering to the product cycle (Lee et al., in 

press).  

 

Through technological development, materials used in 

products are more complex today; consequently, more and 

more chemical substances are being used. Therefore, with the 

material flow of recycling, some resources with low quality, 

e.g. products including impurities having adverse health 

effects, may undergo a recycling process and be included in 

recycled products with unpredictable and unforeseen health 

and safety problems; meaning that risk can also be “cycled” in 

a circular economy (Bilitewski and Grundmann, 2012) . One of 

the examples is phthalate in plastics and paper. The 

production and use of both plastics and paper have been 

increasing for decades and 288 million tons of plastics and 399 

tons of paper were produced worldwide in 2012 (Plastics 

Europe et al., 2013; CEPI, 2013). Phthalates, diesters of ortho–

phthalic acid, have been used as, e.g. plasticizers, stabilizers, 

lubricants, dispersants, and binders, and widely applied to 

make plastics, paints and inks with the annual global demand 

reaching nearly 6 million tons (Lee et al., in press; ECPI, 2013). 

As adverse health effects such as effects on liver, kidney and 

the reproductive system, have been reported, some of these 

phthalates such as Di(2-ethylhexyl) phthalate (DEHP), Di-n-

butyl phthalate (DBP), and Benzyl-butyl phthalate (BBP) are 

classified as presumed human reproductive toxicants (EC, 

2008a) and restricted on the use in products, e.g. toys and 

childcare articles, cosmetics, and food contact materials (EC, 

2006; 2009; 2011). As part of the efforts to foster the 

transition into a circular economy, plastics wastes and paper 

have been recycled, e.g. in Europe 26% of plastic wastes and 

60% of consumed paper were sent for material recycling in 

2012 (Lee et al., in press). However, when plastics and papers 

are recycled, phthalates in these plastic and paper products 

can also re-enter to the product cycle. As there is no specific 

guidance for assessing the risk potential of contaminants in 

recycled materials (Lee et al., in press), products made from 

recycled plastics and paper might contain some of the above 

mentioned phthalates as unwanted impurities. Thereby, they 

can become additional exposure sources threatening human 

health (Ga rtner et al., 2009; Keresztes et al., 2013). If societies 

increase the amount and rate of recycled materials without 

considering the quality and use of recycled materials, there is a 

risk of increased human health impacts in a future circular 

economy (Bilitewski and Grundmann, 2012). 

 

This paper is a follow up study of Lee et al. (in press) which 

presented the mass flow of plastics and paper in Europe (in 

the year 2012) and accompanying flow of three phthalates, i.e. 

DEHP, DBP and BBP, in plastic and paper products. In order to 

investigate how the resource strategies aiming at a sustainable 

and circular economy can influence on the “risk cycle” 

(Biliterwski and Grundmann, 2012), the substance flow 

analysis of the above mentioned phthalates in the two Future 

Scenarios of the year 2020 has been performed: 1) all the EU 

waste legislations are fully implemented with the same 

demands for phthalates as in 2012 (Scenario A), 2) all the EU 

waste legislations are fully implemented and because of the 

efforts to reduce the use of phthalates, the production of virgin 

DEHP, DBP and BBP used for plastics and paper will be 

reduced up to 50% compared to the production numbers in 



2012 (Scenario B). Based on the comparison of the two Future 

Scenarios with the Reference Scenario presenting the current 

situation (Lee et al., in press), the possible downside of present 

resource strategies and the ways to improve material flows to 

be sustainable are discussed. 

 

 

2. Materials and methods 

 

To estimate the flow of phthalates in the future circular 

resource flows, two scenarios for the year 2020 were 

developed in this study. The year 2020 was selected for the 

Future Scenario due to the fact that at this time all existing 

provisions should be fully implemented to meet the European 

strategy for sustainable growth, e.g. “Europe 2020” (EC, 2014). 

Based on the circular resource flow model developed by Lee et 

al. (in press), the mass (quantity) and substance (quality) of 

future plastic and paper products was modelled using STAN 2 

(free download from www.stan2web.net). Two individual 

models were setup for plastic and paper, respectively. Input 

data for the model were derived from a literature review; 

specifically from investigation by PlasticsEurope et al. (2013), 

CEPI (2013) and BIO IS. (2011). 

 

The circular resource flow model includes two layers: goods 

(materials in terms of plastics and paper) and substances (in 

terms of micro-pollutants DEHP, DBP, and BBP in plastics and 

paper). The functional unit is tons of raw materials per year. 

