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The presence of substances – natural or manmade – in our environment is one of the
environmental factors that can influence health in a positive or negative way. When people

This thesis deals with different types of health indicators that can be used to assess the

are exposed to high levels of substances, this may lead to adverse health effects in the human

influence of environmental contaminants on public health. The current chapter outlines the

population. These levels can result from the large-scale production, use and emission of

relation between substances and health. Section 1.1 describes how substances spread through

substances. These processes can be depicted in a cause-and-effect pathway (Figure 1.1). It

our environment which may result in exposure and eventually in adverse health effects. Section

starts with human needs, for example the need to travel by car (i.e. driving force). To fulfill

1.2 explains how health can be prevented by laying down different types of standards. Section

these needs, all kinds of activities are carried out, which result in emissions (i.e. environmental

1.3 describes how the impact of substances on health can be determined using environmental

pressure). In our example the car has to be produced first and whilst driving the car burns

health indicators. Section 1.4 presents the environmental health indicators which are currently

fuel; processes that result in emissions of mixtures of substances to the environment. Once

being used. The gap that often exists between technical risks - calculated with conventional

emitted, these substances spread throughout the environment, attributing to environmental

risk assessment methods - and perceived risks, is discussed in Section 1.5. Section 1.6 discusses

concentrations and degradation of environmental quality (i.e. state of the environment).

a number of issues that may result in different ranking of risks and measures, particularly in

Exposure to these elevated environmental concentrations of substances may lead to adverse

relation to the intended use, the geographical scale, the position of the indicator in the cause-

health effects, depending on the route of exposure. The health effects or the associated

and-effect pathway, and the chosen metric. To conclude, Section 1.7 describes the aim and

perception of risks may trigger societal responses. This process is often captured in the DPSIR-

outline of this thesis.

framework (referring to drivers, pressure, state, impacts and response).(6)
Bhopal and Seveso are two well-known examples of industrial disasters that resulted in high

1.1 Health impacts of substances in our environment

exposure to substances and severe adverse health effects. On December 3rd 1984, more than

Substances in my environment … do they affect health?

40 tons of methyl isocyanate gas leaked from a pesticide plant in Bhopal, India, immediately
killing at least 3,800 people and causing significant morbidity and premature death for many

When the World Health Organization (WHO) was founded, in 1948, health was defined as

thousands more.(7) In a small chemical manufacturing plant in Seveso, Italy, an industrial

“a state of complete physical, mental, and social well-being and not merely the absence of

accident occurred on July 10th, 1976. As a result, a large population was exposed to substantial

disease or infirmity”.(1) This definition has been debated, because it lacks operational value

amounts of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), commonly known as dioxin. No

However,

immediate fatalities were reported, but more than 600 people had to be evacuated from their

it has not been modified since and the combination of physical, mental, and social well-

homes and as many as 2,000 people were treated for dioxin poisoning. This accident gave rise

being may be regarded as a desirable state. More recent definitions focus on the ability to

to numerous scientific studies and standardized industrial safety regulations. Studies showed

deal with stress and describe health as “a state of equilibrium between humans and the

diverse adverse health effects like chloracne, and increased occurrence of cancer which is

physical, biological, and social environment, compatible with full functional activity”.

hypothesized to be associated with the dioxin exposure.(8) The resulting EU industrial safety

and the problematic use of the word “complete”, for example by Callahan.

(2)

(3)

This definition takes into account the determinants of health, which have been described
more explicitly, for example by Lalonde.

(4)

regulations are known as the Seveso I & II Directives.(9, 10)

One of the determinants of health is the

environment we are living in. The field of environmental health is described by the WHO as

Next to the examples of accidents causing a sudden release of toxic chemicals, regular human

follows: “Environmental health addresses all the physical, chemical, and biological factors

activities and large-scale production of goods cause environmental emissions. Examples include

external to a person, and all the related factors impacting behaviors. It encompasses the

pharmaceuticals, synthetic fibers, coatings, flame retardants, volatile organic chemicals (VOCs),

assessment and control of those environmental factors that can potentially affect health. It

pesticides and particulate matter. These anthropogenic emissions lead to elevated ambient

is targeted towards preventing disease and creating health-supportive environments”.

concentrations of substances. A classic example is the smog episode in 1952 in London, UK.

(5)

Chapter 1

Stagnant weather conditions caused a sharp increase in the concentration of air pollutants,
and over several days, more than three times as many people died than expected, leading
to an estimated excess death toll of over 4,000 people (400%).(11) In London, the last winter
air pollution episode to cause major public health concern was in 1991, causing an increase
in mortality of 10%. On this occasion, the pollutants that accumulated were not those from
domestic fuel burning as in 1952, but from mobile sources with a contribution from space
heating using natural gas.(12) However, in the last decades science on air pollution has moved
from regarding high levels of pollution as hazardous only in episodes, to the current position
which accepts that air pollution increases mortality and other health effects at historically low
levels and that there is no discernible threshold at the population level within the ambient
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↓

↓

↓

↓

↓

1,700 to 3,000 people per year die early in The Netherlands as a result of inhaling ambient

Behavioral
standards

Activity
standards

Emission
standards

Environmental
quality
standards

Exposure
standards

Effect
standards

concentrations of particulate matter.(13)

1.2 Managing health impacts of substances in our environment
Laying down standards for a safe environment
In response to adverse health effects and the associated perception of risks, policy actions can be
taken which attempt to prevent, eliminate, compensate, reduce or adapt these health effects and

Standard setting as response

range.(12) On the basis of epidemiological studies it has been estimated that nowadays some

their consequences. Standard setting is an important part of the societal response to chemicals in
the environment. They can be formulated for each stage in the cause-and-effect pathway (Figure

Go by bike
or public
transport

Permits or
speed limits
←

quality, environmental emissions, activities, and behavior. For example, this procedure has been
followed to set national and international standards for ambient concentrations. Furthermore,
emissions are limited and future targets are set by international and national authorities, and the
local authorities regulate emissions using permits. Also, for the production and use of substances

Indicators

Based on the effect level, standards can be derived subsequently for exposure, environmental

40 μg/m3 for
PM10
←

Acceptable
Daily Intake
←
– expressed
in mg/kgbodyweight
Behavioral
standards

‘1-in-a-million’
cancer risk
←

↓

↓

↓

↓

↓

↓

Behavioral
indicators

Activity
indicators

Environmental
Pressure
Indicator

Environmental
Quality
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Exposure &
Dose
indicators

Effect
indicators

Traffic
counts
Production
volumes

Environmental
pressure indicator (EPI)
[Chapter 4]

CO2 in classrooms
[Chapter 2]
Environmental
quality
indicator (EQI)
[Chapter 4]

Intake
Fractions
[Chapter 3]

Health burden
in disabilityadjusted life
years (DALYs)
[Chapter 4]
Risk advancement period
[Chapter 5]
Risk perception
score
[Chapter 6]

1.1). In this process of effect-oriented standard setting the cause-and-effect pathway is followed in
the opposite direction, starting from a certain protection level or accepted level of health effects.

1400 ton/
year in The
←
Netherlands

Access to
public
transport

strict rules and guidelines are set. In this process of standard setting, factors as background
concentrations and (political) feasibility of reduction measures are taken into account, next to
the prevention of health effects.(14, 15)

Figure 1.1 Cause-and-effect pathway with travelling as an example and examples of responses and
indicators at the different stages of the cause-and-effect pathway.
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Textbox 1.1 Properties of environmental indicators.(17-19)

Substances in my environment and health… How can I link these two?

Relevancy

›	Related to a specific environmental question or issue of importance
to society

Scientists, public health professionals, policymakers and the public, ask for information about the

› Relevant to policy and management needs

relationship between the environment and public health. Can these emissions affect my health?

› Health-related and linked to environmental factors

Do the measured pollution levels in the environment cause unacceptable adverse health effects?

› Sensitive to changes in the conditions in question

How effective are the measures to reduce emissions or exposure? From a policy point of view,

› Give early warning of pending changes

there is a need for clear and specific information on the status of potential environmental health
problems, i.e. the driving forces, the resulting environmental pressures, environment quality,

Scientifically sound

› Has an agreed scientifically sound meaning

exposure, health effects and societal responses. This information is needed as input for risk policy

› Based on the best available data of acceptable quality

and risk management, for agenda setting and prioritizing health risks, to show temporal trends

›	Robust and unaffected by minor changes in the method or scale used in

or spatial patterns, to track progress to a given goal, and to inform the general public about the

their construction

ultimate environmental impact of human activities: health. This information is conveyed using
indicators. When people talk about indicators they sometimes use the same word but refer to
different meanings. In this thesis, the definition of an environmental health indicator is used as

› Unbiased and representative of the conditions in question

› Consistent and comparable over time and space
Applicability

›	Based on data that are available or can be collected or monitored with a
reasonable financial/time resource input

originally proposed by Briggs et al.: “An expression of the link between environment and health,

› Easily understood and applied by potential users

based on prior scientific knowledge and targeted at an issue of specific policy or management

› Should be comparable, quantifiable and “rankable”

concern, and presented in a form which facilitates interpretation (for effective decision-making)”.(16)

› Acceptable to stakeholders

Embodied in this definition is the concept of a link between a factor in the environment and a
health outcome. Indicators form part of information systems, but they are distinct from statistics
and primary data in that they represent more than the data on which they are based. Indicators

These considerations are presented here as a simple sequence for the sake of clarity. In reality,

give data added value by converting them into information. As such, indicators often relate to

however, they are normally interactive and reiterative in form. These steps are further clarified

standards which are then used as a benchmark. Indicators often appear to be simple metric, but

in Textbox 1.2.

their success lies in accurately summarizing key aspects of complex environments.

(17)

There are

different properties that make an indicator a good environmental indicator. Indicators should be

1.4 Environmental health indicators in use

relevant, scientifically sound, and applicable for users (Textbox 1.1).

Substances in my environment… What’s the impact on health?

(17-19)

When developing an indicator to address an environmental health problem, a number of

The potential environmental health impacts can be indicated at different stages of the cause-

issues should be considered: the purpose of the indicator and the interests of the users; the

and-effect pathway. In The Netherlands, indicators targeting the stages of emissions and

environment-health relation on which the indicator will be based; the step in the cause-and-

concentrations are being used for administrative purposes.(21) Examples are the Environmental

effect pathway at which the indicator will be targeted (Figure 1.1); the specific parameter to

Pressure Indicator (EPI) which reveals whether the reductions in actual emissions meet the

base the indicator on and its statistical form; the denominators and levels of aggregation and

emission reduction targets, and the Environmental Quality Indicator (EQI) which reveals whether

geographical scale; the reference data against which the indicator will be standardized; how

the environmental concentrations, modeled or measured, meet the formulated environmental

the indicator will be presented; the data needs and models or methods required to compute

quality standards. The standards and targets are part of national and international agreements

or measure the indicator; data availability, and the final step of computation and testing.

on emission reduction and include the technical and/or socioeconomic feasibility of emission

(20)

Chapter 1
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Textbox 1.2 Steps in developing a good environmental health indicator.(20)

Specification of the problem to be addressed, the purpose of the indicator and the interest
of the users concerned. The purpose might be defined in various ways (e.g. policy/management,
epidemiological research or awareness raising), depending upon the interests of the user;
for example in terms of a specific environmental hazard (e.g. air pollution), a specific health
outcome (e.g. advanced mortality), a specific policy or action (e.g. increasing ventilation in indoor
environments) or an underlying driving force (e.g. population growth).
Specification of the environment-health relation on which the indicator will be based. This is
essential if a valid environmental health indicator is to be identified. The relationship may, however,
be expressed in more or less quantitative terms (e.g. as an explicit exposure-effect relationship) or
as a general tendency (e.g. for poor ventilation in indoor environments that leads to discomfort and
complaints).
Specification of the step in the cause-and-effect pathway (Figure 1.1) at which the indicator
will be targeted. This will depend upon the particular interest and responsibilities of the user, but
will also be influenced by the availability of relevant data and computational methods (e.g. air
quality, health effects).
Specification of the parameter to quantify the step in the cause-and-effect pathway on which

Specification of the data needs and models or methods required to compute the indicator.
Assessment of the data availability and quality in the light of the foregoing specifications. At
this stage, if relevant data are unavailable, it may be necessary to reconsider the indicator design
(e.g. by choosing a proxy or by using a different level of aggregation).
Computation and testing of the indicator for a pilot area. In this step you can determine
whether the indicator is sensitive to the variations in the conditions of interest, whether the
computational methods are sufficiently robust and the data adequate, and whether the results of
the indicator are interpretable. This final step of will prove the indicator’s applicability.

reduction measures. It is important to realize that those standards cannot be regarded as
threshold values below which a zero adverse response is expected.(22, 23) For example, the target
concentration for PM10 is based on the (in)feasibility of emission reduction measures, despite
possible health effects.(14, 15) Consequently, the indicators aiming at the levels of emissions and
environmental quality may not necessarily reflect the actual impact on health. To fulfill the wish
(1) to prioritize risks or measures based on potential health loss or gain, and (2) to inform the
public about potential health effects, indicators on the level of effect are needed.

the indicator will be based. This is the particular measure of environment or health which will be
used (e.g. ambient PM concentrations, advanced mortality).

In the last decades more indicators have been developed at the level of exposure and health

Specification of the statistical form of the indicator. This step involves a number of

effects. The intake fraction is an example of an indicator at the level of exposure.(24) Examples

considerations. Indicators can be presented in a variety of statistical forms, such as simple

of environmental indicators on the level of effects are the number of diseased attributable

frequencies or magnitudes (e.g. number of deaths), as rates (e.g. emission rates, mortality rates), as

to exposure,(25) the number of deaths brought forward attributable to exposure,(26) and the

ratios (e.g. pollution level relative to the WHO guideline level), as measures of rate change (e.g. rate

number of deaths prevented which can be attributed to policy interventions.(27) Concerning

of population growth, rate of reduction in air pollution level), or in various more complex forms. The

human health, the effects from air pollution range from aggravation of asthma to advanced

form chosen should reflect the purpose of the indicator.

mortality.(11, 28, 29) The attributable numbers in the above-mentioned examples are not weighted for

Specification of the denominator the indicator is aimed at and levels of aggregation required
for the indicator (e.g. risks per person or in a population, deaths from accidents per produced
ton of coal or deaths from accidents per employee, the averaging period, the level of geographic
aggregation like national or local scale).
Specification of the baseline or reference data against which the indicator will be standardized.
This will need to reflect the statistical form of the indicator and the level of geographic aggregation, etc.
Specification of how the indicator will be presented (e.g. graphically, as a map, as a simple statistic).

magnitude, severity or duration. To account for the variation in magnitude, duration and severity
of health effects caused by air pollution, effect indicators have been developed that express all
effects in one common unit of physical damage to human health, namely the Disability-Adjusted
Life Years (DALYs). The aggregate public health indicator developed by De Hollander et al. is an
example of the use of DALYs for environmental health impact.(30) Another indicator on the level
of effects is the risk advancement period (RAP), which is the time period by which the risk of
disease is advanced among the exposed population in comparison with unexposed individuals.(31)
It has been used in epidemiological studies on different disease types, and Finkelstein et al.
applied this method in an epidemiological study on air pollution.(32) As such, effect indicators

Chapter 1
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enable prioritizing of substances or emissions with regard to their ultimate consequence:

activity is perceived: the “affect heuristic”.(42, 46) According to the affect heuristic, if people feel

the impact on public health. This provides a means to move beyond traditional reporting of

positive about an activity, they generally judge the risks as low and the benefits as high; if they

This should ultimately lead to a better underpinned and explainable

feel negative about it, they tend to judge the opposite – high risk and low benefit.(42, 46) Next to

environmental health policy. Furthermore, comparison of environmental health impact with

these features, it is the context in which those risks are experienced that determines their risk

other health problems is possible. This is especially useful for evaluating and comparing different

perception.(39, 47, 48) For example, the location matters more in forming perceptions of air quality

policy options and assessing the effectiveness of prevention or mitigating measures. For example,

than the actual quality of the air itself.(47) Confronted with a situation in which the perception of

De Hartog et al. found that the health benefits of cycling outweigh the accompanied risks on

risks differs considerably from technical indicators of physical health, risk managers may want to

Other examples are the qualitative evaluations of the impact of different transport

adapt their risk communication and management strategy to address these differences.(44, 49) To

concentration values.

accidents.

(34)

(33)

scenarios on health.(35, 36)

develop an appropriate risk communication and management strategy, insight in risk perception
and the variables that influence it is desirable.

1.5 Perception of health risks from air pollution
Managed emissions of substances in my environment… I don’t feel save, though

Textbox 1.3 Properties of risk, public and social and psychological features that influence risk perception.

Type of risk

Characteristics public

Social and psychological
features

When communicating about environmental health risks, one of the issues to be considered is
the concept of risk. From the perspective of natural science, risk expresses a combination of
the probability of consequence/effect on the considered object(s), the severity, and extent of
the consequence/effect, under given specified circumstances.(37) This technical concept of risk
usually targets the physical aspect of health. It is the responsibility of the authorities to ensure
that these risks are properly assessed and managed. Nonetheless, a large number of pollution
sources in the living environment may trigger unrest among the population. Especially, if these
sources are linked to a suspected or actual high incidence of health complaints. Consequently,
managing health risks asks for a broader approach, taking the public’s concept of risk into

source of pollution

(47)

gender

(46, 51, 55-57)

trust in risk managers(39, 41, 44)

whether the risks and effects are known(50, 51) age(48, 53, 58)

place-identity(60)

distance to sources(43, 52, 53)

having children(58)

affect(42-45)

familiarity(39, 44, 54)

socioeconomic status(53, 59)

voluntariness

educational level(41, 55, 58)

(39, 44, 51)

catastrophic potential(39, 44, 51)
dread(39, 44, 51)
level of control(39, 44, 51)

account. The general public has a fairly broad concept of risk which is influenced by a variety of
qualitative attributes, next to the quantitative technical risk. The perception of risk in this broader
concept is only partly based on scientific information.(38, 39) Hence, the perception of risks may

1.6 Problem setting

differ considerably from technical risks calculated with conventional risk assessment methods.
On the one hand, perception depends on the type of risks. On the other hand, risk perception

To fulfill the wish to express the link between environmental stressors and human health,

depends on the characteristics of the people perceiving the risks. Furthermore, other more social

a variety of indicators is currently being used at different geographical scales. So far, most

and psychological features influence risk perceptions. Examples of these properties are listed in

indicators are applied in isolation on a specific geographical scale, meaning that they are used

Textbox 1.3. One should realize that these properties play a role in the perception, not only in

separately and generally not in comparison to other indicators or geographical scales. What’s

An example is the affect and the affect heuristic. As used

more, the applicability of indicators on various geographical scales is generally not analyzed. Next

here, affect means the specific quality of “goodness” or “badness“ of an activity experienced

to geographical scale, the suitability of an indicator is dependent on the end-user. Indicators fit

as a feeling state (with or without consciousness) which determines whether this activity is

for researchers, may be expressed in measures which are difficult to understand for laypeople or

This positive or negative affect influences how the risk of an

policymakers. For example, intake fractions are relevant for researchers to evaluate the quantities

laypeople but in experts as well.

judged as positive or negative.

(40-42)

(42-45)

12
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emitted that enter the human population, but this information is difficult to comprehend for

indicator is expressed (e.g. DALY, RAP), (3) geographical scale (e.g. continental, national and local),

policymakers and less relevant for laypeople. Furthermore, laypeople may be more interested

(4) calculation models (e.g. CalTOX, USES-LCA), and (5) the intended end-users (e.g. scientists,

in the individual risk they are exposed to in their residence, whereas policymakers may be

policymakers and laypeople). The indicators were applied in a number of case studies which

more interested in population risks. Most indicators are developed by and for scientists and

are presented in Chapters 2, 3, 4 and 5. Furthermore, a risk perception study was performed

policymakers. However, they are often also used to inform layman without further consideration.

to explore how perceived risks compare with the risks determined by the environmental health

The question is whether that is appropriate.

indicators (Chapter 6). Below the chapters in this thesis are outlined. Figure 1.1 shows the
position of these research chapters in the cause-and-effect pathway.

Since most indicators are generally applied in isolation and not in comparison to other indicators,
it is not clear whether risks are prioritized differently when different indicators are being used. For

Chapter 2 describes the use of an indicator on the level of concentrations at the sub-local scale,

example, indicators on the level of effect may result in a different prioritization than indicators on

namely the indoor CO2 concentration in schools. In occupied classrooms, the CO2 concentration

the level of emissions or environmental quality. Indicators may also lead to different prioritization

can be used as an indicator of the ventilation rate per occupant and the removal of pollutants in

when they are expressed in different metrics. For example, the risk advancement period (RAP)

the air. In this chapter the effectiveness of different measures to improve ventilation behavior

relates to the time period by which the risk of disease is advanced, whereas the DALY expresses

in primary schools is quantified and evaluated. The results are discussed within the context of

the variation in magnitude, duration and severity of all health effects in one outcome. Finally,

improving indoor air quality in primary schools.

the use of different computer models may result in inconsistencies in prioritization. For example,
CalTOX and USES-LCA are two commonly applied multimedia fate models in life cycle analysis,

Chapter 3 describes the calculation of intake fractions as an indicator at a generic continental

but it is currently unclear how the choice for a particular model influences the outcome of the

scale. Intake fractions represent the fraction of the quantity emitted that enters the human

indicator. It can be concluded that additional research is needed on how prioritization of risks

population. Calculations comprise multimedia fate and exposure modelling to account for the

is influenced by using indicators (1) at different stages of the cause-and-effect pathway; (2)

general properties of the chemical, such as its persistence (fate), accumulation in the food

expressed in different metrics; or (3) calculated with different models.

chain (exposure), and the intake through inhalation, ingestion and skin. This chapter aims to
systematically quantify the differences in the population intake fraction of toxic pollutants due

Besides measured or calculated risks, contextual and subjective factors can play an important

to differences in the model structure of the commonly applied multimedia fate and exposure

role in risk management and decision-making. The risk perception of the public is one of these

models CalTOX and USES-LCA. The intake fractions of 365 substances emitted to air, fresh water,

factors. Although a wide range of psychometric studies have been performed on risk perception

and soil were compared between the two models.

in relation to environmental stressors,(e.g. 38, 43, 52, 53) comparisons between actual and perceived
risks of environmental stressors have been analyzed to a limited extent.

Chapter 4 describes the ranking at the Dutch national scale of 21 priority air pollutants using
three indicator types: Environmental Pressure Indicator (EPI), Environmental Quality Indicator
(EQI), and Human health Effect Indicator (HEI). The EPI and EQI compare the emissions and

1.7 Aim and outline

concentrations with the target emissions and target concentrations, respectively. The HEI

Stepping along the cause-and-effect pathway

comprehends the steps from cause (i.e. national emissions) to effect (i.e. human health effects),
and is the total human health burden, expressed in Disability Adjusted Life Years per year of

The main objective of this thesis is to evaluate the consistency and effectiveness of different

exposure. The results of these three indicators are confronted to see whether they result in the

types of environmental health indicators that are used for environmental policy purposes. The

same priority setting.

indicators included in the study vary with respect to (1) stage in the cause-and-effect pathway
(e.g. emission, environmental quality, exposure and health effects), (2) the metric in which the
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Chapter 5 describes the effects of emissions at a local scale, using the risk advancement period
(RAP) to assess the environmental health impact; a novel application of this more intuitive
indicator. The health risks in the population resulting from local emissions of PM2.5 from industry
and different types of traffic were estimated. The Moerdijk area in The Netherlands was selected
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Abstract

2.1 Introduction

Poor air quality in schools has been associated with adverse health effects. Indoor air quality

In the past ten years, the attention for indoor air quality (IAQ) in schools has grown. Changes in

(IAQ) can be improved by increasing ventilation. The objective of this study was to compare

building design, such as increased air tightness and the use of synthetic building materials, provide

the effectiveness of different interventions to improve ventilation behavior in primary schools.

indoor environments in which contaminants are readily produced and may build up to much

We used indoor CO2 concentrations as an indicator. In 81 classes of 20 Dutch primary schools,

higher concentrations than outside.(1) In addition, occupants of a room produce pollutants such

we applied three different interventions: (i) a class-specific ventilation advice; (ii) the advice

as carbon dioxide (CO2), moisture, bio-effluents and dust. It has been found that low ventilation

combined with a CO2 warning device; and (iii) the advice combined with a teaching package.

rates (below 10 l/s per person) are associated with adverse health effects like communicable

The effectiveness of the interventions was tested directly after intervention and six weeks after

respiratory illnesses, sick building syndrome symptoms and respiratory allergies and asthma.(2-7)

intervention by measuring the CO2 concentrations and comparison with a control group (iv).

Ventilation is also strongly associated with comfort (perceived air quality) and reduction of short-

Before intervention, the CO2 concentration exceeded 1000 ppm for 64% of the school day. The

term sick leave,(7) and may reduce the airborne transmission of viruses.(8)

class-specific ventilation advice without further support appeared an ineffective tool to improve
ventilation behavior. The advice in combination with a CO2 warning device or the teaching package

Indoor environments in schools are of particular public concern because children are generally

proved effective tools and resulted in lower indoor CO2 concentrations when compared to the

more susceptible to environmental pollutants than adults, due to their higher breathing

control group. Ventilation was significantly improved, but CO2 concentrations still exceeded 1000

volume relative to body weight and because their tissues and organs are actively growing.(9, 10)

ppm for more than 40% of the school day. Hence, until ventilation facilities are upgraded, the CO2

Furthermore, children spend a significant amount of time in schools. Next to these direct health

warning device and the teaching package are useful low-cost tools.

effects, several studies have indicated associations between ventilation in schools and student
performance.(7, 11-14) The adverse environmental effects of insufficient ventilation on health,
learning and performance of students in schools could have both immediate and lifelong

Keywords

consequences.(13)

Carbon dioxide concentration, indoor air quality, ventilation, ventilation behavior, schools,

In occupied classrooms, the CO2 concentration can be used as an indicator of the ventilation

intervention

rate per occupant and the removal of pollutants in the air. Von Pettenkofer stated already in
1858 that CO2 itself was not important, but that it was an indicator of the amount of other
noxious substances produced by man. He reported that air was not fit for breathing if the

Practical implications

CO2 concentration (with man as the source) was above 1000 ppm.(15) Measured indoor air
concentrations of CO2, produced by human respiration, have been used worldwide as an

To improve ventilation behavior and indoor air quality in schools, CO2 warning device and teaching

indicator of inadequate ventilation in schools.(14)

package combined with a class-specific ventilation advice, are effective tools, while giving the
ventilation advice solely, is not effective. Although ventilation is significantly improved through

Many classrooms in schools of European and North American countries are not adequately

behavioral change, the ventilation rate is still insufficient to maintain good air quality during the

ventilated.(16-18) To improve the IAQ, the school building often needs radical adaptation regarding

full school day. Therefore, improvement of the ventilation facilities is recommended. Hence, until

ventilation facilities. In practice, this is not always feasible. As an alternative, the ventilation

ventilation facilities in schools are upgraded, the CO2 warning device and the teaching package

behavior of the occupants can be improved. However, little is known about the effectiveness of

are useful low-cost tools to improve current indoor air quality.

different measures to improve ventilation behavior in schools.(19)
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The aim of the present study was to determine the effectiveness of different measures to

The average number of pupils in a classroom was 25 with a standard deviation (SD) of 4. The

improve ventilation behavior in primary schools, using the change in indoor CO2 concentrations

mean ventilation demand per classroom, based on NEN 1089, was 518 m3/h (SD 75 m3/h).(20)

after intervention as an indicator. Three different measures to improve ventilation behavior were

The mean volume of the classrooms was 177 m3 (SD 36 m3) with a mean volume per person of

compared with a control group:

7.0 m3 (SD 1.5 m3). The mean area of the classrooms was 55.9 m2 (SD 6.6 m2) with a mean area

›

a class-specific ventilation advice;

per person of 2.2 m2 (SD 0.4 m2). The mean indoor temperature was 20.3°C (SD 1.2°C) and the

›

a class-specific ventilation advice in combination with a CO2 warning device;

mean relative humidity was 45% (SD 6.4%).

›

a class-specific ventilation advice in combination with a teaching package.
2.2.2 Interventions

The measures were tested in 81 classrooms from 20 Dutch primary schools. The effectiveness

The first intervention group received the class-specific ventilation advice (n=20 classes). The

of the measures was evaluated directly after intervention and six weeks later. The results are

second group received the CO2 warning device for one week, in addition to the class-specific

discussed within the context of improving IAQ in primary schools.

ventilation advice (n=20 classes). The third group received the teaching package for one week in
addition to the class-specific ventilation advice (n=21 classes). The fourth group was the control
group, which received no intervention (n=20 classes).

2.2 Methods
2.2.3 Measurement strategy
2.2.1 Selected classrooms

The CO2 concentration and the ventilation behavior were recorded for three separate monitoring

We selected 81 classes spread over 20 schools from a total of 1100 primary schools in the

weeks: First, the starting situation was recorded (T0) two to three weeks before intervention.

working area of five Regional Public Health Services in the south of The Netherlands. The

The short term effect was recorded directly after intervention (T1) and the longer term effect

intervention with the teaching package was carried out in schools in the city of Breda, while the

was recorded six weeks after intervention (T2). During these monitoring weeks, the indoor CO2

other interventions and the control measurements were carried out over the whole south of The

concentration, temperature and humidity were measured every three minutes, and the teachers

Netherlands. The schools were randomly selected until we identified sufficient classes fulfilling

were asked to register their ventilation behavior in a ventilation journal, i.e. when and which

the following criteria:

ventilation facilities were open and closed. In addition, in monitoring week T0, a checklist was

›	All schools were located at a distance of at least 400 meters from highways to prevent that

used to survey the class-specific situation. Furthermore, after the monitoring week T1, all teachers

traffic density affects the ventilation behavior via noise disturbance.

except the control group were asked to fill out a questionnaire to elicit their opinion about the

›	Schools with renovations planned during the measurement period were excluded, because

interventions. The questionnaire contained questions to determine whether the different tools

building activities may affect the ventilation behavior or may cause withdrawal from the study.

were used by the teachers and whether they found the tools useful. Additionally, the experiences

›	Only classes with natural unforced ventilation facilities were included (e.g. windows,

were discussed with the teachers at the end of the experiment (T2). This gave qualitative information

ventilation grids), so the air flow was depending on the ventilation behavior.

on the approach. Figure 2.1 shows an overview of the measurement strategy.

›	The ventilation capacity of the classrooms must be sufficient for the number of occupants
present, even in the winter season. Furthermore, to avoid draft and cold in the classrooms,

2.2.4 Measurement periods

especially in the winter season, the ventilation facilities must be located at least at 1.80

Because of a limited number of CO2 measurement devices, the experiment was conducted over

meter height.

two independent periods in the winter of 2004/2005. From October to December 2004, 24

›	For homogeneity, only classes with pupils aged 7-10 were selected.

classes were monitored and from January to March 2005, another 57 classes were monitored.

Only one type of intervention per school was conducted to minimize the influence of classes with

The intervention groups were monitored in both periods, except the group that received the

other interventions.

teaching package, which was only recorded in the second period.
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concentration exceeds 1200 ppm. This informed the teacher and the pupils when the
CO2 concentration was too high according to the Dutch Guideline. The CO2 warning device
consisted of an Atal ATV-8002 Single Beam Absorption Infrared Diffusion Sample Method CO2
sensor with ABC-LogicTM that enables the CO2 sensor to automatically calibrate itself once
installed in the field.(23) Before usage the devices were calibrated using directly introduced
calibration gases. The CO2 concentrations were measured with an accuracy of +/- 75 ppm, and
a range of 0 – 5000 ppm.(24)
2.2.7 Teaching package


In their daily routine, teachers may not ventilate the classroom on a regular basis. We
hypothesized that ventilation could be improved by involving the pupils. To facilitate this, we

Figure 2.1 Measurement strategy.

developed a teaching package for the teachers and their pupils. The teaching package ‘Outdoor
2.2.5 Class-specific ventilation advice

air, come in and play!’ was specifically developed for this study for pupils of 7-10 years old. The

The class-specific ventilation advice was based on the assessment of the starting situation and on

teaching package consisted of three lessons and in each lesson a different theme was discussed

two Dutch standards for ventilation in schools to prevent odor annoyance. These standards were:

with the help of a cartoon character called ‘Outdoor air’. The first theme, ‘Moisture in the air

›	The Dutch standard for ventilation in school buildings, NEN 1089, which prescribes a minimum

& Ventilation’, described a regular school situation with the occurrence of moisture in the air,

ventilation rate of 5.5 l/s per child and 10 l/s per adult.(20)

emitted from the skin and the lungs. It explained that continuous ventilation was needed to

›	The guideline for ventilation in schools of the Dutch Public Health Services, which prescribes
a guideline value of 1200 ppm for the CO2 concentration.

remove the moisture from the classroom. Although more pollutants in the classroom are of
importance, moisture was used to simplify the situation for the pupils. The second theme, ‘Dirt

(21)

The starting situation in the schools was studied by means of a checklist, the ventilation journal

in the air & Airing of the classroom’, described that more pollutants, like glues or paints, were

and measurements of CO2, temperature and relative humidity. The checklist was used to gather

emitted into the air during handicraft lessons. Furthermore, it explained that extra ventilation

information about ventilation facilities, furnishing of the classroom, school timetables and the

of short duration, like airing, was needed to remove those extra pollutants from the classroom.

number of pupils. The teachers were asked to register their ventilation behavior in a ventilation

The third theme, ‘Dust mite & Cleaning’, described the need for a clean school environment, for

journal, i.e. when and which ventilation facilities were opened and closed during the monitoring

example to avoid the growth of dust mites. Again, the situation was simplified for the pupils, and

week. Based on the information gathered so far and on the ventilation standards, the teachers

the dust mite was used as an example.

received an advice which described in detail how the ventilation facilities in that specific
classroom should operate. This advice consisted of a written advice, an oral presentation and a

After the themes were discussed, three tasks were assigned to the pupils. The ‘ventilation

‘ventilation card’. In the oral presentation, the CO2 concentration over the day was shown in a

controller’ had to make sure that the ventilation facilities were used in the regular school

graph, and the advice and the need for ventilation was explained. The ‘ventilation card’ was a

situation. The ‘airing controller’ had to make sure that during and after handicraft lessons extra

plasticized colored A5 paper with the class-specific key ventilation instructions, which could be

windows were opened. The ‘blackboard wiper’ had to wipe the blackboard at the end of the

placed on the teacher’s desk.

day with a wet cloth to remove chalk dust from the classroom. Wiping of the blackboard is not
related to ventilation, but this task underlined the need for a clean school environment. It was

2.2.6 CO2 warning device
The CO2 warning device, studied by Van Doorn & Wouters-van Buggenum,

the first teaching package in The Netherlands that puts the children in charge of the ventilation,
(22)

is a measuring

instrument with display and a red light-emitting diode (LED) which turns on when the CO2

airing and cleaning of the classroom. For each assignment a badge was handed out. The classes
were allowed to keep the badges, to encourage the development of a ventilation routine.
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2.2.8 Analysis

temperature in the T1 monitoring week was lower than in the T0 and T2 monitoring week

Of the CO2 concentrations, measured every three minutes during every monitoring week,

(Figure 2.2).(26)

only the measurements taken during the school day were evaluated. As a result, about 500
measurements of each classroom were evaluated per monitored school week.
The CO2 measurements were depicted in a graph and classified according the EN 13779
classification of indoor air.(1) This standard, describes the classification for ventilation in nonresidential buildings. It is based on the outdoor air supply and the corresponding difference
between indoor and outdoor CO2 concentration. The classification is shown in Table 2.1.
Table 2.1 EN 13779 classification of indoor air (IDA).

#

Category

Rate of outdoor air in a non-smoking
area (l/s per person)

ΔC# CO2
(ppm)

Indoor CO2 *
(ppm)

IDA 1

>15

<400

<800

IDA 2

10-15

400-600

800-1000

IDA 3

6-10

600-1000

1000-1400

IDA 4

<6

>1000

<1400

Figure 2.2 Outdoor temperature (°C) in study area per measurement period and monitoring week.

Difference between indoor and outdoor CO2 concentration

* Based on typical outdoor CO2 concentration of 400 ppm(1, 25)

To assess the effectiveness of the tools on short and longer term, we used the General Linear
Model Univariate Analysis of variance, with the measurement period as random factor. For

The evaluation of the effectiveness of the tools was based on the average CO2 concentrations

multiple comparisons between the different interventions groups we used the commonly applied

(CO2|AVG). The CO2|AVG was the arithmetic mean of the CO2 measurements, calculated for each

Bonferroni confidence interval adjustment to reduce the probability that the null-hypothesis is

classroom and for each monitored week separately. The short term effect was expressed as

unjustly rejected.(27)

the paired difference in average CO2 concentrations between the starting situation and the
situation directly after the advice: CO2|AVG (ΔT1). The effect on the longer term was expressed
as the paired difference in average CO2 concentration between the starting situation and the

2.3 Results

situation six weeks after the advice: CO2|AVG (ΔT2). The CO2|AVG (ΔT1) and CO2|AVG (ΔT2) were
calculated per classroom.

2.3.1 Questionnaire and ventilation journals
The response to the questionnaire was high (95%). The teachers were mainly positive about the

The data analyses were performed in SPSS 14.0. We decided to correct for the number of

different tools. The CO2 warning device was considered useful by 95% of the respondents, and

classes in the two measurement periods because of the following reasons:

they pointed out that they watched closely if the LED turned on. The class-specific ventilation

›	weather conditions are likely to influence both ventilation behavior and the diffusion of the

advice was considered useful by 80% of the respondents. The teaching package was considered

outdoor and indoor air; and

useful by two thirds of the respondents, and they pointed out that, because of the allocation of

›	in the first measurement period, the temperature in the T2 monitoring week was lower

tasks, they were reminded of ventilation by the pupils. 5% thought the teaching package was

than in the T0 and T1 monitoring week, whereas in the second measurement period, the

too difficult for the pupils of 7-8 years old. The oral presentation of the ventilation advice was
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considered useful by 60% of the respondents. Negative judgments were often explained by

On the longer term, the improvement decreased for the CO2 warning device and for the advice

complaints of draft or cold. In addition, two thirds of the teachers mentioned they followed the

solely. On the other hand, the improvement for the teaching package increased. On the longer

advice only partially, mainly because of this discomfort. Most teachers indicated that they

term, the largest improvement was achieved by giving a class-specific ventilation advice combined

failed to accurately register their ventilation in the ventilation journals. This was confirmed by

with either the CO2 warning device, or the teaching package. The improvements in these groups

visual inspection of the journals, i.e. the majority showed considerable data gaps and irregular

were significantly higher compared to the control group (Bonferroni, p<0.01). On the longer term,

registration patterns. It was therefore decided not to include these data in the interpretation

the intervention group which received solely the advice did not differ from the control group.

of the results.
Table 2.2 Average CO2 concentrations in ppm (CO2|AVG), tested with GLM Univariate ANOVA with correction

2.3.2 CO2 concentration

for the random factor measurement period.

1. Advice

To visualize the IAQ, CO2 measurements are classified according to the EN 13779 classification
of indoor air,(1) and depicted in Figure 2.3. In the starting situation (T0), the curves of the

mean (95%BI)

different groups were comparable and the CO2 concentrations exceeded the level of 1000 ppm

2. Advice &
CO2 warning
device
mean (95%BI)

3. Advice &
Teaching
package
mean (95%BI)

4. Control group p-valuea
mean (95%BI)

(IDA 2) for 65% of the school day. Directly after the advice (T1), the level of 1000 ppm was

Estimated Means

exceeded for the shortest time of the school day in the group with the CO2 warning device

CO2|AVG (T0)

1286 (1134 - 1437) 1438 (1287 – 1590) 1271 (1122 – 1420) 1298 (1146 – 1450)

(38%), followed by the group with solely the advice (55%), the group with the teaching package

CO2|AVG (T1)

1139 (1017 – 1261)

(58%), and the control group (63%). Six weeks after the advice (T2), the CO2 concentration

CO2|AVG (T2)

1249 (1117 – 1380) 1140 (1006 – 1275)

exceeded the level of 1000 ppm for the shortest time of the school day in the group with the

Estimated Paired Improvements

teaching package (40%), followed by the group with the CO2 warning device (57%), the group

CO2|AVG (ΔT1)

147 (11 – 283)

with solely the advice (62%), and the control group (69%).

CO2|AVG (ΔT2)

37 (-105 – 179)

960 (838 – 1082)

1124 (1001 – 1246) 1346 (1224 – 1468)
980 (848 – 1113)

1383 (1249 – 1517)

478 (343 – 614) § ¥

171 (31 – 312)

-47 (-183 – 88)

.000

275 (130 – 420) §

277 (130 – 424) §

-93 (-238 – 52)

.001

a General Linear Model Univariate Analysis of variance

The evaluation of the effectiveness of the tools was based on the average CO2 concentrations

§ Statistically significant different from group 4. Control (Bonferroni adjustment for pairwise comparisons)

(CO2|AVG), calculated for each classroom and each monitoring week. The means and the

¥ Statistically significant different from group 1. Advice (Bonferroni adjustment for pairwise comparisons)

corresponding 95% Confidence Interval (95%CI) of the average CO2 concentrations CO2|AVG are
presented in Table 2.2. In the starting situation (T0), the average CO2 concentrations did not
significantly differ between the groups (p=0.378).

2.4 Discussion
The influence of three different tools on CO2 concentrations in classrooms was compared with

To assess the effectiveness of the tools on short and longer term, the improvement in average

background variations in a control group. On the short term, the largest improvement in CO2

CO2 concentration was calculated for each classroom for the short term: CO2|AVG (ΔT1); and for

concentration was achieved by giving a class-specific ventilation advice combined with a CO2

the longer term: CO2|AVG (ΔT2). The short term improvement CO2|AVG (ΔT1) was significantly

warning device. This was followed by the advice combined with the teaching package and the

different from ‘0’ in all three intervention groups compared with the starting situation. The

advice solely. On the longer term, only the improvement for the teaching package further increased.

largest improvement on the short term was achieved by giving a class-specific ventilation

The largest improvement on the longer term was achieved by giving a class-specific ventilation

advice combined with a CO2 warning device. A pair wise comparison with Bonferroni correction,

advice combined with either the CO2 warning device, or the teaching package. We also assessed

showed that the advice combined with the CO2 warning device was better than the control

the relative improvement and draw the same conclusions from those results. We will now discuss

group (p<0.001), the group with solely the advice (p<0.01), and the group with the advice

these results in more detail.

combined with the teaching package (p<0.05).
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The intervention group with the teaching package was located in the city of Breda while the
other three groups were distributed more or less homogeneously over the southern part of
The Netherlands. However, we do not expect that this different localization of the intervention
groups influenced our results because: (1) the weather conditions in the different study areas
were similar,(26) and (2) the criteria for school selection resulted in comparable schools (see
methods section).
In case buildings are located near highways or busy local roads, ventilation may increase the
a

indoor concentrations of outdoor pollutants.(2, 28-30) Furthermore, traffic can cause noise nuisance
and therefore may discourage ventilation behavior. However, we do not expect that traffic had a
large influence on the ventilation behavior and CO2 concentrations in the class rooms of our case
study because the schools were located on a distance of over 400 meters from highways and the
majority of the schools (17 out of 20) were not situated near busy local roads.
Opening windows during the winter period may cause draft and cold and in this way it may affect
indoor thermal climate. To avoid draft and cold, teachers may have reduced ventilation. Hence,
in a warmer part of the year, the ventilation conditions are generally better, further improving
the effectiveness of the instruments evaluated in our study. It should be stressed, however, that

b

our results are representative for the temperate climate in The Netherlands which may not be
applicable to classrooms in colder climates.
The relatively small improvement on the short term for the teaching package could be explained
by the fact that the measurements on short term directly started after the teachers received the
teaching package, but it took three to four lessons to go through it. This meant that the first days of
this monitoring week, the teaching package was not fully used yet. Therefore the short term effect
of the teaching package was probably underestimated.
The influence on CO2 concentrations in classrooms of three different tools was studied on

c

short term and on a longer term of six weeks. In this period, the influence of the tools decreased
after removal of the tools, except for the teaching package. The effects on long term, for

Figure 2.3 Percentage of CO2 measurements during the school day, classified according to EN 13779

example after one year, are not studied yet. We expect the influence to decrease further on

classification of indoor air (IDA) on T0 (a), T1 (b) and T2 (c), assuming a background CO2 concentration

long term. However, continuous use of the tools may reduce decrease on long term. Grimsrud

of 400 ppm.(1, 25)

et al. already showed that the use of continuous monitoring without display could make a
significant improvement in IAQ.(31) In our experiment, the CO2 warning device was present in
the classroom for only one week. In this week the CO2 concentrations decreased, but when the
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CO2 warning device was removed the CO2 concentrations increased again. In the case of the

and CO2 concentration was achieved, the ventilation was still insufficient to maintain good air

teaching package, the package was removed, but the badges remained in the classrooms, and

quality during the full school day. In order for a person to perform a given behavior, the following

the CO2 concentrations did not increase. Correspondingly, we expect the improvement in CO2

must be present: (1) strong positive intentions or commitment, (2) no environmental barriers that

concentrations to last longer, if the CO2 warning device is present in the classroom continuously.

make it impossible to perform the behavior, (3) the skills necessary to perform the behavior.(34)

Nonetheless, one important condition would be that the placing of a CO2 warning device

Although the three tools consider the positive intention and the skills, insufficient or inappropriate

should be accompanied with a description of the problem and an introductory interpretation

ventilation facilities may form a barrier that makes it impossible to perform the behavior (factor 2).

of the data. Because the teaching package ‘Outdoor air, come in and play!’ can be used as

Therefore, to improve IAQ the focus should not only be on the ventilation behavior, but

problem description, we recommend to offer these tools together, combined with a

improvement of the ventilation facilities is also recommended. This was emphasized by the

complementary introduction on the interpretation of the CO2 data. Further study on (a) the

results of the questionnaire, which elicited that cold and draft were important reasons not to use

effects of the combined approach, (b) the effects of continuous use of the tools, and (c) the

the available ventilation facilities, like windows and ventilation grids. However, until the

effects on long term, would be recommendable.

ventilation facilities are upgraded, the CO2 warning device and the teaching package are useful
tools to improve ventilation and current IAQ in schools.

Although the IAQ in general and many different factors influencing IAQ, were studied frequently,
tools or programs to improve IAQ were studied less.(19) Moglia et al. conducted a survey on IAQ
practices in schools.(32) They showed that 42% of the schools in the U.S. have an IAQ management

2.5 Conclusions

program, and emphasized that this appeared to be a valuable factor in improving the learning
environment for school children. The focus in the programs studied was on management

Three different tools were compared in our study. We showed that:

programs for school officers in general. The CO2 warning device and the teaching package might

›	Before intervention the CO2 concentration exceeded the limit of 1000 ppm (IDA 2) for 65%

be used in addition to such IAQ programs.

of the school day.
›	The CO2 warning device and the teaching package appeared to be effective tools to improve

Besides management programs, a visual ventilation guiding device (VVGD) was developed for instant
estimation of indoor air quality.

(33)

The VVGD differed from the CO2 warning device as it measures the

ventilation behavior and IAQ, while giving class-specific ventilation advice without any
supporting means appeared ineffective.

concentrations of VOCs. This makes the VVGD particularly valuable in situations when building

›	Ventilation is significantly improved through behavioral change. Nevertheless, the CO2

materials are the main source of pollutants. However, in situations when occupants are the main

concentrations still exceeded the level of 1000 ppm for more than 40% of the school day.

source of pollutants, like in schools, the CO2 warning device would be more appropriate to use.

Therefore, improvement of the ventilation facilities is also recommended. Hence, until the

After this study was conducted, the output of the CO2 warning device has been adapted and the

ventilation facilities are upgraded, the CO2 warning device and the teaching package are

output is displayed similar to a traffic light. In the general settings, this ‘traffic light’ flashes (a)

useful low-cost tools to improve ventilation behavior and current IAQ.

green when the indoor CO2 concentrations are below 800 ppm; (b) orange when the indoor CO2
concentrations are between 800 and 1400 ppm; (c) red when the indoor CO2 concentrations are

It should be stressed that our results are related to classrooms with natural ventilation in a

above 1400 ppm, conform the European classification EN 13779. This more user-friendly CO2

temperate climate zone. These findings may not be applicable to classrooms with mechanical

warning device is now also commercially available (www.atal.nl).

ventilation or to classrooms in colder climates.