The system boundary of the circular plastic flow model 

comprises the EU-27 plus Norway and Switzerland based on 

the available data on European statistics on plastics 

(PlasticsEurope et al., 2013). Plastic products are categorized 

according to five applications, i.e. ‘packaging’, ‘building and 

construction’, ‘automotive industry’, ‘electrical and electronics’, 

and ‘other uses’ including agriculture, furniture, toys, and 

sport. The system boundary of the circular paper flow model 

comprises 18 European countries, i.e. the members of the 

Confederation of European Paper Industries (CEPI) 

representing 95% of the European pulp and paper production 

(CEPI, 2013). For an in depth presentation of the mass and 

substance flow models in plastic and paper, the reader is 

referred to Lee et al. (in press). The recycling, energy recovery 

and landfill rates taken into account in Reference Scenario and 

Future Scenario A and B are illustrated in Table 1.  

 

 

 

 

 

Table 1. Material recycling, energy recovery and disposal rates of plastic and paper wastes applied in the Reference and the Future 
Scenario A and B. 

Product (Waste) categories 
Reference Scenario (2012)1) Future Scenario A, B (2020) Sources for recycling 

rates in 2020 Recycling Energy Disposal Recycling Energy Disposal 

Packaging 35.0% 31.0% 34.0% 45.0% 52.4% 2.6%   PlasticsEurope et al., 2013 

Construction & Demolition 21.8% 37.6% 40.6% 70.0% 28.6% 1.4% EC, 2008b 

End-of-life vehicles 11.4% 42.6% 46.0% 85.0% 14.3% 0.7% EC, 2000 

WEEE 13.0% 42.0% 45.0% 75.0% 23.8% 1.2% EU, 2012 

Others 8.0% 44.0% 48.0% 50.0% 47.6% 2.4% EC, 2008b 

Paper 60.5% - - 70.0% - - CEPI, 2013 

1) Details for the recycling, energy recovery and disposal rates in the Reference Scenario were provided in Lee et al. (in 

press) 

 

 

The Reference Scenario: Reflecting the present situation in 

Europe  

 

The Reference Scenario is the scenario described in Lee et al. 

(in press) showing the present flows of products (plastics and 

paper) and substances (DEHP, DBP and BBP) in Europe using 

the most recent available data. In 2012, 45.9 million tons of 

plastics were produced in Europe: 39.4% for packaging, 20.3% 

for building and construction, 8.2% for automotive, 5.5% for 

electrical and electronics and 26.6% for other applications 

(PlasticsEurope et al., 2013). After use, 25.2 million tons of  

 

 

plastic wastes were collected and used as follows: recycled 

within Europe (2.0 million tons), exported outside Europe (3.3 

million tons), incinerated with energy recovery (9.6 million 

tons), and landfilled (10.4 million tons). Regarding paper, after 

77.4 million tons were consumed, 55.7 million tons of wastes 

were collected of which 46.8 million tons were recycled. For 

phthalates, Lee et al. (in press) estimated 90,528 tons DEHP, 

2,650 tons DBP and 2,560 tons of BBP were produced in 

Europe for the year 2012. The information on the distribution 

of these phthalates in plastic and paper products was provided 

in ‘Supporting information Table 1’ in Lee et al. (in press). 

http://www.stan2web.net/


 

Future Scenario A: Full implementation of the EU waste 

legislation with the same phthalate production as now 

 

Scenario A is based on the assumption that all the EU waste 

legislations are fully implemented by 2020. It is also assumed 

that even under the similar trend of economic growth, there is 

no increase of the consumption and waste generation of 

plastic and paper products due to the effort of green economy 

and waste prevention. The production of virgin DEHP, DBP and 

BBP used for plastics and paper, and the distribution of 

phthalates among product categories was assumed the same 

as the production in 2012. For the material recycling rates of 

each plastic waste category, the targets in the EU waste 

legislations for different types of wastes were considered. As 

shown in Table 1, the recycling rates of plastic wastes from 

product categories were taken from relevant European 

directives: “Construction and demolition (C&D)” and “Others” 

from the Waste Framework Directive (EC, 2008b; Article 11.2), 

“End-of-life vehicles (ELV)” from End-of-life vehicles directive 

(EC, 2000; Article 7.2), “Waste from electric and electronic 

equipment (WEEE)” from the WEEE directive (EU, 2012; 

Annex V). For plastic “Packaging”, the average recycling rate in 

2012 already met the target in Packaging directive (EC, 1994; 

Article 6.1). Therefore, it was assumed that 45% of packaging 

waste will be recycled in 2012 based on the annual increase 

rate of material recycling in 2012, i.e. 3.3% (PlasticsEurope et 

al., 2013). Besides material recycling, it is assumed that 95.2% 

of the remaining plastic wastes will be used for energy 

recovery and only 4.8% will be landfilled in 2020 based on the 

study showing that the amount of waste used for energy 

recovery will be increased up to 118% by 2020 (BIO IS., 2011). 