Before intervention, the CO2 concentration exceeded the level of 1000 ppm (IDA 2) for 65% of the

We recommend further study on (a) the effectiveness of the ‘traffic light’ combined with the

school day. This finding is in accordance with earlier studies in schools in The Netherlands and in

teaching package and an introductory interpretation of the data; (b) the effectiveness of continuous

(1)

European and North American countries.

(16-18)

Although an improvement in ventilation behavior

use of the recommended tools; (c) the effectiveness on long term, (e.g. after one year).
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A common concept to express human fate and exposure is the intake fraction (iF), representing
the fraction of the quantity emitted that enters the human population.(2, 3) Intake through

In life-cycle assessment (LCA) and comparative risk assessment (CRA) potential human exposure

inhalation, ingestion and in some cases dermal uptake are considered in iF calculations.(2, 4)

to toxic pollutants can be expressed as the population intake fraction (iF), representing the

Currently, different multi-media fate and exposure models are employed in the calculation of the

fraction of the quantity emitted that enters the human population. To assess the influence of

iF.(1) In this respect, commonly applied models are USES-LCA, the Uniform System for the

model differences in the calculation of the population intake fraction, ingestion and inhalation iFs

Evaluation of Substances adapted for LCA purposes, and CalTOX.(5, 6) The model USES-LCA, based

of 365 substances emitted to air, freshwater, and soil were calculated with two commonly applied

on the (E)USES model family applied for risk assessment purposes in the European Union,(7, 8) has

multimedia fate and exposure models, CalTOX and Uniform System for Evaluation of Substances

been implemented in the Dutch LCA Guide for the calculation of combined population intake

adapted for Life-Cycle Assessment (USES-LCA). The model comparison showed that differences

fractions and human effect factors in the European context.(9) The model CalTOX has also been

in the iFs due to model choices were the lowest after emission to air and the highest after

used to determine population intake fractions and effect factors of toxic polluntants,(5) and was

emission to soil. Inhalation iFs were more sensitive to model differences compared to ingestion

implemented in the Tool for the Reduction and Assessment of Chemical and other Impacts in the

iFs. The choice for a continental seawater compartment, vertical stratification of the soil

United States.(10)

compartment, rain and no-rain scenarios and drinking water purification mainly clarify the
relevant model differences found in population intake fractions. Furthermore, pH-correction of

In a preliminary comparison between CalTOX and USES-LCA, Hertwich et al. found large

chemical properties and aerosol-associated deposition on plants appeared to be important for

differences in the model outcomes for the same substances.(5) Apart from differences in

respectively dissociative organics and metals emitted to air. Finally, it was found that quantitative

substance-specific input data, model-specific choices concerning landscape parameters, human

structure-activity relationships (QSAR)-estimates for super-hydrophobics may introduce

intake characteristics and model structure may result in different iFs for the same substance.

considerable uncertainty in the calculation of population intake fractions.

Comparing the results of three evaluative environments, Huijbregts et al. found that the
uncertainty in the total iF due to choices in landscape parameters and human intake characteristics
in current fate and exposure models, as represented by the ratio of the 97.5th and 50th percentile,

Keywords

can be up to a factor of 10.(11) Uncertainty in population intake fractions due to uncertainty in
model structure was not addressed up to now.

Population intake fraction; Toxic emissions; Model comparison; USES-LCA; CalTOX
The goal of the present article is to systematically quantify the differences in the population
intake fraction of toxic pollutants due to differences in the model structure of CalTOX and USES-

3.1 Introduction

LCA. The two models are compared by example calculations with a large set of substances
commonly included in LCAs, including metals, dissociating organic chemicals and neutral organic

In environmental life cycle assessments of products (LCAs) and comparative risk assessment of

chemicals. The article starts with a brief outline of the population intake fraction in a multi-media

chemicals (CRA), toxic equivalency factors are used to determine the relative importance of a

fate and exposure setting. After identification of the major differences in model structure

substance to toxicity related impact categories, such as human toxicity. These equivalency factors

between USES-LCA and CalTOX, population intake fractions of 365 substances emitted to air,

account for the general properties of the chemical, such as its persistence (fate), accumulation

fresh water, and soil were compared between the two models and the model differences found

in the food chain (exposure), and toxicity (effect). Fate and exposure factors can be calculated by

are discussed.

means of evaluative multimedia fate and exposure models, while effect factors can be derived
from toxicity data on humans and laboratory animals.(1)
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›	(M5) CalTOX divides the soil compartment in three vertical layers, while in USES-LCA the
soil compartments are modelled as one layer with a chemical-dependent soil depth.

3.2.1 Intake fraction

Differences in the model equations employed by CalTOX and USES-LCA are that

With a multimedia fate and exposure model the intake fraction by the human population (iF) can

›	(P1) CalTOX produces a weighted average of human intake at conditions with (20%) and

be calculated by multiplying the total population size P with the average human intake rate D of

without (80%) rainfall. In contrast, USES-LCA assumes steady-state conditions with average

a pollutant x via pathway k, such as ingestion and inhalation intake (in kg/day) per person, per

rainfall;

unit emission rate M of pollutant x to compartment i, such as air, freshwater and soil (kg/day).
If the multi-media fate and exposure model consists of more than one geographical scale s, the
scale-specific iFs can be summed:

›	(P2) CalTOX includes resuspension of soil particles from soil to air in the fate analysis, while
USES-LCA does not account for this intermedia transport process;
›	(P3) CalTOX describes advective intermedia transport from plant to soil and plant to air in
more detail compared to USES-LCA;
›	(P4) USES-LCA accounts for the temperature- and pH-dependence of some substance

		

(3.1)

properties, such as vapour pressure, solubility, organic carbon-water partition coefficient
and degradation rates, while CalTOX does not account for this;

3.2.2 CalTOX versus USES-LCA

›	(P5) CalTOX incorporates aging of chemicals, including metals, as a removal process with an

Both CalTOX and USES-LCA have been described in detail in other papers.

(5, 6)

The key differences

in the structure of the two models are listed in three separate categories: Model dimensions,
model equations, and parameter assumptions. The following differences in model dimensions
are identified:

assumed half life of 100 years, while USES-LCA does not include an aging loss rate;
›	(P6) In USES-LCA purification of drinking water produced from surface water is introduced,
while this was not included in CalTOX; and
›	(P7) CalTOX has a more detailed human exposure module compared to USES-LCA. The

›	(M1) USES-LCA has two spatial scales (continental and hemispheric) and three climate

following exposure routes are modeled in CalTOX, while not taken into account in USES-

zones, reflecting arctic, moderate and tropic climatic zones of the Northern hemisphere.

LCA: Ingestion via aerosol deposition on vegetation, rainsplash absorption by vegetation

Because the hemispheric scale is modeled as a closed system without transport across

and irrigation water uptake by vegetation, and inhalation exposure after resuspension

the system boundaries, emitted substances cannot escape. In contrast, CalTOX has one

from indoor soil dust particles and after evaporation from shower water and tap water.

spatial scale (continental). To account for the full fate of the pollutant, CalTOX assumes a

Differences in parameter assumptions are that

closed system at the continental scale for all organic chemicals by setting the export rates

›	(D1) USES-LCA and CalTOX do not apply the same QSAR for the chemical fraction associated

via air and water to zero.(12) For metals, however, removal via surface water to the ocean is

to aerosol (FRaer), the organic carbon-water partition coefficient (Koc), the bioconcentration

allowed to prevent unrealistically high exposure through irrigation.

factor for fish (BCFfish) and the partial mass transfer coefficients at the compartments

(5)

›	(M2) A sea compartment has been included in USES-LCA at the continental scale, while this
is not the case in CalTOX;

interfaces; and
›	(D2) USES-LCA and CalTOX do not apply the same default parameter settings for generic

›	(M3) Both CalTOX and USES-LCA have the ability to include a vegetation compartment

environmental properties such as the height of the air compartment (Table 3.1).

in their fate calculations. However, USES-LCA, excluded the vegetation compartment in
the calculation of population iFs to reflect the original (E)USES model settings for risk

3.2.3 Model settings

assessment in the European Union;

To identify the influence of differences in model structure on the iF, the same set of region-

(7, 8)

›	(M4) At the continental scale, three soil compartments are included in USES-LCA, reflecting

specific environmental parameters, human exposure characteristics and substance-specific

the natural, agricultural and industrial soil, while CalTOX includes one generic soil

parameters is included in CalTOX and USES-LCA. These conditions were met by setting the region-

compartment; and

specific environmental parameters and human exposure characteristics on the continental scale
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›	(S2) apply the model dimensions of CalTOX in USES-LCA by using a closed system at the

Additionally,

continental scale except for metals (M1), minimizing the sea compartment at the continental

the datasets of Huijbregts et al. and Hertwich et al. were combined to consistently specify

scale (M2), including a vegetation compartment in the fate analysis at the continental scale

substance-specific parameters. The database consists of 365 substances representative of the

(M3), including one instead of three separate soil compartments at the continental scale

chemicals used in the European Union and the United States: High production volume chemicals

(M4) and including the more detailed three vertical layer soil structure (M5);

(11)

and the U.S. Environmental Protection Agency.

Human health indicators for air pollutants: Stepping along the cause-and-effect pathway

(6)

(13)

(5)

and active ingredients of commonly used pesticides. The dataset includes metals, dissociating

›	(S3) apply the process descriptions of CalTOX in USES-LCA by including conditions with

organic chemicals and neutral organic chemicals.

and without rainfall (P1), including resuspension of soil particles to air (P2), including the
additional transport terms from vegetation to soil and air (P3), excluding temperature- and

Table 3.1 Default settings of generic environmental properties at the continental scale in the multimedia

pH-corrections of substance properties (P4), including aging of chemicals (P5), excluding

fate models CalTOX and the Uniform System for Evaluation of Substances adapted for Life-Cycle

the drinking water purification factor of surface water (P6), and including the extra routes

Assessment (USES-LCA).

for human ingestion and inhalation from CalTOX in USES-LCA (P7);
›	(S4) apply equal parameter assumptions by including the substance-specific QSARs (D1)

Environmental properties

Unit

CalTOX

USES-LCA

Plant mass density

kgwwt.m-3

1000

800

wet mass inventory of the vegetation compartment

kgwwt.m

2.3

1.2 ; 1.8

Leaf Area Index

-

3.6

3.9 ; 2.7

Dry weight/wet weight vegetation

-

0.2

0.1

3.2.5 Uncertainty factor

Dry deposition interception fraction by vegetation

m.s

0.1a; 0.05b
8.4.10-9a; 2.5.10-8b

To summarize the differences found between CalTOX and the USES-LCA scenarios for the 365

Transpiration stream in vegetation

0.65
3.3.10-9

Mass fraction organic carbon in sediment

-

0.02

0.05

such that 95% of the values are within a factor k from the median.(14) The uncertainty factor k can

Mass fraction organic carbon in suspended matter

-

0.02

0.1

be calculated from the standard error (SE) by

Depth of freshwater sediment compartment

m

0.05

0.03

Volume fraction of water in sediment

-

Suspended particles sedimentation rate

m.s-1

0.8
4.6.10-5

Suspended particles resuspension rate

m.s-1

0.2
3.6.10-5
5.8.10-8

Burial of sediment rate

m.s-1

1.2.10-11

2.2.10-8
3.8.10-12

Height of air compartment

m

700

1000

Deposition velocity of air particles

m.s

0.0005

0.001

a

-2

-1

-1

a
a

and the default environmental parameter settings (D2) of CalTOX in USES-LCA;
b

›

(S5) apply the combination of Scenarios 2 to 4;

b

substances included, an uncertainty factor k was calculated. The uncertainty factor k is defined

		

(3.2)

where SE is equal to

natural vegetation; b agricultural vegetation

		

(3.3)

3.2.4 Model scenarios

3.2.6 Sensitivity analysis

For CalTOX and USES-LCA, population intake fractions were calculated for ingestion and inhalation

To obtain more detailed information about the underlying causes of the model differences

exposure after emissions to respectively air, freshwater and soil. To check the influence of the

found, we also quantified the influence of the individual model choices on the population intake

differences in model structure between CalTOX and USES-LCA on the iF outcomes, the model

fractions per exposure route (inhalation, ingestion) and emission compartment (air, freshwater,

structure of CalTOX was kept constant, while five model scenarios of USES-LCA were developed:

soil). This was done by successively change every model choice in Scenario 5 of USES-LCA.

›

For every change in model choice, we calculated the inhalation and ingestion iFs for the 365

(S1) apply the original model structure of USES-LCA (default scenario);
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substances included and compared the iF outcomes with the original iF outcomes of scenario 5

decrease in uncertainty factors compared to Scenario 1. The uncertainty factors in Scenario 5 are

of USES-LCA. Per model choice, the maximum ratio of the iF outcomes compared to the original

always below a factor of 2. The residual variance is caused by differences in model settings not

iF outcomes of scenario 5 of USES-LCA and the corresponding sensitive substance groups and

identified in the comparison. Because the differences between CalTOX and Scenario 5 of USES-

exposure routes were identified.

LCA are relatively small, we did not attempt to further reduce the model differences.
The Scenarios 2 to 4 reveal that applying respectively equal model dimensions, model equations

3.3 Results and discussion

and parameter assumptions always reduce the uncertainty factors. The outcomes of Scenarios 2
to 4 also show that the largest influence on the differences in the ingestion iF after emission to air

3.3.1 Uncertainty factors

and the inhalation iF after emission to air, freshwater and soil comes from differences in model

Table 3.2 gives the uncertainty factors for the ingestion and inhalation iF after emission to

equations. In contrast, the largest uncertainty in the ingestion iF after emission to freshwater and

respectively air, freshwater and soil, while Figures 3.1 to 3.6 show the ingestion and inhalation iF

soil is caused by differences in model dimensions.

outcomes of CalTOX and USES-LCA for Scenario 1 and 5.
Table 3.2 Uncertainty factors k of the population inhalation and ingestion intake fraction (iF) after

Comparing the original model outcomes of CalTOX and USES-LCA (Scenario 1), the uncertainty

emission to air, freshwater, and soil calculated with CalTOX compared to model scenarios S1 to S5 of

factor for the inhalation iF after emission to soil is the highest (a factor 6,879,000), followed

Uniform System for Evaluation of Substances adapted for Life-Cycle Assessment (USES-LCA).

by emission to freshwater (a factor of 162,000) and emission to air (a factor of 1,086). For

Emission compartment

the ingestion iF, the uncertainty factor is also the highest for emission to soil (a factor of 529),

Air

Freshwater

Soil

followed by emission to freshwater (a factor of 69) and emission to air (a factor of 51). For all

Inhalation iF

emission compartments, inhalation iFs appeared to be more sensitive to the model differences

S1: default

1086

162,000

6,879,000

between CalTOX and USES-LCA than the ingestion iFs.

S2: model dimensions

747

103,000

3,468,000

S3: model equations

7

7

17

Compared to the original version of USES-LCA, CalTOX results in systematically higher inhalation

S4: input data

138

15,000

1,418,000

iFs after emission to air (Figure 3.2a), freshwater (Figure 3.4a) and soil (Figure 3.6a). It was also

S5: all

1.2

1.3

1.5

found that the CalTOX produces systematically higher ingestion iFs after emission to freshwater,

Ingestion iF

except for metals (Figure 3.3a), and lower ingestion iFs after emission to soil for the majority of

S1: default

51

69

529

the substances (Figure 3.5a). No systematically higher or lower ingestion iFs are obtained after

S2: model dimensions

42

12

16

emission to air (Figure 3.1a).

S3: model equations

13

21

61

S4: input data

46

34

254

S5: all

1.6

1.2

1.8

Previous investigations indicated that uncertainty from chemical-specific parameters, such
as degradation rates, results in uncertainty factors up to a factor of 50 for population intake
fractions.(15-17) Scenario differences in landscape parameters and human characteristics lead to

3.3.2 Sensitivity analysis

Compared to these uncertainties, the current results indicate

Table 3.3 lists the model choices that dominantly explain the iF differences found between

that the influence of the model choice on population intake fractions may indeed be significant.

USES-LCA and CalTOX. The introduction of the rain/no rain scenarios (P1) is the major cause of

uncertainty up to a factor 10.

(11)

model differences in the inhalation iFs after emission to air. Under continuous rain conditions
Scenario 5, representing equal model choices in USES-LCA and CalTOX, shows a consistent

lower inhalation iFs after emission to air for substances with a low gas/water partition coefficient
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(< 1.10-5 at 25 °C), such as Acrylamide, are calculated compared to the rain/no rain scenario. This

Including a sea compartment at the closed continental scale (M2) also results in lower

can be explained by a higher estimated transfer from air to the earth surface under continuous rain

freshwater concentrations after emission to freshwater and thereby lower ingestion iFs for

For

pollutants with dominant exposure routes via drinking water or fish consumption, such as

dissociating substances, such as Pentachlorophenol, the inclusion of pH-correction of the water

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD). Excluding drinking water purification of surface

solubility in USES-LCA (P4) results in much lower inhalation iFs after emission to fresh water and

water (P6) results in higher ingestion iFs after emission to freshwater and soils for relatively

soil due to lower predicted volatilisation rates to air. For neutral organic chemicals, the exclusion

hydrophylic pollutants with dominant exposure routes via drinking water, such as Mevinphos.

of evaporation from tapwater and resuspension from indoor dust particles to air in USES-LCA (P7)

The QSAR applied in the calculation of the bioconcentration factor of fish (BCFfish) of super-

conditions for these type of pollutants, which is in accordance with the findings of Hertwich.

(18)

mainly clarifies the predicted lower inhalation iFs after respectively emission to fresh water and

hydrophobics (log Kow > 7), such as Dioctylphtalate, in USES-LCA results in a substantially

soil compared to CalTOX. However, the absolute inhalation iFs after emission to freshwater and

lower BCFfish compared to the QSAR applied in CalTOX (D1). The lower BCFfish results in lower

soil are found negligible compared to the intake fraction via ingestion. From this point of view,

predicted fish concentrations and consequently lower ingestion iFs after emission to freshwater

the inclusion of evaporation from tapwater and resuspension from indoor dust particles to air

for these type of pollutants. The differences in QSAR-outcomes for super-hydrophobics can

are not considered relevant and can be excluded.

be explained by the fact that CalTOX assumes a linear correlation between Kow versus BCFfish,
while USES-LCA employs a sub-linear correlation to estimate this chemical property. Although

For ingestion iFs the number of sensitive model choices is higher compared to inhalation iFs.

there is some empirical evidence of a loss of linear correlation between the BCFfish versus Kow for

Under continuous rain conditions, lower ingestion iFs of substances with a low gas/water

super-hydrophobics,(19) no firm mechanistic explanation can be given for this phenomenon.(20)

partition coefficient emitted to air are calculated compared to the rain/no rain scenario (P1).

The findings in this study stress the relatively high uncertainty of employing QSAR-estimates for

This can be explained by a lower estimated transfer from air to crops via gas absorption under

super-hydrophobics in fate models.

continuous rain conditions. For dissociating substances, the inclusion of pH-correction of the
water solubility (P4) results in a higher predicted gas absorption from air to plants and thereby

The most relevant model difference in the calculation of iFs after emission to soil is that CalTOX

higher ingestion iFs after emission to air. For metals, such as Lead, the inclusion of deposition of

divides the soil compartment in three vertical layers, while in USES-LCA the soil compartments

aerosols to plants (P7) appears to be an important ingestion exposure route after emission to air.

are modelled as one layer with a chemical-dependent soil depth (M5). Excluding the vertical

Lower ingestion iFs after emission to air and soil of (semi-)volatile, air-persistent pollutants,

stratification of the soil results in an average bulk concentration in soil. The concentrations in the

such as Hexachloroethane, are predicted if an open continental system nested in a hemipsheric

surface soil and root-zone soil of CalTOX are respectively significantly higher and lower compared

background scale is modeled compared to a closed continental system (M1). Relatively volatile,

to the bulk concentrations in USES-LCA. These observations are in accordance with the results of

air-persistent pollutants have a transport potential over the continental system boundary,

Maddalena et al. who found in a comparison of CalTOX and Fug3ONT, a fate model with one bulk

resulting in lower average environmental concentrations on the hemispheric scale due to dilution.

soil compartment, systematically lower concentrations in the root-zone soil compared to the bulk

Although the modeling of a closed continental system may overestimate the intake fraction

soil (up to three orders of magnitude).(21) For relatively hydrophilic substances with a dominant

after emission to air and soil of (semi-)volatile, air-persistent pollutants, Hertwich et al. argued

transfer to crops via uptake from the root soil, such as Benomyl, higher ingestion iFs after emission

that chemical transport across geographical system boundaries is particularly uncertain due

to soil are found in USES-LCA compared to CalTOX. In contrast, for hydrophobic substances with

to the variability in precipitation, the particle-bound fraction of the chemical and temperature

a dominant transfer to crops via uptake from the air, such as Dihexylphtalate, lower ingestion iFs

However, the issue of using a closed/open continental system boundary becomes

after emission to soil are found in USES-LCA compared to CalTOX due to decreased volatilisation

less relevant if a continental sea compartment is included, as the differences in the iFs between

from surface soil to air. As recently shown by McKone and Bennett,(22) combining these two soil

the open continental system boundary scenario and the continental sea scenario are within a

modelling approaches, i.e. a vertical stratification of the soil compartment with a chemical-

factor of 5 for all the substances included.

dependent soil depth, may result in an optimal model performance of the soil compartment.(22)

variability.

(17)
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Table 3.3 The maximum influence of dominant model choices specified for inhalation and ingestion
intake fraction (iFs) per emission compartment. A specification of the sensitive substance groups and
corresponding exposure pathways are also given.
#

Model choice

Maximum Increase/ Emission
Specification
ratio
decrease compartment

Inhalation iF
P1 Include continuous rain fall 86,000
P4 Include pH-dependency

9.8.107

P7 Exclude extra inhalation
exposure routes

630
140

decrease air
decrease
decrease
decrease
decrease

freshwater,
soil
freshwater,
soil

Ingestion iF
P1 Include continuous rain fall 2500

decrease air

P4 Include pH-dependency

increase

700

air, soil

P7 Exclude aerosol deposition 150
on crops
M1 Closed to open system
70

decrease air, soil

P6 Include purification of
960
drinking water
D1 QSAR BCFfish from USES-LCAa 60

decrease freshwater,
soil
increase freshwater

M2 Include sea compartment
M5 Exclude vertical
stratification of the soil

decrease freshwater
increase soil
decrease soil

15
150
15

decrease air

low-volatile organics, direct
inhalation
dissociative organics, evaporation
from freshwater/soil
evaporation from tap water to air
resuspension of indoor soil particles
to air
low-volatile organics, crop
consumption
dissociative organics, crop
consumption
metals, crop consumption

a

volatile, persistent organics via all
exposure routes
hydrophylic organics, tap water
consumption
super-hydrophobics, fish
consumption
tap water and fish consumption
crop consumption (crop uptake of
chemicals via soil)
crop consumption (crop uptake of
chemicals via soil)

quantitative structure-activity relationships (QSAR); bioconcentration factor (BCF); Uniform System for

a

Evaluation of Substances adapted for Life-Cycle Assessment (USES-LCA)

b
Figure 3.1 (a) Comparison of the population intake fraction (iF) via ingestion after emission to air
(iFair-ingestion) from CalTOX versus the original model structure of Uniform System for Evaluation of Substances
adapted for Life-Cycle Assessment (USES-LCA). + = neutral organics, Δ = dissociative organics, o = metals.
(b) Comparison of the population iF via ingestion after emission to air (iFair-ingestion) from CalTOX versus
the model structure of USES-LCA with all modifications included. + = neutral organics, Δ = dissociative
organics, o = metals.
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a

a

b

b

Figure 3.2 (a) Comparison of the population intake fraction (iF) via inhalation after emission to air

Figure 3.3 (a) Comparison of the population intake fraction (iF) via ingestion after emission to

(iFair-inhalation) from CalTOX versus the original model structure of Uniform System for Evaluation of

freshwater (iFfw-ingestion) from CalTOX versus the original model structure of Uniform System for

Substances adapted for Life-Cycle Assessment (USES-LCA). + = neutral organics, Δ = dissociative

Evaluation of Substances adapted for Life-Cycle Assessment (USES-LCA). + = neutral organics,

organics, o = metals. (b) Comparison of the population iF via inhalation after emission to air

Δ = dissociative organics, o = metals. (b)Comparison of the population intake fraction via ingestion

(iFair-inhalation) from CalTOX versus the model structure of USES-LCA with all modifications included.

after emission to freshwater (iFfw-ingestion) from CalTOX versus the model structure of USES-LCA with all

+ = neutral organics, Δ = dissociative organics, o = metals.

modifications included.+ = neutral organics, Δ = dissociative organics, o = metals.
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a

a

b

b

Figure 3.4 (a) Comparison of population intake fraction (iF) via inhalation after emission to freshwater

Figure 3.5 (a) Comparison of the population intake fraction (iF) via ingestion after emission to soil

(iFfw-inhalation) from CalTOX versus the original model structure of Uniform System for Evaluation of

(iFsoil-ingestion) from CalTOX versus the original model structure of Uniform System for Evaluation of

Substances adapted for Life-Cycle Assessment (USES-LCA). + = neutral organics, Δ = dissociative

Substances adapted for Life-Cycle Assessment (USES-LCA). + = neutral organics, Δ = dissociative

organics. (b) Comparison of population intake fraction via inhalation after emission to freshwater

organics, o = metals. (b) Comparison of the population intake fraction via ingestion after emission to

(iFfw-inhalation) from CalTOX versus the model structure of USES-LCA with all modifications included.

soil (iFsoil-ingestion) from CalTOX versus the model structure of USES-LCA with all modifications included.