For paper wastes, the average recycling rate in 2012 (60.5%) 

already met the recycling target of the Packaging directive 

1994/62/EC (60%, Article 6.1). Therefore, it was assumed that 

70% of paper will be recycled in 2020 based on the annual 

increase rate of material recycling between 1991 and 2012, i.e. 

1.78% (CEPI, 2013).  

 

Future Scenario B: Full implementation of the EU waste 

legislation with reduced phthalate production up to 50% 

 

In Scenario B, it is assumed that because of the restriction 

under REACH and the efforts to reduce the use of phthalates, 

the production of virgin DEHP, DBP and BBP used for plastics 

and paper in 2020 will be reduced up to 50% of the year 2012, 

i.e. 45,264 tons DEHP, 1,325 tons DBP and 1,280 tons BBP. 

Regarding the consumption and waste generation of plastic 

and paper products, like the Scenario A, it is assumed that 

there is no increase due to the effort of green economy and 

waste prevention. The same distribution rates of phthalates in 

product categories, and the rates of plastic and paper wastes 

used for material recycling, energy recovery and disposal in 

Scenario A were applied to Scenario B. Therefore, the Scenario 

B illustrates one of the best cases: the amount of production 

and wastes of plastic and paper goods remains the same, but 

phthalate concentration in these products reduced by half, and 

the material recycling rate meets the EU regulations.  

 

3. Results 

 

Detailed information on the results of mass flow analysis of 

plastics and paper including phthalates in it is provided in 

Figure 1 to 3. As shown in Figure 1, based on the assumption 

that all the EU waste legislations are fully implemented, 12.9 

million tons of plastic waste (51% of the total waste) is 

estimated to be collected for material recycling in 2020; of 

which 3.9 million tons (8.4% of total plastic demands) are 

recycled in Europe, i.e. almost doubled compared to 2012. 

Regarding paper, figure 2 shows that the rate of waste 

collected for recycling is estimated to increase from 72% in 

2012 to 81% in 2020; of which 54.2 million tons are recycled 

in Europe, i.e. 16% of increase compared to 46.8 million tons 

in 2012.  

 



 

Figure 1. The flows and stocks of plastics in Europe in the Reference (above) and the Future Scenario A and B (below). The figure 
presents the total system of the EU-27 + Norway + Switzerland (ton/year). 



 

Figure 2. The flows of paper in Europe in the Reference (above) and the Future Scenario A and B (below). The figure presents the 
total system of 18 European countries (ton/year). 

 

Figure 3 shows the results of the substance flow analysis of 

DEHP, DBP and BBP re-entering the product cycle with 

recycled plastics and paper. Detailed information on the flows  

 

 

of three phthalates in Future Scenario A and B is provided in 

Supplementary Table 1 and Supplementary Figure 1 to 4.  

 

 

 

Figure 3. The results of substance flow analysis of DEHP, DBP and BBP re-entering the product cycle with recycled plastics and paper 
for the Reference Scenario (present, 2012), the Future Scenario A (shown as S(A): same phthalate production and full 
implementation of the EU waste legislation), and the Future Scenario B (shown as S(B): phthalate production reduced to 50% and full 
implementation of the EU waste legislation). 
 



For each scenario, the left bars represents the annual demand 

of each phthalate and the middle bars represent the recycled 

phthalates in ‘Total’, which includes wastes exported outside 

Europe to be recycled. The right bars represent recycled 

phthalates ‘in the EU’, which only include recycled wastes 

within Europe. Results of the Future Scenario A show that a 

full implementation of the EU waste legislation for plastics and 

paper in 2020 will result in an increase of the three phthalates 

re-entering to the product cycle in the range of 70%-310%. 

Result of the Future Scenario B show that even by reducing the 

phthalate production to 50% compared to the Reference 

Scenario in 2012, the amounts of DEHP and BBP re-entering 

the product cycle will still increase; approx. 110% and 40% 

respectively as a result of the increased recycle rate of plastic 

and paper. The recycling of DBP in Future Scenario B shows a 

slight decrease, i.e. approx. 15%, compared to the year 2012.  

 

 

4. Discussion and Conclusion 

 

In this study, the future flows of phthalates, known as anti-

androgenic compounds, accompanied by recycled plastics and 

paper in Europe have been simulated to indicate the downside 

of current resource strategies which mainly focus on 

increasing the recycling rate of wastes to foster the transition 

into a circular economy.  If the resource strategies only focus 

on quantitative goals such as increasing recycling rates of 

wastes, this study strongly indicates that a full implementation 

of the EU waste legislations in 2020 will increase unwanted 

recycling of micro-pollutants as exemplified by phthalates in 

the present study. This implies that the problems regarding 

“risk cycle” in countries outside Europe, e.g. in Asia, might be 

more serious due to the continuous increase in phthalate 

production and resource use.  

 

Based on the result of this study, we can raise a question 

towards the rejection of the proposal submitted to ECHA by 

the Danish government to restrict these phthalates for indoor 

use (ECHA, 2012). Was ECHA’s perspective on the future risk 

precautionary enough when they concluded that the risk will 

be reduced when regulatory requirements are applied in the 

future? The result from this study shows the possible increase 

of the risk in the future with implementing EU regulations for 

green growth. In order to assess the impact of regulatory tools 

to human health and the environment, the aspect of “risk 

cycle” as shown in this study should have been considered. In 

addition, to foster the transition into a circular economy, 

making existing strategies and regulations for sustainable 

development work together is needed. In order to avoid an 

unintended “risk cycle” as the downside of a future circular 

economy, strengthening existing chemical regulations such as 

REACH to control the quality of recycled material flows is 

needed. Empowering “upcycling” of resources by guaranteeing 

clean resource flows, e.g. certification systems to guarantee the 

quality of recycled plastics can be an instrument supporting a 

transition into a circular regenerative economy.  
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Supplement figures 

 

 

 
Supplement Figure 1. The flows of DEHP, DBP, and BBP in plastics in Europe for the Future Scenario A (with the 

same phthalate production compared to 2012). The figure presents the total system of EU-27 + Norway + 

Switzerland in 2020 (ton/year). 
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Supplement Figure 2. The flows of DEHP, DBP, and BBP in plastics in Europe for the Future Scenario B (with the half 

phthalate production compared to 2012). The figure presents the total system of EU-27 + Norway + Switzerland in 

2020 (ton/year). 
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Supplement Figure 3. The flows of DEHP, DBP, and BBP in paper in Europe for the Future Scenario A (with the same 

phthalate production compared to 2012). The figure presents the total system of 18 European countries in 2020 

(ton/year).   
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Supplement Figure 4. The flows of DEHP, DBP, and BBP in paper in Europe for the Future Scenario B (with the half 

phthalate production compared to 2012). The figure presents the total system of 18 European countries in 2020 

(ton/year).   
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Supplement Tables 

Supplement Table 1. The results of substance flow analysis of DEHP, DBP and BBP re-entering the product cycle with recycled plastics 
and paper in Europe for the reference and future scenario A and B. 

Scenarios 
Demand 

(tons) 

Recycled 
with plastics (tons) 

Recycled 
with paper (tons) 

Recycled rate 
(in plastics, %) 

Recycled rate 
(in paper, %) 

Total recycled rate 
(in plastics & paper, %) 

Total In EU Total In EU Total In EU Total In EU Total In EU 

Reference 
(2012) 

DEHP 90,528 3,424 1,712 196 165 3.8 1.9 0.2 0.2 4.0 2.1 

DBP 2,650 243 122 225 189 9.2 4.6 8.5 7.1 17.7 11.7 

BBP 2,560 82 36 24 21 3.2 1.4 0.9 0.8 4.1 2.2 

Future 
Scenario A 

(2020) 

DEHP 90,528 14,708 7,354 267 230 16.2 8.1 0.3 0.3 16.5 8.4 

DBP 2,650 482 241 305 262 18.2 9.1 11.5 9.9 29.7 19.0 

BBP 2,560 268 118 34 29 10.5 4.6 1.3 1.1 11.8 5.8 

Future 
Scenario B 

(2020) 

DEHP 45,264 7,354 3,677 133 114 16.2 8.1 0.3 0.3 16.5 8.4 

DBP 1,325 241 121 153 132 18.2 9.1 11.6 10.0 29.8 19.1 

BBP 1,280 134 59 17 15 10.5 4.6 1.3 1.2 11.8 5.8 
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