+ = neutral organics, Δ = dissociative organics.

+ = neutral organics, Δ = dissociative organics, o = metals.
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3.4 Conclusions
The comparison between the multimedia fate models CalTOX and USES-LCA outlined in this
article quantifies uncertainty in population intake fractions caused by differences in model
dimensions, model equations and parameter assumptions. Ingestion and inhalation population
intake fractions of 365 substances emitted to air, freshwater and soil were calculated. The
comparison shows that the iF-outcomes of the two models significantly differ when they are run
in their original model setting, but once the model structure is made essentially the same, they
give very similar results. This suggests that there can be model-to-model consistency, but it does
not address the difficult issue of how to apply the models. The choice for a continental seawater
compartment, vertical stratification of the soil compartment, rain and no-rain scenarios and
drinking water purification mainly clarify the relevant model differences found in population
intake fractions. Furthermore, pH-correction of chemical properties and aerosol-associated
a

deposition on plants appeared to be important for respectively dissociative organics and metals
emitted to air. Finally, it was found that QSAR-estimates for super-hydrophobics may introduce
considerable uncertainty in the calculation of population intake fractions.
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pressure indicators (EPI) relate to flows that may disturb the environment and reveal whether
the reductions in actual emissions meet the emission reduction targets. Environmental quality

This paper evaluates the ranking of 21 priority air pollutants with three indicator schemes:

indicators (EQI) or state indicators verify whether the environmental concentrations, modeled

environmental pressure indicator (EPI), environmental quality indicator (EQI), and human

or measured, meet the environmental quality standards formulated. Pressure and quality

health effect indicator (HEI). The EPI and EQI compare the emissions and concentrations with

indicators are effectively used in The Netherlands to prioritize and monitor emission reductions.(1)

the target emissions and target concentrations, respectively. The HEI comprehends the steps

These indicators, however, do not give insight into the extent of the environmental impact, as

from cause (i.e. national emissions) to effect (i.e. human health effects), and is the total human

those standards cannot be regarded as threshold values below which a zero adverse response

health burden, expressed in Disability adjusted life years per year of exposure (DALYs·year ).

is expected.(2, 3) Environmental effect indicators are therefore developed to quantify the effects

We estimated a health burden in The Netherlands of 41·103 DALYs·year-1 caused by Dutch

that may actually occur in human populations or ecosystems.(4-6) Concerning human health, the

air emissions of PM10 and its precursors in the year 2003. The burden due to 17 carcinogenic

effects from air pollution range from aggravation of asthma to premature mortality.(7) Because of

substances emitted to air, was much lower (140 DALYs·year-1). In contrast, when the same

the variation in magnitude, duration and severity of these health effects, a human health effect

substances were evaluated regarding environmental pressure and environmental quality, carbon

indicator (HEI) should preferably express all effects in one common unit of physical damage to

tetrachloride (pressure) and benzo[a]pyrene (quality) were of highest importance, whereas the

human health.

-1

importance of PM10 was substantially lower. This result is remarkable, because for the majority
of substances evaluated, the target concentrations and target emissions are based on preventing

As such, a HEI enables prioritizing of chemicals with regard to their ultimate consequence: the

human health damage. The differences in relevance are explained by the different weighting of

impact on public health. It also enables monitoring over time of reducing health loss due to

interests in the indicators. The HEI is based on concentration-response relations, whereas the EPI

chemical emissions. Furthermore, comparison of environmental health impact with other health

and EQI also depend on other, policy-based, principles and on technical feasibility. Therefore, to

problems is possible. This is especially useful for evaluating and comparing different policy options

effectively prioritize emission reduction measures in policy-making, substances should not only

and assessing the cost-effectiveness of prevention or mitigating measures. The HEI can also be

be evaluated as to whether emission targets and environmental quality targets are reached, but

used in communication on environmental health risks and more specifically on the consequences

they should be evaluated regarding their human health impact as well. In this context, the HEI is

for health of environmental emissions. The latter provides a means to move beyond traditional

a suitable indicator to evaluate the human health impact.

reporting of concentration values.(8) It is unknown, however, whether the three environmental
indicator schemes result in different priority lists of chemicals. The goals of this research are to
(1) to develop an operational environmental effect indicator with respect to human health due to

Keywords

pollutants, emitted to air, and (2) to compare the results of pressure, quality and effect indicators
for 21 priority air emissions in The Netherlands.

Human health burden; indicator; air quality; DALYs; environmental pressure

4.2 Methods
4.1 Introduction
4.2.1 Study outline
Chemicals are emitted as a result of human activities and spread throughout the environment,

The human effect indicator comprehends the steps from cause (i.e. specifically national

which may lead to effects on human health and ecosystems. To evaluate the impact of chemical

emissions) to effect (i.e. human health effects) of several types of emitted substances which were

emissions, indicators have been defined at three levels: (1) environmental pressure, (2)

selected from the Dutch priority list of substances that impose a risk for humans or ecosystems.

environmental quality, and (3) effects on human health or ecosystems (Figure 4.1). Environmental

(9)

The impact of a substance on public health depends on the emission, fate, and environmental
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correlation in the SPSS software package 14.0 (SPSS Inc., Chicago, IL, USA). The EPI and EQI were

Step 1

Step 2

Step 3

Human health indicators for air pollutants: Stepping along the cause-and-effect pathway

Emission

Environmental
pressure
indicator (EPI)

Concentration

Environmental
quality
indicator (EQI)

calculated as follows:

(4.2)

(4.3)

Probability of health eﬀect

The emissions (E) and concentrations (C) were compared with the target emissions (TE) and target
concentrations (TC), which are defined for the year 2010 in the Fourth National Environmental
Step 4

Severity of eﬀect

Policy Plan, see Appendix Table 4.A1 and Table 4.A2.(9) Target concentrations are derived from

Human
eﬀect
indicator (HEI)

effect concentrations that are accepted by the Dutch government for human toxicity, ecotoxicity,
greenhouse effect, ozone depletion, acidification, and eutrofication. Emission targets are based
on the target concentrations as well as on national and international agreements on emission

Figure 4.1 Outline of stages for calculating environmental pressure indicator, environmental quality

reduction and include the technical and/or political feasibility of emission reduction measures.

indicator and human effect indicator.

Emissions and concentrations used in the calculations are presented in the Appendix. The input

concentrations of the substance, the probability and extent of exposure, and the probability and

the precursors ammonia, nitrogen oxides and sulfur oxides from which secondary PM10 is formed

severity of an effect due to this exposure. In the current study, the HEI is expressed as the loss of

(Table 4.1); and for 17 carcinogenic priority substances (Table 4.2).

data of all calculation steps were available for 21 priority substances, namely primary PM10 and

Disability Adjusted Life Years (DALYs), which combines the number of life years lost, the number
of years spent in poor health, and a valuation of these years spent in poor health.(10) As such, the

4.2.2 Emissions

health burden combines both qualitative and quantitative elements of health in one indicator,

Data on air emissions in The Netherlands were available from The Netherlands Pollutant Release

which makes it suitable to compare different health outcomes.

& Transfer Register (PRTR).(11) In the PRTR a distinction is made in individual point sources for which
data is explicitly reported every year and diffuse sources (e.g. mobile and agricultural sources)

The HEI is calculated as the sum of the human health burden, expressed in DALYs, over different

for which emissions are estimated using a combination of emission factors and activity data. The

substances x, disease type e, and the grid cells of the study area i:

standard spatial resolution of the diffuse sources is 5x5 km. Emissions of primary PM10 and PM10
precursors NOx, SO2, and NH3 were directly available from the PRTR. In case no spatially explicit
data were available, total emissions per source category of carcinogenic priority substances were
(4.1)

extracted from the PRTR. The spatial pattern of the NOx emissions of the corresponding source
category was applied as a surrogate for the emissions of the carcinogenic priority substances.

The results of the HEI were compared with the environmental pressure indicator (EPI) and

The base year 2003 was chosen for the emissions data. Further data on the emission totals can

the environmental quality indicator (EQI), and the correlation is studied using Spearman rank

be found in the Appendix.
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4.2.3 Air concentrations

Risk factors (UR). The UR for an air pollutant is defined as “the attributable lifetime cancer risk

Air concentrations were calculated using the Operational Priority Substances model (OPS),

occurring in a hypothetical population in which all individuals are exposed continuously from

which simulates the atmospheric process sequence of emission, dispersion, transport, chemical

birth throughout their lifetimes to a concentration of 1 μg.m-3 of the agent in the air they

conversion and finally deposition.(12) The air concentrations were calculated for The Netherlands

breathe”.(2) The UR is preferably based on epidemiological studies with human populations, but

in 5x5 km grid cells on a receptor height of 3.8 meters, the measuring height of the Dutch National

can also be derived from animal data. When calculating the ELR from the UR, an additive model

Air Quality Monitoring Network, using meteorological data for the year 2003. PM10 concentrations

is used, implying that a given exposure increases the cancer incidences by a dose-related factor

were modeled as a result of primary PM10 emissions, and as a result of the formation of NH4 ,

that adds to the background incidence.(18)

+

NO3-, and SO42- aerosols due to emissions of the precursors NH3, NOx, and SO2, respectively. The
concentrations of the organic substances were calculated twice: once assuming substances to

4.2.5 Attributable burden based on Relative Risk

be 100% in the gas phase and once assumed 100% bound to aerosols. After that, the fractions

The RR is expressed per μg.m-3 and from the RR, the ELR and AB were calculated as follows:

in gas phase and aerosol bound were estimated on the basis of the chemicals vapor pressure,(13)
and the ambient air concentration of a chemical was calculated as the weighted sum of both
gas phase and aerosol bound concentrations. Air concentrations of hexavalent chromium were
based on emissions of total chromium. The ratio of hexavalent and total chromium concentration
was set to 5%, which is in accordance with measurements in The Netherlands by Mennen et al.(14)
and theoretical predictions of Seigneur & Constantinou.

(15)

					

The substance specific input data used

(4.4)

to calculate air concentrations are presented in the Appendix.
4.2.4 Probability of health effects

					
(4.5)

The probability of an effect, required in the HEI, was quantified as the excess lifetime risk (ELR)
of developing a particular health state due to exposure to the emitted substance.(16) To calculate
the attributable burden (AB) for the total Dutch population, the risks and exposed populations

RRx,e

Relative Risk of developing disease type e after exposure to 1 µg.m-3 of substance x (-)

were combined in the Geographic Information System ArcGIS 9.2 (ESRI, Redlands, CA, USA). The

Cx,i

Concentration of substance x for grid cell i (μg.m-3)

fraction of the population exposed was set at 1, assuming exposure of the total population to

ELRRRx,e,i	Excess lifetime risk, based on the RR, of developing disease type e due to exposure to a
substance x per year of exposure for grid cell i (year-1)

the air concentrations.

ABx,e,i 	Population attributable burden of developing disease type e due to exposure to a
substance x per year of exposure for grid cell i (year-1)

The method to calculate the ELR depends on how the concentration-response (CR) relation of a
substance is expressed. In the case of PM10, the gathered data on CR relations are expressed as

Finc,e

Incidence Fraction of the Dutch population for disease type e (year-1)

relative risks (RR). The RR is the relative measure of the difference in risk between the exposed

Fexp,x,e

Fraction of the population exposed to substance x and who may develop disease type e (-)

and unexposed populations in cohort studies. It is defined as the rate of disease among the

Ni

Number of persons living in grid cell i in The Netherlands (-)

When calculating the ELR

In calculating the acute effects of PM10 exposure, we included total mortality and hospital

from the RR, a multiplicative model is used, implying that a given exposure increases the cancer

admissions for acute cardiovascular and respiratory disease. For chronic effects of PM10 exposure,

incidences by a dose-related factor that multiplies the background incidence.(18)

we included total mortality. We selected incidence fractions for the year 2000, excluding deaths

exposed divided by the rate of the disease among the unexposed.

(17)

due to external causes, such as accidents. The input data used to calculate the probability of
When a substance causes carcinogenic effects, the CR relations are usually expressed in Unit

effects for PM10 are presented in Table 4.1.
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4.2.6 Attributable burden based on Unit Risk

to account for the difference in metabolic rate.(22) Secondly, the human-equivalent TD50 was

The ELR was calculated from the UR of carcinogenic substances using the following equation:

converted to a UR using a conversion factor of 1.25.(23) The input data used to calculate the
probability of effects for carcinogenic substances are presented in Table 4.2.
4.2.7 Human health burden

		
ELR

UR

x,e,i

(4.6)

The health burden adds the aspect of severity of effects, in our case expressed in DALYs without

	Excess lifetime risk, based on the UR, of developing disease type e due to exposure to

discounting or age weighting.(24) The calculated health burden represents the HEI and is calculated

a substance x per year of exposure for grid cell i (year-1).

as follows:

URx,e 	Human-equivalent unit risk factor of substance x: lifetime cancer risk estimate for
lifetime exposure e to a concentration of 1 µg·m-3 of substance x (m3.μg-1).
LT

Lifetime (year)
		

(4.7)

The AB was subsequently derived with equation 4.5. The lifetime was set at 80 years, in agreement
with Dutch health statistics.(19) The inhalation URs were derived from the Air Quality Guidelines

HEI

Human health effect indicator due to emission of all substances evaluated (DALYs·year-1).

for Europe 2000 of the World Health Organization(2) or the IRIS database of the US EPA.(17) For four

DALYe Severity of disease type e (DALYs).

substances, the URs were available both from the WHO and the US-EPA. The URs from the WHO
do not systematically deviate from than the URs from US EPA, and the differences are within

Data on disease specific DALYs due to exposure to PM10 were adopted from various literature

1 order of magnitude. Preference was given to the WHO data, because of the global nature of

sources.(25-27) For the other 17 substances, we selected the most sensitive carcinogenic endpoint in

this organization. The inhalation UR was not available for all carcinogenic priority substances.

humans. If no human endpoint was reported with the UR or if the UR was derived from TD50s, we

For some substances, the human-equivalent oral slope factor (OSF) was available in the IRIS

chose a default DALY for cancer in general of 13.3 years of life lost and 2.3 years of life disabled.(6)

database. The human-equivalent OSF was converted to the UR using breathing rate (13 m3.day-1)

We used DALYs for The Netherlands on severity and duration as given by De Hollander et al..(6)

and body weight (70 kg).

If no data on disease-specific DALYs were available for The Netherlands, we used DALYs for the

(20)

Established Market Economies (EME) from the Global Burden of Disease study.(10) The input data
When neither a UR nor an OSF was available, the UR was tentatively estimated from the daily
dose that induced tumors in half of the test animals that would have remained tumor-free at zero
dose (TD50). Data on the TD50 were obtained from the carcinogenic potency database (CPDB),
developed by Gold & Zeiger.(21) In case both an inhalation and oral TD50 were available for a
chemical, preference was given to the inhalation TD50. For four carcinogenic priority substances,
i.e. styrene, toluene, tetrachloroethylene and ethylene oxide, TD50s were available for rat and
mouse; the order of preference was rat, followed by mouse. The human-equivalent UR was
estimated from the TD50 for laboratory test species in a two-step procedure. Firstly, the TD50 for
laboratory species was converted to a human-equivalent TD50 using an interspecies conversion
factor. A default interspecies conversion factor of 1 was applied when the TD50 was derived from
inhalation studies, since ventilation rate scales with the metabolic rate.(22) When the TD50 was
derived from oral-exposure studies, an interspecies conversion factor of 3.8 (rat) was calculated

used to calculate the health burden are presented in Table 4.1 and Table 4.2.

Relative risk
(-)
Total mortality long term
1.0043(29)
Total mortality short term
1.0006(35)
Acute respiratory morbidity
1.00114(36)
Acute cardiovascular morbidity 1.0005(37)

Critical effect in humans

Substance

*

WHO
IRIS
CPDBIV
IRIS

Human
Rat
Rat
Rat

13.3 a
13.3 a,¥
13.3 a,¥
13.3 a,¥

	If no cancer type in humans was specified, DALYs were calculated from
incidence and prevalence data (morbidity) and on standard life-table
analysis (mortality).(6)
§
DALYs adopted from other substance with same disease type.
I
UR estimated from inhalation TD50 of 23.3 mg.kg body weight-1.day-1.(21)
II
UR estimated from oral TD50 of 3060 mg.kg body weight-1.day-1.(21)
III
UR estimated from inhalation TD50 of 145 mg.kg body weight-1.day-1.(21)
IV
	UR estimated from inhalation TD50 of 56 mg.kg body weight-1.day-1.(21)
¥

1.00·10-6
4.70·10-7
5.88·10-6
3.70·10-6

2.3 a
2.3 a,¥
2.3 a,¥
2.3 a,¥

Hepato-angiosarcoma
Cancer
Cancer
Cancer

13.5 a, §
1
2B
1
2B

Human

1.2 a, §

WHO

Lung cancer

3

4.00·10-2

Years of life
disabled
(DALYs ·case-1)
2.3 a,¥
2.3 a,¥
1.2 a
2.3 a,¥
2.3 a,¥
0.4 b
1.2 a
2.3 a,¥
0.4 b
2.2 a
1.2 a, §
1.2 a,§

IARC* Critical effect in humans Unit Risk Factor Source of Test species Years of life
(m3.µg-1)
lost
toxicity
(DALYs ·case-1)
data#
-5
2B
Cancer
1.41·10
CPDBI
Rat
13.3 a,¥
-5
2B
Cancer
2.60·10
IRIS
Rat
13.3 a,¥
-5
2B
Lung cancer
2.00·10
WHO
Human
13.5 a
-7
3
Cancer
1.83·10
CPDBII
Rat
13.3 a,¥
-6
2A
Cancer
2.27·10
CPDBIII
Rat
13.3 a,¥
1
Nose and throat cancer 1.30·10-5
IRIS
Rat
5.1 b
1
Lung cancer
8.70·10-2
WHO
Human
13.5 a
2B
Cancer
1.50·10-5
IRIS
Rat
13.3 a,¥
-5
2B
Bladder cancer
2.30·10
IRIS
Mouse
2.8 b
-6
1
Leukemia
6.00·10
WHO
Human
21.2 a
-4
2B
Lung cancer
3.80·10
WHO
Human
13.5 a,§
-3
1
Lung cancer
1.80·10
IRIS
Human
13.5 a, §

	IARC classification: group 1: carcinogenic to humans; group 2a: probably
carcinogenic to humans; group 2b: possibly carcinogenic to humans;
group 3: not classifiable as to carcinogenicity to humans(IARC).(38)
#
	WHO: UR adopted from Air Quality Guidelines;(2) IRIS: UR adopted from
IRIS database;(17) CPDB: UR estimated from TD50 from animal studies in
carcinogenic potency database.(21)
a
	De Hollander et al., 1999;(6) b EME - Murray & Lopez, 1996.(10)

Styrene
1,2-dichloroethane
Acrylonitrile
Toluene
Tetrachloroethylene
Formaldehyde
Benzo[a]pyrene
Carbon tetrachloride
Chloroform
Benzene
Nickel & Nickel compounds
Cadmium & Cadmium
compounds
7440-47-3 Chromium VI & Chromium
VI compounds
75-01-4
Vinyl chloride
75-09-2
Dichloromethane
75-21-8
Ethylene oxide
75-56-9
Propylene oxide

100-42-5
107-06-2
107-13-1
108-88-3
127-18-4
50-00-0
50-32-8
56-23-5
67-66-3
71-43-2
7440-02-0
7440-43-9

CAS-NR

Incidence Years of life lost Years of life disabled
(year-1)
(DALYs·case-1) (DALYs ·case-1)
-3 (19)
8.53·10
10 (26, 27)
-3 (19)
8.53·10
0.25(25)
-3 (25)
3.08·10
0.025(25)
-3 (25)
5.28·10
0.027(25)
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Table 4.2 Substance specific input data for carcinogenic priority substances.

Cas number Emitted
Formed
substance
substance
Primary PM10
Nitrogen oxides
PM10
7664-41-7 Ammonia
7664-93-9 Sulfur dioxide

Table 4.1 Substance specific input data for primary and secondary particulate matter (PM10).
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oxide and ethylene oxide) were ranked 18th and 19th in the HEI list. The Spearman rank correlation
indicates little or no relationship between the EPI and the HEI (rSpearman = 0.20; p = 0.39) and a
moderate relationship between the HEI and the EQI (rSpearman = 0.64; p = 0.00).

Figure 4.2 Results for environmental pressure indicator (EPI), environmental quality indicator (EQI) and
human health effect indicator (HEI). If the relative importance is <3%, the substances are summed into the
category ‘remaining substances’.

9
14
15
12
21
8
5
7
17
6
11
13
10
20
16
19
18
<0.01%
<0.01%
<0.01%
<0.01%
<0.01%
<0.01%
0.2%
0.03%
<0.01%
0.04%
<0.01%
<0.01%
<0.01%
<0.01%
<0.01%
<0.01%
<0.01%
2.1
1.7·10-1
1.3·10-1
7.6·10-1
6.1·10-4
3.1
9.6·101
1.4·101
2.1·10-2
1.6·101
8.6·10-1
4.5·10-1
2.0
5.0·10-3
7.1·10-2
1.1·10-2
1.8·10-2
15
16
12
4
21
8
1
6
20
3
5
13
2
18
17
11
19
0.02%
<0.01%
0.07%
1%
<0.01%
0.6%
91%
0.8%
<0.01%
2%
0.9%
0.06%
2%
<0.01%
<0.01%
0.09%
<0.01%

1
2
3
4
55%
33%
9%
3%
2.2·104
1.3·104
3.7·103
1.2·103

71

EPI: Environmental pressure indicator; EQI: Environmental quality indicator; HEI: Human health effect indicator

the HEI as 7th and 5th, respectively, whereas the other major contributors to the EPI (propylene

0.003
0.001
0.01
0.24
0.00003
0.10
15.80
0.13
0.001
0.30
0.16
0.01
0.40
0.001
0.001
0.02
0.001

major contributors to the EPI (carbon tetrachloride) and EQI (benzo[a]pyrene) were ranked for

20
17
7
5
13
19
18
1
6
15
16
4
8
12
21
3
2

pyrene (91%), whereas primary PM10 and its precursors together contributed for about 1%. The

0.5%
1%
3%
4%
2%
0.6%
0.9%
41%
3%
2%
1%
5%
3%
2%
0.3%
11%
12%

for 8%. The substance of highest importance regarding environmental quality was benzo[a]

0.47
1.16
2.63
3.46
1.52
0.55
0.76
34.75
2.65
1.45
1.22
4.59
2.32
1.53
0.27
9.09
10.12

(11%), and ethylene oxide (10%), whereas primary PM10 and its precursors together contributed

7
9
10
14

importance regarding environmental pressure were carbon tetrachloride (38%), propylene oxide

0.6%
0.5%
0.1%
0.05%

importance of the substances are shown in Figure 4.2 and Table 4.3. The substances of highest

0.11
0.09
0.02
0.01

contributors were benzo[a]pyrene, benzene and carbon tetrachloride. The rankings and relative

9
10
14
11

health burden resulted from air emissions of carcinogenic priority substances and the largest

2%
2%
2%
2%

the major contributors to the health burden of the selected Dutch air emissions. 0.3% of the

1.97
1.68
1.50
1.58

was 140 DALYs·year-1. Primary PM10 (55%) and secondary PM10 formed from NOx (33%) were

Table 4.3 Overview of results of environmental pressure indicator, environmental quality indicator and human health effect indicator.

sources, was 41·103 DALYs·year-1. The health burden due to 17 carcinogenic priority pollutants

Particulate matter PM10
Primary PM10
Secondary PM10 formed from NOx emissions
7664-41-7 Secondary PM10 formed from NH3 emissions
7664-93-9 Secondary PM10 formed from SO2 emissions
Carcinogenic priority substances
100-42-5 Styrene
107-06-2 1,2-dichloroethane
107-13-1 Acrylonitrile
108-88-3 Toluene
127-18-4 Tetrachloroethylene
50-00-0 Formaldehyde
50-32-8 Benzo[a]pyrene
56-23-5 Carbon tetrachloride
67-66-3 Chloroform
71-43-2 Benzene
7440-02-0 Nickel & Nickel compounds
7440-43-9 Cadmium & Cadmium compounds
7440-47-3 Chromium VI & chromium VI compounds
75-01-4 Vinyl chloride
75-09-2 Dichloromethane
75-21-8 Ethylene oxide
75-56-9 Propylene oxide

The health burden in The Netherlands due to exposure to PM10 caused by Dutch emission

EPI (-) Percentage Rank

4.3 Results

EQI (-) Percentage Rank HEI (DALYs·year-1) Percentage Rank
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4.4 Discussion
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(28)

(e.g. Spadaro & Rabl, 2004).
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Inclusion of the remaining pollutants, will certainly lead to an

increase in the HEI, but, in view of the relatively high health damage of PM10 emissions, only a
The goal of this study was to quantify human health impact of air emissions in The Netherlands

marginal increase is expected.

of a number of priority substances, and to confront the human health impact results with
environmental pressure and quality indicator results. PM10 and precursors were of highest

Fourth, the variation of exposure over time was not considered in this study. Especially for PM10,

importance regarding human health impact, whereas the impact of the 17 carcinogenic priority

exposure to peak concentrations can lead to short term mortality. The HEI may therefore give an

substances was negligible. In contrast, when the same substances were evaluated regarding

underestimation of the acute effects.

environmental pressure and environmental quality, carbon tetrachloride (pressure) and benzo[a]
pyrene (quality) were of highest importance, whereas the importance of PM10 was much lower.

Fifth, we used PM10 as a causal parameter in this study, whereas the RRs were derived in

Although carbon tetrachloride and benzo[a]pyrene were ranked directly below PM10 with

correlative analyses where other, concurrently present, pollutants beside PM10 may have

respect to the HEI, their relative importance was less then 1%. Furthermore, the other two major

attributed to the observed health effects. Epidemiological studies cannot strictly allocate

contributors to the EPI, propylene oxide and ethylene oxide, had a negligible influence on the

observed effects to single pollutants, and a pollutant-by-pollutant assessment would grossly

HEI. The differences in the priority lists are further discussed below, but first we will elaborate on

overestimate the impact. Therefore, we selected PM10 to derive the attributable cases for the

the uncertainties in the HEI.

mixture of particulate air pollutants.

4.4.1 Uncertainties in the HEI

Finally, the calculation of the health burden from the RR represents a best estimate, whereas

A number of model choices and uncertainties may influence the indicator results. First,

the calculation based on the UR represents the upper bound cancer risk.

modeled instead of measured air concentrations were used to derive the HEI; this enables

database nowadays also reports on the central tendency in addition to the upper bound,

separate assessment of the health impacts of the Dutch emissions, without the influence of

was not the case for the substances selected in this study. The fact that the UR is a result of

natural background concentrations or emissions outside The Netherlands. It should be stressed,

linear extrapolation of the dose–response curve towards zero, leads to further conservativeness

however, that the full health impact of ambient concentrations in The Netherlands of PM10 and

in estimation of the actual cancer risk. In spite of this conservativeness, the contribution of

the 17 carcinogenic substances will be higher, because the influence of emissions outside The

carcinogenic substances to the HEI was still small.

(29)

(2)

(30)

Although the IRIS
(30)

this

(2)

Netherlands were not included in this analysis.
4.4.2 Indicator schemes
Second, we included the human health burden in The Netherlands only. This implies that the

With due consideration of the aforesaid limitations in the application of the methodology, the

burden caused by Dutch emissions in countries other than The Netherlands was not included

case study results showed that the priority lists differ between the three indicator schemes. This

in the HEI. If the interest would be on the total health impacts of Dutch emissions, the adopted

result is remarkable, because for the substances evaluated, the target concentrations and target

calculation procedure would result in an underestimation, especially for substances with the

emissions are based on preventing human health damage, with a few exceptions.

ability to transport over large distances.
For carbon tetrachloride, the major contributor to the EPI, the target emission is based on
Third, the current HEI calculations reflect a small selection of all chemicals emitted to air in

ozone depletion and not on its direct impact on human health. The relative importance for

The Netherlands. This was mainly due to the fact that for many substances only NOAEL and

the EPI is therefore high, whereas the relative importance for the HEI is low. However, ozone

LOAEL data were available. These data are unsuitable to model a relationship between dose and

depletion results in health loss because it induces an increase of ultraviolet B irradiation (UVB)

response. Further study is required on the derivation of slope factors from raw bioassay data

at the earth’s surface, which leads to an increase of skin cancer and cataract. The global human

to derive the health burden for substances with a non-carcinogenic dose-response relationship

health impact of skin cancer and cataract resulting from ozone depletion due to emissions of
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carbon tetrachloride, is 1.3 DALYs per ton emitted.(31) When this indirect health impact of carbon
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Substance

Styrene
1,2-dichloroethane
Acrylonitrile
Toluene
Tetrachloroethylene
Formaldehyde
Benzo[a]pyrene
Carbon tetrachloride
Chloroform
Benzene
Nickel & Nickel compounds
Cadmium & Cadmium
7440-43-9
compounds
Chromium VI & Chromium
7440-47-3
VI compounds
75-01-4 Vinyl chloride
75-09-2 Dichloromethane
75-21-8 Ethylene oxide
75-56-9 Propylene oxide

100-42-5
107-06-2
107-13-1
108-88-3
127-18-4
50-00-0
50-32-8
56-23-5
67-66-3
71-43-2
7440-02-0

CAS-NR

7.05·10-7
3.72·10-6
7.10·10-5
1.10·10-4

63
85
44
58

3.50·10-6
1.13·10-7
3.82·10-8
2.60·10-7

1.24·10-3 4.79·10-5 Not degradable

52

9.13·10-1
6.81·10-2
4.94·10-6
3.49·10-3

1.19·10-3 4.79·10-5 Not degradable

112

1.12·10-1 3.85·10-5
5.04·10-2 1.13·10-7
3.12·10-3 1.90·10-6
2.74·10-1 1.13·10-5
6.67·10-1 3.50·10-7
9.94·10-4 5.31·10-5
3.45·10-5 1.13·10-6
1.18
1.13·10-8
-1
1.54·10
1.13·10-7
-1
2.28·10
1.13·10-5
4.79·10-5 Not degradable

Kdegr
(s-1)
8.83·10-6
9.32·10-6
7.41·10-5
3.01·10-6
1.40·10-6
8.68·10-4
1.13·10-3
6.67·10-7
3.26·10-6
3.72·10-6
1.23·10-3

Kh
(-)
104
99
53
92
166
30
252
154
119
78
59

Molecular KdryDep
weight
(m/s)
(g/mol)

8.10·10-8
6.03·10-9
5.89·10-9
1.70·10-8
2.53·10-8
1.25·10-10
7.40·10-1
4.25·10-9
2.47·10-9
5.11·10-9

3.55·105
2.62·104
1.76·105
7.09·104

1.83·10-10
2.47·10-9
3.68·10-10
9.14·10-10

Not volatile

Not volatile

Not volatile

8.00·102
1.07·104
1.10·104
3.80·103
2.56·103
5.18·105
7.12·10-7
1.53·104
2.62·104
1.27·104

5.2·104
3.7·105
2.2·104
3.8·104

4.8·103

2.4·103

3.7·105
5.4·104
2.0·104
9.0·106
7.7·105
2.1·106
1.6·103
2.8·103
7.7·103
3.0·106
1.9·104

1.2·10-3
2.5·10-2
4.7·10-4
1.1·10-3

1.0·10-5

5.5·10-5

2.5·10-2
1.5·10-3
1.2·10-3
7.3·10-1
6.7·10-5
1.0·10-1
1.6·10-4
1.3·10-1
6.8·10-4
3.0·10-1
4.6·10-4

3.4·104
1.4·106
2.4·103
3.8·103

2.1·103

5.1·102

7.9·105
4.7·104
7.6·103
2.6·106
5.0·105
3.9·106
2.1·103
8.0·101
2.9·103
2.1·106
1.6·104

1.0
2.0·101
3.0·10-2
1.0

2.5·10-5

5.3·10-3

8.0
1.0
1.0·10-1
3.0
2.5
1.0
1.0·10-5
1.0
1.0
1.0
2.5·10-3

Vapor Fraction Total Dutch Average
Dutch targets 2010(9)
pressure at aerosol emission concentration Emission Concentration
25°C (Pa)
(-)
(kg)
(µg/m3)
(kg)
(µg/m3)

Chapter 4

Table 4.A2 Substance specific input data for carcinogenic priority substances.

** NOx, measured as NO2

Emitted substance

Molecular Kdegr
Vapor
Emission
Average
Emission Dutch targets 2010(9)
-1
weight
(s ) pressure at
(kg)
concentration
Concentration
(kg)
(g/mol)
25°C (Pa)
(μg/m3)
(μg/m3)
Primary PM10
4.2·107
2.1
2.2·107
20
Secondary PM10 formed from NOx emissions**
46.02 5.5·10-6 1.4·105
4.1·108
1.9
6.0·107
20
-6
5
8
-1
7
7664-41-7 Secondary PM10 formed from NH3 emissions
17.03 4.0·10
9.2·10
1.3·10
4.6·10
8.6·10
20
7664-93-9 Secondary PM10 formed from SO2 emissions
64.06 2.2·10-6 3.1·105
1.4·108
1.9·10-1
4.6·107
20

CAS-NR

Table 4.A1 Substance specific input data for primary and secondary particulate matter (PM10).
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Abstract

5.1 Introduction

For policy-making, human health risks of fine particulate matter (PM2.5) are commonly assessed

Emissions from pollution sources such as industrial facilities, traffic, households and waste

by comparing environmental concentrations with reference values, which does not necessarily

disposal sites may result in adverse health effects. It is the responsibility of the authorities to

reflect the impact on health in a population. The goal of this study was to compare health impacts

ensure that these risks are properly assessed and managed. In environmental risk management,

in the Moerdijk area, The Netherlands, resulting from local emissions of PM2.5 from industry and

local authorities usually rely on preventing exceeding of environmental quality standards or

traffic in a case study using the risk advancement period (RAP) of mortality. The application of

emission targets. In this context, health risks are often quantified by means of a risk quotient,

the RAP methodology on the local scale is a promising technique to quantify potential health

i.e. the ratio between the estimated or measured ambient concentration and a reference value

impacts for communication purposes. The risk advancement period of mortality is the time

or environmental quality standard. Although this type of risk quotients is relevant from an

period by which the mortality risk is advanced among exposed individuals conditional on survival

administrative point of view, they do not necessarily reflect the impact on health in a population.(1)

at a baseline age. The RAP showed that road traffic was the most important local emission source

This is because the underlying reference values are generally not simply and solely based on

that affects human health in the study area, whereas the estimated health impact from industry

health considerations, but also on other considerations such as technical feasibility and socio-

was a factor of 3 lower. PM2.5 due to highway-traffic was the largest contributor to the health

economic consequences of emission-reduction measures.(1) Furthermore, risk quotients do not

impact of road traffic. This finding is in contrast with the risk perception in this area.

necessarily reflect perception of risks in a population since perception is only partly based on
scientific information.(2-8) If so, this difference should be addressed by developing a suitable risk
communication and management strategy.(9, 10)

Keywords
For the local authorities, it is important to gain insight in the health impact of local emission
Health impact assessment; Risk advancement period; Local scale; Air pollution

sources, so local emission sources and mitigation strategies can be prioritized regarding health.
Also, it provides input for the communication on health risks in order to enhance acceptance and
adoption of preventive measures.(11) Risk maps constitute a powerful tool to communicate the

Highlights

outcome of environmental risk assessments to the public and policy makers, as they present the
spatial differentiation of toxicant effects.(12, 13) For example, individual excess lifetime health risks

›

We predicted health risks of local PM air pollution from industry and traffic.

–in the order of magnitude of 10-2 down to 10-9 – have been mapped in geographic information

›

We used the risk advancement period (RAP) of mortality.

systems (GIS) in several studies.(14, 15) Furthermore, Ragas et al. presented maps of local health

›

The RAP is the period by which mortality risks are advanced among those exposed.

risks on a right-to-know-website.(16) However, a disadvantage of theoretical health risks is that

›

Of the local sources, road traffic is the most important contributor for health.

they are difficult to interpret for layman, making them less suitable for communication purposes.

›

The RAP is a promising technique to communicate potential health impacts.
A more intuitive indicator than plain health risks or risk quotients is the risk advancement period,
which is the time period by which a health risk ─in this case the mortality risk─ is advanced
among exposed individuals conditional on survival at a baseline age.(17) In other words: the
increased mortality risk due to exposure causes a shift on the age-specific mortality curve. The
RAP resembles the shift of this curve. The RAP can be used in risk communication as follows:
The ‘real age’ of exposed individuals is x years older than that of unexposed individuals. The RAP
has been proposed as a suitable indicator for communication of health risks of air pollution.(18-20)
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Finkelstein et al. applied this method in an observational epidemiological study on air pollution.
(21)

The risk advancement period has also shown its strength in communication with laypeople in

relation to change of risky lifestyle behavior(22) and in health programs like RealAge® in the United
States(23) and other countries, including The Netherlands(24). Yet, it has not been applied in the
setting of health impact assessment and risk mapping of air pollution.
The aim of this study was to compare the relative importance with respect to local health
impacts of primary PM2.5 emissions by local industry- and transport-related sources. Firstly, we
estimated the contribution to the annual average concentrations of PM2.5 experienced by the
local population, of local emissions from industry and traffic-related emissions of highways,
roads, shipping, railway traffic and mobile machinery. Secondly, the contributions to ambient
concentrations were translated in terms of their effect on the ‘real age’ of the population using
the Risk Advancement Period (RAP) for mortality. We performed this local scale health impact
assessment of local emissions in an area with a high density of pollution sources: the region of
Moerdijk in the Southwest of The Netherlands (Figure 5.1). The health impacts of local emissions
were confronted with the impact resulting from national emissions and emissions from abroad.
Finally, the impact on health of the local sources was compared with the results of a risk
perception study on local sources of air pollution in the same study area.(25)
Figure 5.1 Study area Moerdijk.

5.2 Methods

spatially resolved contribution of the local air emission sources of industry and transport to
the outdoor annual average PM2.5 concentration in air; (b) we calculated the probability of

5.2.1 Outline

advanced mortality resulting from these contributions to the outdoor PM2.5 concentrations; (c)

We quantified health impacts in an area of 10 by 6.5 kilometers in the South-West of The

we calculated the risk advancement period for mortality risks; and (d) finally, we combined the

Netherlands enclosing the townships of Moerdijk and Klundert, an industrial area of 2600 ha

risk advancement periods with population density data, resulting in the estimated health impact

with heavy industry, two highways, a harbor with shipping traffic, and a railway track (Figure 5.1).

in the population risk advancement period of mortality. The health impacts of local emissions are

The population consists of 7,800 residents. Because of plans to expand the industrial area with

confronted with the impacts resulting from national emissions and emissions from abroad. The

another 600 ha an Environmental Impact Assessment (EIA) was performed.

(26, 27)

The EIA showed

calculation steps are described in detail in the following sections.

that environmental quality standards in the living environment were not exceeded, resulting in
risk quotients smaller than 1.(26, 27) However, the actual health impacts from different emission

5.2.2 Concentrations

sources were not quantified yet. This made the surroundings of Moerdijk a suitable study area

The contributions to the annual average air concentrations were estimated from primary PM2.5

for this health impact assessment.

emission data for the year 2008 that were available from The Netherlands Pollutant Release &
Transfer Register (PRTR).(28) In the PRTR, a distinction is made between (i) large individual point

Human health impact of local emissions was assessed using the risk advancement period of

sources for which data is reported every year; (ii) smaller point sources and diffuse sources (e.g.

mortality, considering the following steps in the cause-and-effect chain: (a) we modeled the

mobile machinery and traffic) for which the emissions are estimated multiplying specific activities
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The RAP is calculated as follows:

in The Netherlands are constructed, based on a yearly updated database with distributions of
population, companies (with number of employees), agricultural animals, roads and land use.(29)
We distinguished emissions from the following sectors: (1) energy, industry, and waste disposal

		

(5.2)

(ENINA); (2) road traffic, which is the sum of (a) highway traffic, (b) traffic on major roads, (c) local
traffic, (d) mobile machinery (such as agricultural tractors, forklift trucks, and (road) construction

In a hypothetical example: when the mortality risk of a unexposed individual of 40 years-old is

machinery equipped with a combustion engine), (e) traffic-related emissions caused by tire wear,

equal to the mortality risk of an exposed individual of 38 years old, the RAP is 2 years.

wear of brake linings and wear of road surface; (3) railway traffic; and (4) shipping.
In this paper, we considered the risk of premature mortality due to exposure to particulate
Contributions of local emissions to annual average air concentrations were modeled for each

matter; assuming no interaction between exposure and age. The observed age-risk function in the

source group separately using the Operational Priority Substances model (OPS), which simulates

Dutch population resembles the age-specific all-cause mortality rate in the exposed population.

the atmospheric process sequence of emission, dispersion, transport, chemical conversion and

Exposure to PM2.5 is associated with an increase in all-cause mortality risk in a population over 30

finally deposition.(30, 31) The model is set up as a universal framework supporting the modeling

years of age by 6% per 10 μg/m3 of PM2.5, which corresponds with a relative risk RRPM(1) of 1.006

of a wide variety of pollutants including fine particles. It uses a Gaussian plume for dispersion

per 1 μg/m3 PM2.5.(32, 33) This increase in risk in relation to a basic all-cause mortality risk can be

at a local scale and a Lagrangian trajectory for long-distance transport of compounds. The air

expressed in the formula:

concentrations were calculated for 500 meter grid cells on a receptor height of 3.8 meters,
the measuring height of the Dutch National Air Quality Monitoring Network. We used the
meteorological data for the year 2010. Besides the local sources, contribution to annual average

		

(5.3)

air concentrations were calculated based on all emissions of primary PM2.5 in The Netherlands;
emissions of primary PM2.5 from abroad; and all inland and foreign emissions of primary and

The monotonic increase with age of observed all-cause mortality risk for adults over 30 years of

secondary PM2.5.

age can be described with an exponential function:(34)

5.2.3 Risk advancement period

		

Based on the annual average concentrations of PM2.5 caused by local emission sources per grid

		

(5.4)

cell i (Ci), we calculated the risk advancement period (RAP)(17) of mortality resulting from the local
emissions of PM2.5 in the Moerdijk area. The RAP of mortality reflects the answer to the question:

where a equals 3.2∙10-5 and b equals 9.5∙10-2. The coefficients were derived from fitting equation

“For how many years of age has the mortality risk been advanced in the Moerdijk area because

5.4 to average all-cause mortality risk data of the period 2000-2009 in The Netherlands.(35) We

of local emissions from PM2.5 sources?” This question originates from the basic principle that, for

fitted the curve in Excel.(36) The increased probability due to exposure causes a shift on the age-

health effects whose risks monotonically increase with age, one can say at the basic risk R for an

specific mortality curve, and the RAP resembles this shift. Combining equation 5.3 and 5.4,

individual from a reference population with baseline exposure (E0) at Age0 is equal to the risk for

Age0 can be written as a function of AgeE:

an individual with extra exposure (EE) at AgeE:

		
			

(5.1)

(5.5)
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with a contribution of < 0.1 µg/m3. Comparison of the contribution of local sources with all

Combining equations 5.2 and 5.5 leads to the risk advancement period of mortality:

national sources (1.5 - 3.3 µg/m3 primary PM2.5) shows that the contribution of the local sources
varies from 55% near the highway to 9% further away from the highway. The contribution of local
sources is smaller in comparison with the contribution of all sources abroad (4.4 - 5.1 µg/m3

		

primary PM2.5): it varies from 39% near the highway to 3% further away. In comparison with the
		

(5.6)

background concentrations in the study area of 16 – 18 µg/m3 the relative contribution of local

For each grid cell the individual RAP of mortality is calculated based on the contribution to the

sources is even smaller (<10%). An overview of the estimated contributions to annual average air

annual average concentration. The results of the individual RAP are spatially explicit.

concentrations, on which the risk advancement periods of mortality are based, is presented in
the Appendix (Table 5.A1).

5.2.4 Population impact
The health impact in the population of the study area (RAPpop) was estimated by combining the

5.3.2 Human health impact

individual RAP in each grid cell with spatial explicit population density numbers for 2004 in a

The spatially explicit individual RAP of mortality is highest for the sector road traffic: due to

100x100 meter grid, obtained from the National Institute for Public Health and the Environment.

emissions of road traffic the ‘real age’ of an individual has increased with up to 36 days near

We assumed all residents to be exposed for 100% of the time to the concentration in the grid cell

the highways. Figure 5.2a shows the gradual decline in risks with distance from the highways

of their home address. We calculated the health impact as follows:

to an increased ‘real age’ with only 1 day further away. Due to emissions of the sector ENINA
the ‘real age’ of an individual has increased with up to 9 days near a waste processing company
at the industrial area. Figure 5.2b shows the gradual decline with distance from this waste
processing company and further away the ‘real age’ is not increased. The ‘real age’ of an
(5.7)

RAPpop 	Population risk advancement period of mortality in the study area due to PM2.5
emissions (year.year-1)
Ni

Number of persons living in grid cell i in the study area (-)

individual increased less than one day due to emissions of railway traffic and shipping and can
be qualified as negligible.
On the population level, road traffic is – again – of most importance of the local sources in the
Moerdijk area, causing a risk advancement of mortality in the population of 134 years. The

5.2.5 Risk maps

major contributors for road traffic are highway traffic (49 years RAP) and local traffic (38 years

We visualized the spatially explicit individual risk advancement periods using the Geographic

RAP). The influence of mobile machinery, major roads, and traffic-related emissions like tire

Information System ArcGIS 9.2 (ESRI, Redlands, CA, USA). These risk maps are presented

wear is smaller with a risk advancement of mortality of 22 years, 16 years and 8 years in the

exemplarily for the sectors that contributed most to the risk advancement periods.

population, respectively. The emissions from the sector ENINA cause advancement of mortality
risks of 40 years in the population. The contribution of railway traffic and shipping is relatively
low (1 and 5 years RAP in the population, respectively). Confronting the influence of these local

5.3 Results

sources with the influence of national emissions of primary PM2.5 in the population (880 years
RAP; calculated in this study) shows that the relative importance of local emission sources (180

5.3.1 Contribution to air concentrations

years RAP in total) is considerable (20%). In relation to the foreign emissions of primary PM2.5

The contribution to the annual average concentrations of PM2.5 varied per emission source and per

(2,315 years RAP; calculated in this study), the influence of these local sources is smaller but

location. The relative importance of road traffic was the highest as it contributed 0.1 - 1.6 µg/m3.

still noticeable (8%).

The sector ENINA contributed 0.1 - 0.4 µg/m . Railway traffic and shipping proved to be negligible
3
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To start with, we used the modeled contribution to annual average air concentrations instead of
measured air concentrations to derive the health impact. In this way, the health impacts from the
local sources were separately assessed without the influence of natural background
concentrations or emissions outside the study area. It should be stressed, therefore, that the full
health impact of primary PM2.5 in the study area will be higher. The contributions to the annual
average air concentrations were estimated from primary PM2.5 emission data for the year 2008
that were available from The Netherlands Pollutant Release & Transfer Register (PRTR).(28) A study
of The Netherlands Organisation for Applied Scientific Research estimated that the uncertainty in
emission data to be at least 20%.(37) In general, uncertainties of the concentration modeling with
OPS are estimated to be circa 20%.(38) To evaluate the accuracy of the modeled concentrations,
we compared them with measurements of the Dutch National Air Quality Monitoring Network.
a

However, the measurements were only available for PM10 and not for PM2.5. Therefore, we
compared the PM10 measurements with PM10 concentrations – estimated similarly to the PM2.5
concentrations. We estimated average annual PM10 concentrations of 24.8 μg/m3 (Fijnaart, near
Klundert) and 25.4 μg/m3 (Moerdijk) for two specific measurement points nearby. In 2008 and
2009, the Dutch National Air Quality Monitoring Network reported annual average PM10
concentrations in Moerdijk of 25 and 23 μg/m3, respectively. Near Klundert the Dutch National

Risk advancement period
	
Air Quality Monitoring Network reported annual average PM10 concentrations of 23 and 24 μg/m3,
due to PM2.5 air pollution

respectively.(39, 40) This comparison indicates a relatively small difference between modeled and
empirical fine particulate matter concentrations in the study area.
A limitation in the exposure assessment is that we assumed that the residents were continuously
exposed to the outdoor concentrations at the location of their home address. Although our

b

approach of combining spatially resolved concentration data with population density data is
already more sophisticated compared to the simple calculations of health effects assuming that

Figure 5.2 Risk maps of the individual RAP of mortality, reflecting the increase of the ‘real age’ of an

all the residents of the selected area would be exposed to the same estimated concentrations,(41)

individual due to the most important local emission sources of primary PM2.5: (a) road traffic; and (b)

more detailed information on activities or activity-based models will give an even more realistic

industry, energy and waste disposal (ENINA).

estimation of the actual levels of exposure and the resulting health impact.(42-45) Beckx et al.
pointed out that important differences in pollutant concentrations can occur over the day and
between different locations.(42) Janssen et al. showed that the indoor concentrations differ

5.4 Discussion

significantly from outdoor concentrations.(46) In our study, however, only a discrepancy can be
found in the spatial scale for modeling (500 meter grid) and population density data (100 meter

A number of model choices and uncertainties influenced the assessment of the estimated

grid). To improve the local scale modeling, an even higher resolution would be desirable. The

contributions to PM2.5 concentrations and the translation to an increased ‘real age’ in the

gaps in concentration from local sources between neighboring grid cells vary from 0.0 µg/m3 to

population. We will elaborate on both and discuss the implications below.

0.8 µg/m3 with an average of 0.1 µg/m3. A smaller size grid cell in the concentration modeling
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would give more precise estimations of concentrations with probably higher peak values as the

statistically significant.(32) Keeping in mind the aforesaid considerations, the application of the

bigger grid size equalizes the values. Moreover, the temporal variation in exposure was not

population RAP methodology on the local scale is a promising technique to quantify potential

considered in our study, since the yearly average concentration was used as exposure metric.

health impacts for communication purposes.

The relatively small contribution of local sources to ambient concentrations of PM2.5 shows that

We applied the risk advancement period of mortality to estimate the local scale health risk on

the impact of local policies on ambient concentrations is limited as well. This could lead to the

individual level, which is presented in risk maps, and the impact in the population. Since we

conclusion that local policies on air pollution are irrelevant. This implies that control of local air

aimed to use an indicator that is suitable for risk communication in a local situation, we chose the

pollution needs national and international co-operation. Furthermore, although the contribution

RAP. Our study showed that in the Moerdijk area, the traffic-related air pollution was of most

of local sources is small compared to (inter)national sources and background concentrations,

importance. In contrast, Geelen et al. showed that the risks of industrial air pollution were

the RAP of mortality shows that this impact is still relevant with 134 years of risk advancement

perceived to be higher than the risks of traffic-related air pollution in the same area.(25) Risk

in the population. As such, the RAP may be helpful to indicate the importance of local policies

management should focus on physical risks as well as factors associated with risk perception. The

on air pollution.

risk advancement period or ‘real age’ may help to bridge the gap between scientific data on air
pollution and lay people’s perceptions. In addition, how risk maps can be helpful in communication

In the effect assessment we used PM2.5 as a causal parameter, whereas the RRs were derived in

is discussed extensively by Lahr & Kooistra;(12) They elaborate on the most important issues that

correlative analyses where other, concurrently present, pollutants may have attributed to the

need to be addressed when making risk maps for communication purposes and give some

observed health effects. The WHO recommends to continue the use of PM2.5 as the primary

general rules of thumb.

metric in quantifying human exposure to PM and the health effects of such exposure, although
source apportionment of outdoor air pollution is studied as well as other indicators like Black

In programs aiming at behavioral change, the RAP concept has been readily used.(22-24) This

Carbon and Elemental Carbon.(47) Although the RR of 1.006 per μg/m3 PM2.5 was derived in the

observation suggests that a metric relating to aging may be a more powerful communication tool

we used it since this RR was derived in a population over 30 years old in contrast to Dutch

for laypeople than (1) concentrations or (2) other health metrics like years of life lost.

studies which considered population aged 50-69.(48, 49) Next to long-term exposure, short-term

Communication on the consequences for health of environmental emissions provides a means to

exposure to high PM2.5 concentrations can also lead to mortality. The associated effects, however,

move beyond traditional reporting of concentration values, e.g. by taking into consideration

are small compared with mortality associated with long-term exposure to PM2.5; to avoid double

toxicity, enabling comparison and cumulating of different risks.(50) Delay discounting might be an

counting, it is usual not to add short-term time series mortality effects to long-term mortality

explanation why these behavioral change programs prefer ‘real age’.(51,

from cohort studies.(33)

between delayed outcomes, individuals discount the value of such outcomes on the basis of the

US,

(32, 33)

52)

When choosing

expected time to their occurrence. Extrapolating these findings to real age versus years of life lost
We applied the risk advancement period of mortality by particulate matter only. A disadvantage

suggests that ‘real age’ (an instant reward since it relates to people’s current health status) is

of the RAP is that cumulating the RAP of more than one health outcome per stressor is debatable:

regarded more valuable than years of life lost (a future reward at the end of people’s lives).

to what extent is it acceptable to cumulate years of risk advancement for mortality as well as

Because this hypothesis has not yet been studied in this context, we recommend further research

morbidity? Preferably, only health outcomes with similar severity should be compared. Another

in this area.

aspect to consider when cumulating or comparing risk advancement periods, is the difference in
age-dependency between different health effects. The risk advancement period can be calculated
for every health risk that increases with age, and varies inversely with the strength of the age
effect (i.e. rate of increase). We assumed no interaction between age and relative risk for
mortality due to PM2.5 exposure, as Pope et al. found that the interaction was generally not
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5.5 Conclusions
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The perception of risks may differ considerably from the risk quotients used in conventional
risk assessment since perception is only partly based on scientific information.(2, 3, 5-9) Examples

The aim of the present study was to compare the perceived risks of air pollution from industry

of other properties associated with risk perception are listed in Table 6.1. On the one hand, risk

and traffic in the Moerdijk region in The Netherlands, and to identify the demographic and

perception depends on the risk source and the local context (external variables), such as

psychometric variables that are associated with these perceived risks. We sent out a questionnaire

distance to the source, previous risk incidents, and the cultural context. On the other hand,

and risk perceptions were explored using multiple regression models. The results showed that

risk perception depends on personal characteristics, which can be subdivided into demographic

the perceived risks of industrial air pollution were higher than for those of traffic-related air

and psychometric variables. An example of a psychometric variable is affect. By affect we mean

pollution. The perceived risk of industrial air pollution was associated with other variables than

the specific quality of “goodness” or “badness“ of an activity experienced as a feeling state

that of traffic. For industry, the psychometric variable affect prevailed. For traffic-related air

(with or without consciousness) that determines whether this activity is judged as positive or

pollution, the demographic variables age and educational level prevailed, although affect was

negative. This positive or negative affect influences how the risk of an activity is perceived: the

also apparent. Which source was considered as the major source – traffic or industry – depended

“affect heuristic”.(10) According to the affect heuristic, if people like an activity, they are moved

on a high risk perception of industrial air pollution, and not on variation in risk perception of

to judge the risks as low and the benefits as high; if they dislike it, they tend to judge the

traffic-related air pollution. These insights can be used as an impetus for the local risk management

opposite – high risk and low benefit. This inverse relationship between perceived risk and

process in the Moerdijk region. We recommend that local authorities consider risk perception as

benefit depends on the strength of positive or negative affect associated with that activity.(11)

one of the targets in local risk management strategies as well.

The affect heuristic was revealed in cross-sectional studies,(12, 13) but support for the model has
also come from experimental studies in different domains of research: nuclear power,(14)
toxicology,(4) and finance.(15) Furthermore, these studies show that the affect heuristic does not

Key Words

only apply to laypeople, but also to experts.(4, 10, 15)

Risk perception, air pollution, industry, traffic, affect.

When risk perception differs from risk quotients, this difference should be addressed by
developing a suitable risk communication and management strategy.(16, 17) Just knowing that
this difference is there, however, is not enough for taking adequate actions. It is also important

6.1 Introduction

to know which variables influence the risk perception as well as the relative importance of
these variables. However, risk perception is contextual, which means that it is rather the

A high density of pollution sources in a particular region may trigger unrest among the population,

context in which those risks are experienced that determines their fate in risk perception.(3)

particularly if these sources are associated with a perceived or factual high incidence of health

Location matters in forming perceptions of air quality more than the actual quality of the air

complaints. It is the responsibility of the authorities to ensure that the health risks of these

itself.(2) So, in a local situation the risk perception depends on the context in which people are

pollution sources are properly assessed and managed. Usually, local authorities rely on

exposed to risks at this specific location.(18) Although a wide range of psychometric studies

environmental quality standards or emission targets to assess these risks. In this context, the

have been performed on risk perception in relation to environmental stressors,(5, 7, 19-23) there is

health risks are often quantified by means of a risk quotient, i.e. the ratio between the predicted

relatively little empirical research on issues associated with air pollution in localized settings.(2, 18)

or measured ambient concentration and a reference value, e.g. the applicable environmental

It is impossible to determine beforehand which variables have the largest influence on risk

quality standard. Although this type of risk quotients is relevant from an administrative point of

perception in a local situation. If one wants to develop a suitable risk communication and

view, they do not necessarily reflect the impact on health in a population,(1) nor the perception

management strategy, insight in risk perception and the variables that influence it at that

of risks in a population.

specific location is desirable.

(2-6)
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In this study, we measured and analyzed the risk perception of two important local sources of air

air emissions from industrial facilities and highways did not significantly attribute to the risk

pollution in the Moerdijk region in The Netherlands, i.e. industry and traffic. The aim was to

quotients in the living environment.(25, 26)

identify the demographic and psychometric variables that are associated with the local risk
perception of industrial air pollution. We compared the risk perception of industrial air pollution

Furthermore, an in-depth study on local air pollution sources showed that the highways

with that of traffic-related air pollution to learn more about the factors that are typical for risk

contribute more to the local air pollution and associated health risks than industrial sources.(27) In

perception of industrial air pollution in the local context of the Moerdijk region.

spite of these findings, an environmental risk perception survey in 2006 showed that the
inhabitants of Moerdijk and Klundert were more worried―than the rest of the municipality―

Table 6.1 External, demographic, and psychometric variables associated with risk perception.

about the environmental quality in general, and more specific about air quality and living nearby

External

the local (petro)chemical industry.(28, 29) Which variables determined a high perception of risk was

Source of pollution(2)
Distance to source(s)

(7,21,23)

Voluntariness of exposure
Level of control

Demographic

Psychometric

Gender(4,13,14,22,44,45)*

Familiarity with the source(s)(3,12,17)*

not studied. Because of this history of industrial development and environmental (health)

Age

Knowledge on risks and effects

studies, we expected the residents to be aware of the potential health influence of traffic and

Place-identity

industry. This made the Moerdijk region an interesting study area.

(18,21,46)*

(3,13,17)

(3,13,17)

Having children

(46)*

(40)*

Socioeconomic status

Affect

Educational level

Neighborhood satisfaction(48,49)*

(19,21)*

Previous incidents (history)

(41)

Cultural context(3,13,17)
Catastrophic potential

(13,47)*

(4,44,46)*

(6,10,17,23)*

6.2.2 Study design and sampling
We assessed local risk perception in an observational, cross-sectional study. In 2007, we sent out

Trust in risk managers(3,4,17)*
(3,13,17)

Dread

(3,13,17)

Satisfaction with risk communication
Trust in industry

(3,4)*

(50)*

a postal questionnaire to elicit the diversity in risk perceptions and personal characteristics
(demographic and psychometric) in the affected population. We randomly selected residents
(19–65 years of age) in Moerdijk and in Klundert from the Dutch Municipal Population Register.

* predictor variable in questionnaire

The sample size was determined using Cochran’s sample size formula for categorical data,(30, 31)
assuming an a priori alpha level of 0.05, the maximum possible proportion of 0.5, and an

6.2 Methods

acceptable margin of error for the proportion of 0.05, resulting in a desired sample size of 603.
Anticipating an expected response rate of 50%, we sent out twice as many questionnaires.

6.2.1 Local setting
The region of Moerdijk is located in the southwest area of The Netherlands and has about 7,800

The risk perceptions of industrial air pollution and traffic-related air pollution were analyzed by

residents (Figure 5.1). Originally, the Moerdijk region was an area with agricultural and fishing

constructing two multiple regression models of the perceived risks in the Moerdijk region: (1)

activities. Nowadays, there are two important local sources of air pollution in this area. First, a

with perceived risk of industrial air pollution as outcome variable, and (2) with the perceived

large industrial area with heavy industry and a harbor is situated between the villages of Moerdijk

risks of traffic-related air pollution as outcome variable.

and Klundert. It was established in the early 1960s. In the early 1970s the national authorities
imposed an expansion of the industrial area for petrochemical industry. The area expanded to

6.2.3 Questionnaire

In 1993, plans to expand

To ensure that the linguistic usage in the questionnaire matched that of the respondents, we first

the industrial area with another 600 ha evoked resistance from the municipality and its residents.

conducted semi-structured interviews with six laypeople. The interviewees were randomly

Currently, the industrial complex houses about 400 companies including heavy industry; it has a

selected from several leisure organizations in the Moerdijk region. Their statements about health

seaport and is located on an international pipeline route. Second, two highways run south and

effects due to industrial air pollution and traffic-related air pollution were recorded and included

east of the villages. Environmental impacts as well as risk perception of air pollution have been

in a confirmatory questionnaire.

2600 ha, and farms and part of the “Grote Polder” were sacrificed.

(24)

studied previously in the Moerdijk region. An Environmental Impact Statement showed that local
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Outcome variables. We used risk ranking to quantify the perceived health risks. We asked the

6.2.4 Affect towards traffic and industry

respondents to rank the following nine sources of health risks: alcohol, smoking, industrial

To reveal the latent dimensions of affect towards industry and traffic, we applied principal axis

accidents, traffic accidents, home accidents, overweight, secondhand smoke, next to industrial

factor analysis with varimax rotation.(34) The identified factors resembled the latent constructs (1)

air pollution and traffic-related air pollution. The health impacts of these risks were studied

affect towards industry (Table 6.2), and (2) affect towards traffic (Table 6.3). The factors were

earlier as part of quantitative health impact assessments in The Netherlands.(32, 33) The respondents

constructed from four statements each; the factors were constructed from both negative and―

assigned a rank of 1 to the source that poses the highest risk to health and a rank of 9 to the

the inverse of―positive statements. The affect towards industry and the affect towards traffic

source that poses the lowest risk to health. In the analysis, these ranks were inversed to the risk

were both found to have high reliabilities as the Cronbach’s α’s were both > 0.8.(35) The factor

perception score, so a higher perceived risk would correspond with a higher score. The risk

regressions scores were used as predictor variables in the multiple regression model.

perception scores of industrial air pollution and traffic-related air pollution were used as outcome
variables in the multiple regression models.

6.2.5 Data analysis
We analyzed the questionnaire results using SPSS software package 16.0 (SPSS Inc., Chicago, IL,

Predictor variables. A literature review was performed to identify the variables that are known

USA). To test whether the risk perception scores of industrial air pollution differed from the risk

to be associated with risk perception. Associations were reported for demographic and

perception scores of traffic-related air pollution, we used the sign-test since the difference

psychometric variables (personal characteristics) and for external variables relating to the risk

between both ordinal outcome variables was bimodal and asymmetrical. To identify the variables

source and its local context (Table 6.1). With this questionnaire, demographic and psychometric

that were associated with the risk perception scores of industrial air pollution and traffic-related

variables were studied in the local context of the Moerdijk region. External variables―such as

air pollution, we explored the bivariate correlations between the outcome variables and the

the level of control over the risk source(s), voluntariness of exposure, history of risk incidents,

predictor variables. To elicit the relative importance, we used exploratory multiple regression

and the cultural context (e.g. general beliefs about industry and chemicals)―were not included

with backward removal.(35) We assumed that there is a latent continuous outcome variable, and

in the questionnaire, because we assumed that their value is largely determined by the risk

that the ordinal outcome variable arises from discretizing the underlying continuum. In other

context and not by interindividual variation. These factors are considered in the Discussion and

words, we assumed the outcome variable to be measured on an interval scale; resulting in an

conclusions section.

ordinal variable. We entered 13 general predictor variables in both regression models.

The questionnaire contained questions on personal characteristics that are known to be related

Additionally, we entered four industry-related variables in the model for industry; in the model

to risk perception, i.e. age, gender, children, main source of income (assuming that people with

for traffic we entered one traffic-related variable. All variables were entered in one block. The

social security benefits as the main source of income have a lower socioeconomic status),

variables were removed if p > .10 and re-entered if p < .05. This analytical approach allowed us

educational level, residence, and residential history (as an indicator for the psychometric

to further identify the variables driving risk perception of industrial air pollution and traffic-

variable place-identity, i.e. the local attachment to a specific geographical place). Furthermore,

related air pollution. We further explored the difference between the risk perception of industrial

the questionnaire contained statements about satisfaction with the living environment

air pollution and traffic-related air pollution by comparing the respondents who perceived

(neighborhood satisfaction), satisfaction with risk communication, trust in risk management,

industrial air pollution as a higher risk versus respondents who perceived traffic as a higher risk:

familiarity with the pollution sources, and personal knowledge about effects of industrial

we performed independent samples t-tests for the scale variables; we performed Chi2-tests for

activities (see Tables 6.1 and 6.5). Agreement with the statements was scored using 4-point

the nominal variables; and we performed Kendall’s tau-c tests for the ordinal variables because

Likert-type items; the scores were entered as predictor variables in the multiple regression

of the unequal number of categories in rows and columns.

model. Finally, the questionnaire contained statements to elicit the positive or negative affect
towards industry and traffic, which we used to construct two new predictor variables, i.e. affect
towards industry and affect towards traffic.
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If I could choose whether the industry in my living
environment was allowed to stay or had to be
moved, I would let it stay

Communalities Correlation with Component
regression factor Score
score
Coefficient
.452

.672

.196

.621

.788

.335

The questionnaire about risk perception was returned by 370 respondents (response rate =
31%). An overview of the nine risk perception scores is presented in Table 6.4. The risk of
mean difference in risk perception score of 1.2 (s.d. = 1.8). However, both outcome variables
were correlated (R = .70; P = .000). The sign-test showed that risk of industrial air pollution is
perceived the highest by the majority of the respondents in contrast with risk of traffic-related air

(1 = strongly agree; 2 = agree; 3 = disagree; 4 = strongly disagree)

I frequently worry about the industry in my living
environment

6.3.1 Descriptives and correlations

industrial air pollution was perceived to be higher than that of traffic-related air pollution, with a

(1 = strongly disagree; 2 = disagree; 3 = agree; 4 = strongly agree)

The presence of the industry in my living
environment has more negative than positive
consequences
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6.3 Results

Table 6.2 Results factor analysis for latent construct “affect towards industry”.

Statement

Human health indicators for air pollutants: Stepping along the cause-and-effect pathway

.613

.783

.326

.541

.736

.256

pollution (p = .000). Shown in Figure 6.1 are the histograms for the risk perception scores. In
Table 6.5 an overview is given of the descriptives of all predictor variables.

(1 = strongly agree; 2 = agree; 3 = disagree; 4 = strongly disagree)

The direct surroundings of the industry are ruined
(1 = strongly agree; 2 = agree; 3 = disagree; 4 = strongly disagree)

Bivariate correlations are shown in Table 6.6. The risk of industrial air pollution was perceived
higher by (a) respondents living in Moerdijk in comparison with respondents living in Klundert;

Extraction Method: Principal Component Analysis. Eigenvalue = 2.23; Explained variance = 57%; Cronbach’s α = .831.
1
Communalities indicate the amount of variance in each variable that is accounted for

(b) respondents with lower educational level; (c) respondents with social security benefits as
main source of income in comparison with respondents with work as main source of income; (d)
respondents who have not been living in this municipality their whole life in comparison with
respondents who grew up in this municipality; (e) respondents that were less satisfied with their

Table 6.3 Results factor analysis for latent construct “affect towards traffic”.

living environment; (f) respondents that were less satisfied with the information provision; and

Statement

(g) respondents with a negative affect towards industry. The risks of traffic-related air pollution

The traffic situation in my living environment is
well organized

Communalities Correlation with Component
regression factor Score
score
Coefficient
.384

.620

.103

.334

.578

.103

(1 = strongly disagree; 2 = disagree; 3 = agree; 4 = strongly agree)

In the morning and evening, the roads from and
to the industrial area are annoyingly busy

.812

.901

.622

.572

.756

.251

(1 = strongly agree; 2 = agree; 3 = disagree; 4 = strongly disagree)

The disadvantages of traffic outweigh the
advantages

respondents with social security benefits as main source of income in comparison with
respondents with work as main source of income; (d) respondents that are less satisfied with
their living environment; (e) respondents that were less satisfied with the information provision;
(f) respondents with less trust in risk managers; (g) respondents that want less traffic, if they
were allowed the change something in their environment; (h) respondents with a negative affect

(1 = strongly agree; 2 = agree; 3 = disagree; 4 = strongly disagree)

There is too much traffic in my living environment

was perceived higher by (a) older respondents; (b) respondents with lower educational level; (c)

(1 = strongly agree; 2 = agree; 3 = disagree; 4 = strongly disagree)

towards traffic. Furthermore, the bivariate correlations were all smaller than 0.7 showing that
there was no perfect multicollinearity that would disrupt the regression analysis.
6.3.2 Multiple regression models
The final models that resulted from the exploratory multiple regression are presented in

Extraction Method: Principal Component Analysis. Eigenvalue = 2.53; Explained variance = 53%; Cronbach’s α = .802.
1

Communalities indicate the amount of variance in each variable that is accounted for

Table 6.7 After backward removal, affect towards industry was the only predictor variable left in
the multiple regression model of perceived risk of industrial air pollution. We performed residuals
statistics and plotted standardized residuals against predicted values and found no indications of
violation of assumptions regarding homoscedasticity and linearity. This model explained 20% of
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the variance in perceived risk of industrial air pollution. The adjusted R2 of 19% shows that if the

In the multiple regression model of perceived risk of traffic-related air pollution, four variables

model was derived from the population rather than the sample, it would account for approximately

were left after backward removal. These were age, educational level, satisfaction with living

1% less variance in the outcome. This little shrinkage indicates that the cross-validity of the

environment, and affect towards traffic. The standardized Bètas show that satisfaction with living

model is good, in spite of the low explained variance. The Durbin-Watson value was 1.9 indicating

environment and affect towards traffic are the predictor variables of most relative importance.

that there was little serial correlation of errors and that the assumption of independent errors

We performed residuals statistics and plotted standardized residuals against predicted values

was tenable. For our model the VIF values were all well below 10 and the tolerance statistics

and found no indications of violation of assumptions regarding homoscedasticity and linearity.

were all well above 0.2; therefore we can conclude that there is no collinearity within our data

This model explained 12% of the variance in perceived risk of traffic-related air pollution. The

disrupting the regression analysis.

adjusted R2 of 10% shows that if the model was derived from the population rather than the
sample, it would account for approximately 2% less variance in the outcome. This little shrinkage
indicates that the cross-validity of the model is good, in spite of the low explained variance. The

Table 6.4 Risk perception scores of environmental risk factors.

Environmental risk factor

Risk perception scores
Mean (s.d.)

Smoking
Industrial air pollution
Traffic-related air pollution
Overweight
Alcohol
Traffic accidents
Industrial accidents
Secondhand smoke
Home accidents

7.4 (2.0)
6.4 (2.4)
5.2 (2.2)
5.1 (2.4)
5.0 (2.3)
4.8 (5.2)
4.0 (2.2)
3.9 (2.5)
3.1(2.2)

I

Score of 9 was assigned to the source that poses the highest risk to health, and a score of 1 was assigned to the
source that poses the lowest risk to health.

Durbin-Watson value was 1.9 indicating that there was little serial correlation of errors and that
the assumption of independent errors was tenable again. Also for this model, the VIF values were
all well below 10 and the tolerance statistics were all well above 0.2; therefore we can again
conclude that there is no collinearity within our data disrupting the regression analysis.
6.3.3 Industrial air pollution versus traffic-related air pollution
We compared the respondents who perceived industrial air pollution as a higher risk (RPSindustry >
RPStraffic) versus respondents who perceived traffic as a higher risk (RPStraffic > RPSindustry). The results
of the tests are presented in the last column of Table 6.6. Striking was the differences for industry
and traffic in risk perception scores and the constructed variables indicating affect. As one would
expect, respondents who perceived industrial air pollution as the major risk had a statistically
significant higher risk perception score for industry than respondents who perceived trafficrelated air pollution as the major risk (p = .000). However, respondents that perceive trafficrelated air pollution as the major risk did not have a higher risk perception score for traffic than
respondents who perceived industrial air pollution as the major risk (p = .803). This was also the
case for affect, resulting in similar p-values. This shows that which risk is considered highest by
the respondents is associated with the variation in industry-related predictors, but not with the
variation in traffic-related predictors. In addition, respondents who considered industrial air
pollution as the major risk source received statistically significantly more often social security
benefits as main source of income (p = .009) and were less satisfied with their living environment
(p = .049) than respondents who perceived traffic air pollution as the major risk.

a

b

Figure 6.1 Histograms of risk perception scores of (a) industrial air pollution and (b) traffic-related air
pollution.
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Table 6.5 Descriptives of predictor variables in multiple models.

Predictor variable
Residence
0 = Klundert; 1 = Moerdijk.

Gender
0 = female; 1 = male.

Age
1 = 18-30 year; 2 = 31-40 year; 3 = 41-50 year; 4 = 51-65 year.

Children
0 = none; 1 = children.

Educational level
1 = No education, elementary school or lower vocational school;
2 = General secondary school; 3 = Pre-university education,
higher general secondary education or intermediate vocational
education; 4 = Higher vocational education or university
degree..

Main source of income
1 = Work; 2 = Social security benefit

Residential history
0 = Grew up in this municipality; 1 = Before, I was living
somewhere else

Satisfaction with living environment
“I am satisfied with my living environment.”
4-point scale: 1 = strongly agree; 4 = strongly disagree.

Satisfaction with information provision
“I am satisfied with the information provision”
4-point scale: 1 = strongly agree; 4 = strongly disagree.

Klundert = 62%
Moerdijk = 38%

Human health indicators for air pollutants: Stepping along the cause-and-effect pathway

Effects industrial activities (un)known

Strongly agree = 1%
“I have a clear picture of the health risks caused by activities of Agree = 23%
Disagree = 53%
the companies.”
Strongly disagree = 23%
4-point scale: 1 = strongly agree; 4 = strongly disagree.

Feeling informed

0 = female; 1 = male.
Male = 43%

How are you informed? “I am never informed.” 0 = checked; 1
= checked.

18-30 year = 13%
31-40 year = 27%
41-50 year = 30%
51-65 year = 29%

Affect towards industry

No children = 29%
Children = 71%

Continuous scale. Negative score resembles negative affect;
positive score resembles positive affect.

No education, elementary school or lower vocational school = 20%
General secondary school = 17%
Pre-university education, higher general secondary .
education or intermediate vocational education = 35%
Higher vocational education or university degree = 28%
Work = 88%
Social security benefits = 13%
Grew up in this municipality = 68%
Before, I was living somewhere else = 32%
Strongly agree = 7%
Agree = 65%
Disagree = 24%
Strongly disagree = 3%
Strongly agree = 0%
Agree = 30%
Disagree = 47%
Strongly disagree = 23%
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‘I have never been informed’ = 20%
Not checked = 80%
Mean = 0.03		

s.d. = 0.92

Mean = 0.05		

s.d. = 0.94

Continuous scale. Negative score resembles negative affect;
positive score resembles positive affect.

Affect towards traffic;

6.4 Discussion and conclusions
In this study, we compared the risk perception in the Moerdijk region of (1) industrial air pollution,
and (2) traffic-related air pollution; and identified the demographic and psychometric variables
determining risk perception. The perceived risk of industrial air pollution correlated strongly with
the perceived risk of traffic-related air pollution; however, we showed that in our study area the
risk of industrial air pollution is perceived to be higher than that of traffic-related air pollution.
Bivariate correlation analysis confirmed many of the findings in past studies and increased
understanding of the factors contributing most to risk perception of industrial air pollution and
traffic-related air pollution. The multiple regression models indicated that the perceived risk of
industrial air pollution was associated with other predictor variables than the perceived risk of
traffic-related air pollution. For industry, the affect heuristic prevailed over other predictor
variables in the multiple regression model of risk perception. For the perceived risk of traffic-

Strongly agree = 3%
“The local government has enough professionalism to inform Agree = 32%
Disagree = 52%
the people about the health risks in my living environment.”
Strongly disagree = 13%
4-point scale: 1 = strongly agree; 4 = strongly disagree.

related air pollution, the results showed that, although the affect heuristic was also apparent,

Trust in industry

Strongly agree = 19%
Agree = 52%
Disagree = 25%
Strongly disagree = 3%

further discussed below, but first we reflect on the methods used.

Strongly agree = 3%
Agree = 41%
Disagree = 39%
Strongly disagree = 16%

The explained variances of the multiple regression models were low, although this level is not

Trust in risk managers

“The industry is not a reliable source of measured data on
health risks.”
4-point scale: 1 = strongly agree; 4 = strongly disagree.

Familiarity
“I have a clear picture of what kind of companies are present
on the industrial area.”
4-point scale: 1 = strongly agree; 4 = strongly disagree.

other predictor variables were of influence: the more general predictor variables age and
educational level were of larger influence in the model. The implications of these findings are

6.4.1 Reflection on methods
uncommon in multiple regression modeling in the field of air quality risk perception studies.(2) To
start with, one might posit that―as the response rate was lower than aimed at―the survey
might suffer from a lack of statistical power. However, the response rate of 370 should be enough
for multiple regression with 20 predictor variables.(35) This is supported by the observation that

explanation is that these issues may have partly arisen from the way the risk perception scores
have been derived. Possibly, one gets a different view of the risk perception if people are asked
to simply rate each individual risk with numbers between 1 and 9 than when people are asked to
rank 9 risks. This issue about statistical analysis of scales using rating versus ranking response
formats has been pointed out in the field psychology research before.(36) Maybe we have not
been able to measure the “true” variability by relying on the risk ranking.
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traffic as a higher risk (RPStraffic>RPSindustry), using Chi2-test for nominal variables (c); Kendall’s tau-c test for ordinal variables (k); Independent samples t-test
for scale variables (t).

multicollinearity; no VIF values over 10; and no tolerance statistics below 0.2. Another possible

.05

multicollinearity that would disrupt the regression analysis; i.e. we found no perfect

.09

affect towards traffic, respectively. However, we found no statistical indication of too high

.14

Most of these variables were statistically significantly correlated to affect towards industry or

.

models (e.g. satisfaction with living environment―as an indicator for neighborhood satisfaction).

Table 6.6 Correlation matrix of outcome and predictor variables.

in compliance with literature―but that were removed backwardly from the multiple regression

5

(e.g. gender). Furthermore, there were several variables that did correlate with risk perception―

1.00 .

6

and did not show a statistically significant bivariate correlation with the risk perception scores

*

7

regression model based on the literature (see Table 6.1), but that were removed from the model

.70

Second, there were several predictor variables that we would have expected to be in the multiple

**

8

9

indicated a good cross-validity.

.

18
10

there had been a serious power problem. Furthermore, the little shrinkage of 1–2% percent

.

17

the multiple regression models were statistically significant. This would not have been possible if

.

16
13
11

12

B = unstandardized regression coefficient; Beta = standardized regression coefficient

.

15

-.187 .006

.

0.159

14

-0.441

Statistics: R2 = .127; Adjusted R2 = .114; ANOVA Significance = .000; Durbin-Watson value = 1.958

.

.000
.007
.017

.

.183
.161

.

0.643
0.146
0.236

.

2.822
0.400
0.567

.

(Constant)
Age
Satisfaction with living
environment
Affect towards traffic

.

12

.

Risk perception score
of traffic-related air
pollution

.

Statistics: R2 = .184; Adjusted R2 = .180; ANOVA Significance = .000; Durbin-Watson value = 1.887

.

Sig
.000
-.429 .000

.

Bèta

4

Standard. Error B
0.150
0.163

3

B
6.453
-1.132

2

Predictors
(Constant)
Affect towards industry

1

Outcome
Step
Risk perception score of 17
industrial air pollution

.

Table 6.7 Final multiple regression models after backward removal.

1.00 .

p-value§
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Risk perception score of industrial air pollution (1)
Risk perception score of traffic-related air pollution (2)
Residence (3)
Gender (4)
Age (5)
Children (6)
Educational level (7)
Main source of income (8)
Residential history (9)
Satisfaction with living environment (10)
Satisfaction with information provision (11)
Trust in risk managers (12)
Feeling informed (13)
Trust in industry (14)
Familiarity(15)
Effects industrial activities (un)known (16)
Affect towards industry (17)
Affect towards traffic (18)
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Third, we used principal axis factoring (PAF) to calculate the factor scores which resembled the

All in all, in spite of the extensive statistical analysis, the survey has not been able to tease out

latent dimensions of affect. Although some statistical manuals suggest principal component

the complexity of the risk perception at the local level. Therefore, for further research we

PCA has its problems. The biggest drawback is that PCA does not separate out

recommend expanding the study to achieve greater understanding of the risk perception, for

analysis (PCA),

(35)

errors of measurement from shared variance. Therefore, the extracted components tend to

example by using focus groups.

overestimate the linear patterns of relationships among sets of variables.(34) Because PAF does
take into account random errors, we preferred PAF over PCA. The Likert-type items of the

6.4.2 Predictive variables in the Moerdijk region

subscales affect towards industry and affect towards traffic both had high internal consistency

This study indicated that the risk perception of industrial air pollution in the Moerdijk region is

reliabilities, all Cronbach’s α > 0.8. Therefore, we expect that the generated regression factor

notably driven by negative affective feelings towards industry. For traffic-related air pollution, we

scores adequately resembled the latent dimensions of affect.

also found that negative affective feelings towards traffic play a role in the perception of risk.
However, the smaller standardized Bètas and smaller explained variance indicated that the

Fourth, the set of demographic and psychometric variables included in the questionnaire is

relation between affect and risk perception is not as strong for traffic-related air pollution as for

limited and did not comprise all demographic and psychometric variables that are discussed in

industrial air pollution. In addition to this, the more general characteristics age and satisfaction

the extensive literature on risk perception (e.g. worldview or affiliation). Furthermore, it can be

with living environment influenced the risk perception of traffic as well. These correlations have

argued that some of the external variables that were not included in the study, such as

been shown in other studies before (see Table 6.1) and are not specific for risk perception of

voluntariness and cultural context, vary between individuals and may be associated with the risk

traffic-related air pollution only. These results indicate that the affect heuristic is more apparent

perception score for industrial and traffic-related air pollution. A more detailed and refined study

in risk perception of industrial air pollution than in risk perception of traffic-related air pollution.

is necessary to elucidate the role of these variables in local risk perception.
6.4.3 Industry versus traffic
Fifth, the statements which were used to define the emotional affect were not validated, but

We showed that the risk of industrial air pollution is perceived to be higher in our study area than

they reflected the opinions and beliefs of the interviewees. We interviewed laypeople and used

the risk of traffic-related air pollution. This is in line with previous risk perception studies in this

their statements. This approach had its advantages. Because the questionnaire was based on the

region,(28, 29) but in contrast with an in-depth risk assessment study which showed that the

interviews, it contained questions which matched the language and tone of voice of the

highways contribute more to the local air pollution and associated health risks than industrial

respondents. For example, the statements about the affect were statements literally mentioned

sources.(27) Similar results were found in risk perception studies in Canada,(7) and the United

in the interviews. Furthermore, we used the knowledge of the respondents as a starting point so

Kingdom.(18) Elliott et al. showed that air pollution is a major concern for residents in North

the questions were unlikely to be too difficult for the respondents. Moreover, the interviews

Hamilton, Canada.(7) Industrial stack smoke was reported as a concern by 82% of the respondents

showed differences to consider between mental models of experts versus laypeople. Where

versus traffic exhaust by only 57%. Howel et al. showed that traffic was regarded as the major

experts think in line with the cause-effect chain, we found that laypeople did not reproduce a

source of local air pollution in four of the five studied areas, except for South Bank, United

model of consecutive steps of emissions, dispersion, concentration, exposure, risk, and effect. This

Kingdom, where industry was regarded the major source of local air pollution.(18) This area was

phenomenon has been observed in other studies, for example about global climate change.(37, 38)

close to chemical and steel industries, alike the Moerdijk region. The variables influencing this

This area of study has yet to be applied specifically to air pollution, but the formation of

difference were not within the scope of these studies. Our results indicate that which source was

mental models and the environment in which they are constructed may play an important

considered as the major risk source―traffic or industry―depended on a high risk perception of

role in the construction of risk perceptions of air pollution.

(2)

Insight in knowledge gaps

industrial air pollution; not on variation in risk perception of traffic-related air pollution.

between experts and laypeople can be used to enhance risk communication and facilitate

Some remarks can be made based on insights reported in the scientific literature and knowledge

consensus over topics of risk.

from the local situation. General (external) factors that may explain the higher risk perception of

(16)

industrial air pollution include the impression of unequal distribution of risks and benefits and
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the negative public image of industry which centers around greed, profit-seeking and alleged
disrespect for public health;
chemical industry.

(4, 23, 39, 40)

(17)

and the sensational press coverage about accidents in the
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are involved in a working group on complaint management, which should enlarge the personal
control of the residents.

Local contextual factors in the Moerdijk region include the visible

chimneys and safety flares, which may invoke negative emotions and lead to stigmatization.(4, 23,

Furthermore, we suggest enlarging the benefits for the residents in the Moerdijk region as well

Furthermore, the extensive history of odour nuisances in the Moerdijk region is likely to

as the visibility of these benefits. Residents are usually confronted with the risks of industry,

39, 40)

elevate the perception of risk from the industry, because odours are known to amplify fears,

(41)

whereas the benefits are often less visible. When the benefits from the industry are more

even without a clear link of odour to health hazard.

apparent, the attitude towards industry is likely to become more positive and the perceived risk

Finally, the complaint management in the Moerdijk region has been experienced by residents

will decrease. Examples of benefits are employment, opportunities for traineeships, but also

provoke sensory responses and complaints,
(41)

(42)

as inadequate, which may cause a feeling of lack of control and subsequently increase risk
perception.

investments in the social networks (e.g. supporting of sports clubs or leisure organizations).

(3, 13, 17)

In closing, we recommend strengthening communication with all stakeholders in the different
6.4.4 Implications for risk management

stages of the risk governance process. Open communication is key; not only about the companies

The present study indicated that the risk perception of industrial air pollution in the Moerdijk

and their activities, accidents, risks, and benefits, but also about the stakeholders’ involvement,

region is mainly driven by negative affective feelings towards industry. Other studies have

the complaint management system, and actions taken to improve health and safety. This may

and that providing scientific

lead to increased familiarity, better understanding, and increased trust in authorities and

This

industry. We would expect this to lead to a more positive affect towards the industrial area and,

shown that actual air quality hardly predicts the perceived risk;

(2-6)

information on air quality may not be the best strategy to influence risk perceptions.

(5, 16)

is an important message for local risk managers and industrial sources of air pollution. We

in turn, this may reduce the perceived risks of industrial air pollution.

recommend not to limit the focus to decreasing industrial air pollution in the living environment,
but to use risk perception data as input in the process of risk management, e.g. by adding the
parallel activity of concern assessment to the scientific risk assessment.(17) This concern
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emissions and the targeted yearly emissions (emission standards; Figure 7.1) which were
defined for the year 2010 in the Fourth National Environmental Policy Plan.(1, 2) The EPI is related

The aim of this thesis was to evaluate the consistency and effectiveness of different types of

to human health since one of the aims of emission standards is to prevent adverse health

environmental health indicators that were used for environmental policy purposes. The current

effects. In this process of standard setting the cause-and-effect pathway can be followed in the

chapter integrates the results of the previous chapters that were obtained on various geographical

opposite direction, starting from a certain protection level or accepted level of health effects.

scales. In section 7.1, the key properties of the studied indicators are summarized. In section 7.2,

Based on the effect level (1), standards for emissions can be deduced via the stages of exposure

the indicators are compared by applying them to a similar case on the same geographical scale,

(2), environmental quality (3), and environmental emissions (4), subsequently. With every

i.e. the impact of inland emissions of priority substances in The Netherlands. In section 7.3, the

extra stage covered the degree of uncertainty in increases. Apart from the accepted level of

quantitative results of the environmental health indicators calculated for the Moerdijk study area

human health effects, other aspects can be considered when deriving emission standards,

are confronted with the results of the risk perception study that was performed for the same

such as protection targets for ecosystem quality and the feasibility of emission reduction

study area. Section 7.4 presents the general conclusions of the thesis, discusses the practical

measures.(2) How the target emission for a specific substance was derived, however, is generally

implications and gives recommendations for further research.

not revealed.

7.1 Environmental health indicators
A variety of environmental health indicators is currently being used in the fields of research,
environmental policy, risk governance, and communication. The following indicators were
presented and applied in the preceding chapters of this thesis: Environmental Pressure
Indicators (EPI, Chapter 4), comparing emission data with target emissions; Environmental
Quality Indicators (EQI, Chapters 2 and 4), comparing environmental quality data with
environmental quality standards; Exposure indicators like the Intake Fraction (iF, Chapter 3),
representing the fraction of the emission that enters the human population; Health Effect
Indicators (Chapters 4 and 5), expressing environmental emissions or quality in terms of

Figure 7.1 Scheme illustrating the underlying principle of the Environmental Pressure Indicator (EPI).

expected health effects (e.g. disability-adjusted life years (DALYs) or risk advancement period
(RAP)); Risk Perception Scores (RPS, Chapter 6), ranking the perceived risks of different sources

Why is it useful?

of environmental pressure. An overview of these indicators is given in Table 7.1. In the

The Environmental Pressure Indicator (EPI) is typically designed to assess to what extent

following, the different indicators will be discussed by answering the questions “What is it?”

emissions meet the emission targets, as demonstrated in Chapter 4. This is particularly relevant

and “Why is it useful?”. Each section is accompanied by a scheme illustrating the underlying

for policy-makers that aim to monitor and evaluate environmental policies, such as emission

principle of the indicator.

reduction strategies. The EPI gives meaning to an emitted quantity, because of the comparison
with target emissions as a benchmark; it rests on the assumption that a substantial decrease in

7.1.1 Environmental pressure indicator

emissions results in a substantially decreased health impact. An advantage of the EPI is that it
does not ask for difficult computer models, but only for a database on emissions and corresponding

What is it?

targets. However, although the EPI is very useful from an administrative point of view, it does not

The Environmental Pressure Indicator (EPI) is the dimensionless ratio between actual yearly

necessarily give direct insight into the extent of the human health risks because (1) other
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considerations (feasibility, ecological targets) may have played a role when deriving the emission

Why is it useful?

targets; (2) on what basis the target emission for a specific substance was derived, is generally

Environmental Quality Indicators (EQI) are typically designed to assess to what extent measured

not revealed; (3) in case emission targets were derived by backtracking the cause-and-effect

or modeled concentrations meet the environmental quality standards, as demonstrated in

pathway, four steps are covered resulting in a considerable degree of uncertainty. Because of its

Chapter 2 and Chapter 4. This is particularly relevant for policy-makers that aim to evaluate

weak link with health, the EPI is not particularly suitable for communication about chemical

environmental policies, such as concentration reduction strategies. The EQI gives meaning to

health risks.

ambient concentrations, because of the comparison with environmental quality standards as a
benchmark; it rests on the assumption that a substantial decrease in concentrations results in

7.1.2 Environmental quality indicator

a substantially decreased health impact. An advantage of the EQI is that it only asks for
measured or model concentrations and corresponding targets. The EQI gives, however, limited

What is it?

insight into the health risks associated with chemical exposure (as shown in Chapter 4),

The Environmental Quality Indicator (EQI) is the dimensionless ratio between the actual yearly

because (1) other considerations (feasibility, ecological targets, protection levels or accepted

average air concentrations in The Netherlands (measured or modeled) and the targeted yearly

risk levels) may have played a role when deriving the environmental quality standards; (2) in

average air concentrations (i.e. environmental quality standards; Figure 7.2) which were defined

case environmental quality standards were derived by backtracking the cause-and-effect

The EQI is related to health

pathway, three steps are covered resulting in still a considerable degree of uncertainty.

since one of the aims of the targeted yearly concentration is to prevent adverse health effects. In

Although the EQI is often used in communication about air pollution, its modest link with

this process of standard setting the cause-and-effect pathway is followed in the opposite

health indicates a limited suitability for communication purposes about chemical health risks.

for the year 2010 in the Fourth National Environmental Policy Plan.

(1, 2)

direction, starting from a certain protection level or accepted level of health effects. Based on the
effect level (1), standards for emissions are deduced via the stages of exposure (2), and

7.1.3 Intake fraction

environmental quality (3), subsequently. With every extra stage covered the degree of uncertainty
in increases. Apart from the accepted level of human health effects, other aspects can also be

What is it?

considered when deriving the standards, such as protection targets for ecosystem quality and

The Intake Fraction (iF) is the fraction of the quantity emitted that enters the human

the feasibility of concentration reduction measures.

population.(3, 4) Since the iF is a fraction, it is a dimensionless quantity with a value between 0

(2)

and 1. As depicted in Figure 7.3, the iF is an indicator on the level of exposure and the
calculation covers the stages from emissions, concentrations and exposure. The iF has no
direct link with health since it does not relate to a standard or target aimed to prevent health
effects. Factors as effectiveness, feasibility, or reasonableness do not play a role since the iF
does not relate to a standard or target value. Calculations comprise multimedia fate and
exposure modeling to account for the general properties of the chemical, such as its persistence
(fate), accumulation in the food chain (exposure), and the intake through inhalation, ingestion
and skin. To calculate the iF and the intake, different calculation models are used and Chapter
3 showed that this may lead up to different results.

Figure 7.2 Scheme illustrating the underlying principle of the Environmental Quality Indicator (EQI).
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Figure 7.4 Scheme illustrating the underlying principle of indicators at the level of effect: Health Effect

Figure 7.3 Scheme illustrating the underlying principle of the Intake Fraction (iF).

Indicator (HEI) and Risk Advancement Period (RAP).

Why is it useful?
The iF is a common concept that is designed to asses the fraction of the quantity emitted that

Why is it useful?

enters the human population. Once derived by scientists, the iFs are used to easily estimate the

The RAP and HEI are designed to quantify the extent of the impact of health risks. They aim to

intake per exposure route. Since the iFs lack a link with health, they are often combined with

answer the question what is the impact on health: the ultimate consequence of emissions. As

effect factors to calculate health indicators like HEI or RAP. As such, the iFs are widely used as part

such, the RAP and HEI can be used to put risks into context and to compare and prioritize them.

of the Life Cycle Impact Assessment of products. However, the iFs are not directly suitable for

This prioritization comprehends risks and their environmental health impacts, but also specific

communication with laypeople about health, because of the absence of a link with health effects.

sources, exposure routes, health effects, local hotspots, measures, and policies. Chapter 4

(3)

elicited the importance of particulate matter in comparison with other carcinogenic priority
7.1.4 Effect indicators: Health Effect Indicator (HEI) and Risk Advancement Period (RAP)

substances (using the HEI). Chapter 5 elicited the importance of highway traffic in comparison
with other local emission sources (using the RAP). Because of its strong link with health, the RAP

What is it?

and HEI are – in principle – suitable for communication about chemical health risks. The RAP is

The Risk Advancement Period (RAP) is the time period by which the risk of disease is advanced

an indicator that is aimed to ease the interpretation of excess risks, because it is put in perspective

among exposed individuals in comparison with unexposed individuals. The increased probability

to one’s age. It is designed to inform laypeople and policymakers; however, its full potential for

due to exposure causes a shift on the age-specific mortality curve. It can be calculated for risks

communication purposes is not yet clear and should be further explored, for example in local risk

that monotonically increase with age (e.g. mortality risk, cancer risk) and is expressed in years

communication studies. With the RAP, however, only one dominant health outcome per stressor

advancement of that specific health risk. The Health Effect indicator (HEI) resembles the time

can be evaluated; a disadvantage to the more commonly-used alternative in health impact

period that people live shorter or in illness due to exposure; the number of years is adjusted for

assessment of air pollution DALYs. DALYs combine both qualitative and quantitative elements of

the disability during that period. The HEI is expressed in disability-adjusted life years (DALYs)

(6)

both morbidity and mortality in one metric, which makes it suitable to compare different health

per year of exposure. RAP and HEI can be derived from dose-response relationships expressed in

outcomes. As such, DALYs and YLL are broadly used in scientific reports on health impacts. In

relative risks or unit risk factors. As depicted in Figure 7.4, calculation covers the stages from

practice, health impact assessment is not always feasible because of restrictions in data

emissions, concentrations, exposure and effect. The RAP and HEI quantify the health risk without

availability, but also in means of time and effort.

(5)

(1)

considering standards, like protection levels or accepted risk levels. For both the RAP and the HEI,
data on concentrations and dose-and-response relations are required. Furthermore, the

7.1.5 Risk perception score

calculation of the RAP asks for data on age-specific mortality rates of health outcomes (see also
Textbox 7.1). Calculation of the HEI asks for specific data on the mortality and morbidity (i.e.

What is it?

duration and severity) per incidence case per disease type.

The above-mentioned indicators are founded within the domain of technical risk management in
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7.2 Ranking Dutch emissions using various human health indicators

reflecting mental and social well-being as a result of the presence of pollution sources. The RPS
is expressed as a ranking of a specific health risk by a population: the ranking between 1 and n in

In this section, the differences and similarities of the five indicators are further explored by

a list of n health risks. The RPS does not give an absolute estimate of risk perception, but indicates

applying them to the same case. In this case, the relative importance of Dutch inland emissions

the perceived health risks from air pollution in perspective to other health risks. Via affect (i.e.

of priority substances is assessed. The following indicators are applied on a national scale using

the specific quality of “goodness” or “badness“ of an activity experienced as a feeling state -with

data from Chapter 4: the environmental pressure indicator (EPI), environmental quality indicator

or without consciousness- which determines whether this activity is judged as positive or

(EQI), daily intake (calculated with the intake fractions), risk advancement period (RAP), and the

negative), the RPS relates to the stage of human activities and the related pollution sources

human health effect indicator (HEI; based on years of life lost calculations). For each indicator,

(Figure 7.5). However, it does not necessarily relate to other stages in cause-and-effect pathway

the relative importance of each substance is expressed as the percentage of the sum of the

like actual environmental emissions or concentrations or environmental standards. The RPS can

indicator values of all substances, see Figure 7.6.

(7)

be derived in a questionnaire.
For the daily intake and the RAP, new calculations were performed. The intake fraction is an
indicator to easily estimate the daily intake based on emissions. The daily intake on the national
scale was derived for The Netherlands by dividing the sum of the daily intake of residents in all
grid cells in The Netherlands by the population in The Netherlands. The risk advancement period
for particulate matter was calculated relating the age-specific mortality risks to a relative risk of
1.0043 per μg/m3 PM10 for advanced mortality.(10) For cancer risks, the risk advancement period
was related to age-specific cancer risks in The Netherlands.(11) The monotonic increase with age
of observed cancer risk for adults over 30 years of age can be described with an exponential
function:
Figure 7.5 Scheme illustrating the underlying principle of the Risk perception score (RPS).

Why is it useful?

		

(7.1)

The RPS is designed to quantify the relative importance of the risk perception of environmental
stressors. As such, it can be used to put risk perceptions into context and to prioritize them, as

where a equals 5.6∙10-7 and b equals 8.2∙10-2. The coefficients were derived from fitting equation

illustrated in Chapter 6. Furthermore, the RPS can be used to indicate the extent of the impact on

7.1 to cancer incidence data of the year 2008 in The Netherlands.(11) For carcinogenic effects, the

perception of the presence of pollution sources. It can be useful for policy-makers since it can

RAP is related to unit risk factors derived from the IRIS database of the US-EPA.(12)

help to use risk perception as input in the process of risk management. As such, concern

The risk advancement period for cancer incidences due to exposure to carcinogenic substances

assessment may increase citizens’ involvement. More information about concerns and risk

can be described as follows:

perception gives occasion for communication between policy-makers and citizens. Stakeholder
involvement has been presented as a suitable strategy to incorporate risk perception in the both
the risk assessment and risk management strategy.(8, 9)
		
		

(7.2)
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CIR

crude incidence rate for cancer in The Netherlands in 2008 (5.4∙10-3 year-1)

For particulate matter, however, the target concentration is based on the technical and/or political

UR

unit risk factors for one year of exposure, as used in Chapter 4 (m .μg )

infeasibility of emission reduction measures as well, in spite of possible health effects.(2, 15) As a

CNL

yearly averaged concentration in The Netherlands (μg/m3)

result, higher emissions and risk levels are accepted for particulate matter compared to carcinogenic

RRcarc

age-dependent relative risk of cancer per year of age (-)

priority substances. The comparison clearly shows that the EPI, nor the EQI, necessarily reflect the

3

-1

human health damage induced by these pollutants. To effectively prioritize emission reduction
Figure 7.6 shows the results of primary PM10 and 17 carcinogenic substances using the five

measures in policy-making based on reducing health loss, substances should not only be evaluated

selected indicators. When we look at the EPI, then carbon tetrachloride is the substance of highest

as to whether emission targets and environmental quality targets are reached, but they should be

importance. The explanation lies in stringent emission standards because of its high persistence.

evaluated regarding their human health effects as well. In this context, the HEI and RAP are suitable

The fact that the target emission of carbon tetrachloride is based on ozone depletion and not on

indicators to evaluate the human health impact. Why HEI and RAP differ from each other is

its direct impact on human health explains why this substance is of far less importance when we

explained in more detail in Textbox 7.1.

look at the environmental quality indicator EQI, the daily intake, and the effect indicators RAP and
HEI. In contrast, when we look at the EQI, then benzo[a]pyrene is the substance of highest
importance. This means that for benzo[a]pyrene, the modeled concentrations are highest in
comparison with its target concentration. This can be explained by relatively high ambient
concentrations of benzo[a]pyrene and relatively stringent target concentrations to prevent health
effects from this persistent substance.(13) Applying the indicators on the level of exposure and
effect (i.e. daily intake, RAP and HEI), particulate matter is the substance of highest importance
(61%, 68% and 99%, respectively). The daily intake of toluene and benzene was lower but still
significant (21% and 9%, respectively). The other substances accounted for about 10% of the daily
intake of priority substances. The RAP of benzo[a]pyrene was lower than that of particulate
matter, but still significant (22%). For the other substances, the RAPs were contributing about 10%
to the total impact score. For the HEI, the difference between the carcinogenic substances and
particulate matter was even more pronounced as the health impacts of the carcinogenic priority
substances contributed <1% to the total impact score. This difference for particulate matter
between the exposure indicator, effect indicators and the other indicators indicate a relatively low
protection level for standards for particulate matter or by contrast relatively high protection levels
for the carcinogenic priority substances. This case shows that, dependent of the chosen indicator,
the priority lists of substances can change substantially.
Figure 7.6 Relative importance to health of substances indicated on national scale by environmental pressure

The differences in relevance of substances between the various indicators can be explained by the

indicator (EPI), environmental quality indicator (EQI), daily intake, risk advancement period (RAP) and

different weighting of interests in the indicators. The RAP and HEI are based on concentration-

human health effect indicator (HEI).

response relations, whereas the EQI and particularly the EPI also depend on other factors such as the
technical feasibility of the formulated targets. For example, regarding carcinogenic substances, the
target concentrations are derived from a risk level of 10-8 extra cases of cancer per year, which
represents the level at which the effects for the environment and health are considered negligible.(14)

Limited

No

Yes

Yes

Questionnaire to
elicit risk
perception
Data on concentrations
(measured or modeled)
Measurements of
concentrations
Data on emissions
Concentration models
or local dispersion
models
Substance-specific
physic-chemical
properties
Dose-response
relationships
Data on mortality and
morbidity (i.e. duration
and severity) per
incidence case per
disease type
Yes
Data on concentrations
(measured or modeled)
Measurements of
concentrations
Data on emissions
Concentration models or
local dispersion models
Substance-specific
physic-chemical
properties
Dose-response
relationships
Age-specific mortality
rates
Multimedia fate
and exposure
models
Substancespecific
physic-chemical
properties
Data on concentration
standards
Data on concentrations
(measured or modeled)
Measurements of
concentrations
Data on emissions
Concentration models
Substance-specific physicchemical properties
Data on emission
targets
Data on emissions

No
Suitable for
environmental health
risk communication

No

No

No

No

Strong with
mental/social
aspects of health
Weaker with
physical aspects of
health

Effect level

To quantify the
relative importance
of risk perception
of environmental
stressors for
interpretation &
agenda setting

Yes: concentration standards

Strong via dose-response Strong via doserelations
response relation
Strong via relation with
duration and severity of
health effects

To quantify the extent of
the impact of health
risks for interpretation &
agenda setting
To prioritize substances
and pollution sources
To communicate health
risks to support development of policies
Effect level

Yes: emissions targets

Moderate
No direct link
EPI: via three steps in
cause-and-effect pathway in
standards setting CO2: via
relation ventilation and health
CO2: via relation ventilation and
proxy CO2
Other considerations like
feasibility and reasonableness

Weak
Via four steps in
cause-and-effect
pathway in standards
setting
Other considerations
like feasibility and
reasonableness

To quantify the extent of
the impact of health risks
for interpretation &
agenda setting
To prioritize substances
and pollution sources
To communicate health
risks to support
development of policies
Effect level

Chapter 7

Standards
used?
Basic data
needs and
models or
methods
required

Concentration level

Emission level

To assess the
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Table 7.1 Specification of the indicators used in this thesis.

136
Human health indicators for air pollutants: Stepping along the cause-and-effect pathway
137

Chapter 7

138

Human health indicators for air pollutants: Stepping along the cause-and-effect pathway

139

Textbox 7.1 RAP versus HEI.

But what causes the difference between the two effect indicators RAP and HEI, since both indicators
relate to the same probabilities of advanced mortality and both have an apparently similar metric,
namely years? The difference is that the HEI resembles the period that people live shorter due to
exposure in a defined period, whereas the RAP is the difference in age between exposed and
unexposed people that have the same probability of dying due to exposure. The HEI is the product of
(7.5)

the increased probability of mortality and the period of exposure. With the RAP, the increased
probability due to exposure causes a shift on the age-specific mortality curve. The RAP resembles this

HEI

human health effect indicator (years of life lost per year of exposure)

shift of this curve. However, when calculating the RAP, it is essential that the exposure period is

Nage

population number per age class (-)

consistent with the period that is used as the independent variable when deriving the function of the

Pmortality(Age)

age-specific mortality risk (year-1)

age-specific probability of disease (in this case: the average exposure for a year and the age-dependent

ER’’(Ci)

excess risk due to particulate air pollution concentration in grid cell i (-)

relative risk for mortality per year of age).

YLL

caseyears of life lost per incidence case (years)

LE

Life expectancy (years)

For particulate matter, both indicators can be derived from the relative risk. As presented in Chapter 5
(equations 5.4 and 5.6), the RAP as a function of RR and concentration can be expressed as follows:

Comparison of these formulas emphasizes the different composition of these indicator in spite of the
similarity in input parameters. Combining equations 7.3, 7.4 and 7.5 shows that HEI is proportional to
1- e(-RAP·b). So HEI - when based on YLL- and RAP will result in similar rankings of substances. The values
however will vary. This is reflected in Figure 7.7, which shows the curves of the HEI and RAP in The
Netherlands, both non-linear functions of the concentration.

RAPi,individual individual risk advancement period for mortality due to particulate air pollution in grid cell
i (years RAP i.e. shift on the age-specific mortality curve)
RRPM(C)

relative risk for premature mortality due to particulate air pollution per μg/m3 (-)

Ci

concentration PM2.5 in grid cell i (μg/m3 yearly average)

RRage

age-dependent relative risk for mortality per year of age (-)

b

coefficient in the age-dependent risk curve for mortality

RAPpopulation sum of risk advancement period in the population (years RAP)
Ni

YLL in Dutch population
(YLL/year of exposure)

(7.4)
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(7.3)

0

PM2.5 concentration (ug/m3)

The HEI (based on years of life lost calculations) is the sum over all age groups of the risk due to

Figure 7.7 Comparing HEI (in YLL/year of exposure) and RAP (in years RAP) in the Dutch population for

exposure - attributive to the age-specific mortality risk - and can be expressed as follows:

particulate matter.

Chapter 7

140

Human health indicators for air pollutants: Stepping along the cause-and-effect pathway

141

7.4 Perceived risks versus actual risks

emotions and lead to stigmatization.(16, 20-22)

The previous section showed that, depending on the chosen environmental health indicator, the

Chapter 5 and 6 have elicited a discrepancy between the predicted health impact resulting from

priorities may shift from the one substance or source to another. However, these indicators all

industrial and traffic-related air pollution and how these risks were perceived. Studies have

considered the ‘actual’ risks, taking into account the physical aspects of health. What is often

indicated that providing scientific information on risk quality may not be the best strategy to

In this

influence risk perceptions.(23, 24) This is an important message for risk managers and industrial

technical construct, risks are characterized by event probabilities and consequences; the

sources of air pollution in this area. It is recommendable not to limit their focus to decreasing

subjective and contextual factors are disregarded or described as secondary dimensions of risk.

industrial air pollution in the living environment, but to use risk perception as input in the process

However, in decision-making, these contextual and subjective factors can play an important role.

of risk management, e.g. by adding the parallel activity of concern assessment to the scientific

The risk perception of the public is one of these factors. In Chapters 5 and 6, we studied the

risk assessment.(9) In addition to that, considering risk perception as one of the targets of risk

technical health risks from local air pollution from traffic and industry, and the risk perception of

management strategies is recommended as well. In Moerdijk, actions have already been taken to

these sources, respectively. In this section, we compare the predicted technical risks with the

enlarge stakeholder involvement, to increase the level of control of residents, and to improve the

surveyed perceived risks.

communication between stakeholders. Stakeholder involvement has been presented as a

referred as the ‘actual’ risk, can be regarded as the traditional technical construct of risk.

(16)

suitable strategy to incorporate risk perception in both the risk assessment and risk management
With the risk advancement period calculations, we showed that road traffic was the most

strategy.(8, 9) In Moerdijk, the importance of stakeholder involvement has been increasingly

important local emission source that affects human health in the study area, whereas the

recognized over the last decade. A neighborhood council is operational with representatives of

predicted health risks from industry were much lower. These results are in contrast with how the

the business community, the local authorities, public services, and residents.(25) This platform

risks from air pollution from traffic and industrial emissions were perceived by the local residents.

gives opportunities for open communication between stakeholders. Furthermore, a steering

Chapter 6 showed that in the Moerdijk area the risk of industrial air pollution is perceived to be

committee with working groups is operational with the local and regional authorities involved

higher than that of traffic-related air pollution. We also showed that which source was considered

as well. The residents are involved in a working group on complaint management which should

as major source - traffic or industry – depended on a high or low risk perception of industrial air

enlarge the personal control of the residents. The steering committee, its working groups and

pollution, and not on the variation in risk perception of traffic-related air pollution.

the neighborhood council aim at improving communication between and the involvement of
stakeholders, among which the residents. The communication should not only comprise the

In the comparison of air pollution risks from industry versus traffic in the Moerdijk area, the

companies and their activities, accidents, risks, and benefits, but also the stakeholder

following attributes may have influenced the perception of industrial air pollution versus traffic-

involvement, the complaint management system, and actions taken to improve health and

related air pollution. In the Moerdijk region there is an extensive history of odor nuisance and

safety. Open communication in all stages of the risk governance process may lead to increased

complaints about the industrial area. This may have elevated the perception of risk from the

familiarity, better understanding and increased trust in authorities and industry. In turn, this

provoke sensory responses and

may to lead to a more positive affect towards the industrial area and reduced perceived risks

industry, because odors are known to amplify fears,

(17)

complaints,(18) and psycho-physical well-being can be adversely affected without a clear link of
odor to health hazard.

(17)

of industrial air pollution.

The complaint management in this area has been experienced by

residents as inadequate, which may cause a feeling of lack of control, which in turn has been
known to influence risk perception.(9, 16, 19) The difficulty in source apportionment of odors

7.5 Résumé

hampers the risk management; and this is likely to be one of the causes of this negative evaluation.
Finally, the artificial nature of chemicals, the sensational press coverage about accidents in the

The potential health impact of environmental stressors can be quantified by means of indicators

chemical industry in general, and visible chimneys and safety flares may also invoke negative

for different purposes. One purpose is to facilitate interpretation of environmental health
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risks. This enables comparison with other risks: “how bad is this risk?” These comparisons

and policymakers. However, they are also used to inform layman often without further

enable prioritization of risks and their environmental health impacts, but also specific sources,

consideration. Question is whether that is appropriate. Laypeople may be more interested in the

exposure routes, health effects, local hotspots, measures, and policies. The prioritization can

individual risk that they are exposed to in their residence, whereas policymakers will be at least as

serve as input for risk management and risk policy. Another purpose is monitoring and

interested in population risks. For example, the right-to-know website www.rechtomteweten.nl

evaluation of policies and their effects: “by how much can the indoor air quality be improved

was developed because residents and environmental movements perceived threat from chemical

using a CO2 warning device?” or “how much health do we gain by implementing this policy

emissions. Ragas et al. estimated the excess cancer risks due to local emissions of carcinogenic

compared with other options?”

substances to communicate about these risks via the world wide web.(26) One of the comments
was that the theoretical cancer risks were (too) difficult to interpret for layman. As a response to

This thesis shows that the selection of an environmental health indicator can be of great

this comment, a more intuitive indicator was chosen with the purpose to communicate about

importance for the priority that will be given to different substances or sources. Issues to consider

risks in a local situation: the RAP. The RAP puts risks in perspective to one’s age, a concept that has

in the selection of an indicator are the purpose of the indicator (quantification of health impact,

been used in worldwide programs aiming at behavioral change.(27-29) This observation suggests

administrative evaluation of policies, communication), step in the cause-and-effect pathway,

that a metric relating to aging may be a powerful communication tool for laypeople. However, its

geographical scale, intended end-users, and chosen metric. In the example of the CO2 warning

full potential for communication purposes should be further explored, for example in local risk

device, the scope is to evaluate efficiency of policies. In this case, one can simply restrict oneself

communication studies.

to indicators at the level of the intervention - in this case environmental quality CO2. The risk of
choosing a ‘simple’ indicator is that the broader scope of health is neglected. This drawback was

The discrepancy between perceived and predicted risks shows the importance not to limit the

elicited in Chapter 4. Confronting the results of the set of priority substances using different

focus of interventions to reducing technical risks in the living environment, but also to use risk

indicator types showed how relevant particulate air pollution is for human health, whereas this

perception as input in the process of risk management. In this context, a shift from the traditional

importance is not reflected by the indicators relating to daily intake, concentration standards,

technical construct of risk to a multidimensional, subjective, value-laden, frame-sensitive

and emission standards. This means that to effectively prioritize emission reduction measures in

approach of risk, which has been referred to as “the contextualist conception”,(16) would be

policy-making, substances should not only be evaluated as to whether emission targets and

favorable. This conception places probabilities and consequences on the list of relevant risk

environmental quality targets are reached; they should be evaluated regarding their human

attributes along with voluntariness equity, and other important contextual parameters. However,

health impact as well.

risk perception should not be seen as a “steady-state of mind” of the residents, but it is constantly
influenced by context, circumstances and events. This observation leads to the recommendation

We also showed that the ‘downscaling’ of health indicators to a local scale was possible. However,

that risk perception –and the qualitative attributes that influence it– should be monitored

local health impact assessment should be carried out in the context of the quality of input data

regularly in order to incorporate it in risk management.

and the assumptions and uncertainties of the analysis. In general, drawbacks of health impact
assessments are difficulties in retrieving exposure information and the lack of exposure-effect

This notion may seem in contradiction with efforts made in this thesis to develop good ‘technical’

relations for subgroups and combined effects; drawbacks that are even more prominent on the

health indicators for environmental exposure to substances. Of course, science-based risk

local scale. Further downscaling to the level of individual risks does appear promising for

assessment will remain a beneficial and necessary instrument of risk policy, as it is a way by

communication purposes.

which risks can be compared. Dimensions (concerns) of intuitive risk perception are legitimate
elements of rational policy, but assessment of the various risk sources must follow rational,

Furthermore, indicators serve as tools that support the communication of relatively complex

scientific procedures in every dimension.(19, 30) So, while public perception and common sense

information about the status of emissions, environmental quality and potential health impacts to

cannot replace science and policy, they can certainly provide impetus for the decision-making

policy makers, public and other stakeholders. Most indicators are developed by and for scientists

process. At the same time, if decision-makers take into account the factors and needs of public
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increase.

(19)
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tools and resulted in lower indoor CO2 concentrations when compared to the control group.
Ventilation was significantly improved, but CO2 concentrations still exceeded 1000 ppm for more

This thesis deals with different types of health indicators that can be used to assess the influence

than 40% of the school day. Hence, until ventilation facilities are upgraded, the CO2 warning

of substances in our environment on public health. To evaluate measures to prevent adverse

device and the teaching package are useful low-cost tools. This chapter showed how an indicator

health effects, indicators are used to quantify the status of the environment and the impact on

can be used to quantify and evaluate the effectiveness of different measures, so it enables

health. Indicators are developed for various stages in the cause-and-effect pathway, e.g. indicators

prioritizing in policy-making. Since this study was performed, these evidence-based measures

for emission, environmental quality, exposure and health impact. Dependent on the questions

have been further enhanced and incorporated in a Dutch National Program of the Ministry of

to be answered and the end-users to be addressed, different indicators may be used. Since most

Infrastructure and the Environment (formerly the Ministry of Housing, Spatial planning and the

indicators are generally applied in isolation and not in comparison to other indicators, it is not clear

Environment) and the Ministry of Education, Culture and Science to improve indoor air quality in

whether substances or risks are prioritized differently with different indicators. The main objective

all schools with natural unforced ventilation facilities.

of this thesis is to evaluate the consistency and effectiveness of different types of environmental
health indicators that are used for environmental policy purposes. The indicators included vary

Chapter 3 describes the calculation of intake fractions (iFs) of chemicals at a continental scale.

with respect to (1) the stage in the cause-and-effect pathway (e.g. emission, environmental quality,

Intake fractions represent the fraction of the quantity emitted that enters the human population.

exposure and health effects), (2) the metric in which the indicator is expressed (e.g. Disability

Calculations comprised multimedia fate and exposure modeling to account for the general

Adjusted Life Years or Risk Advancement Period), (3) geographical scale (e.g. continental, national

properties of the chemical, such as its persistence (fate), accumulation in the food chain, and the

and local), (4) models (e.g. CalTOX and USES-LCA), and (5) the intended end-users (e.g. scientists,

intake through inhalation, ingestion and skin. This chapter aimed to systematically quantify the

policymakers and laypeople). The indicators were applied in a number of case studies which

differences in the population intake fraction of toxic pollutants due to differences in the model

are presented in Chapters 2, 3, 4 and 5. Furthermore, a risk perception study was performed to

structure of two commonly applied multimedia fate and exposure models, i.e. CalTOX and USES-

explore what demographic and psychometric variables are associated with local risk perception

LCA. The intake fractions of 365 substances emitted to air, fresh water, and soil were compared

and how perceived risks compare with calculated health risks (Chapter 6).

between the two models. The model comparison showed that differences in the iFs due to model
choices were the lowest after emission to air and the highest after emission to soil. The choice

Chapter 2 describes the use of an indicator on the level of concentrations at the sub-local scale,

for a continental seawater compartment, vertical stratification of the soil compartment, rain and

namely the indoor CO2 concentration in primary schools. Poor air quality in schools has been

no-rain scenarios and drinking water purification largely explain the relevant model differences

associated with adverse health effects. Indoor air quality (IAQ) can be improved by increasing

found in population intake fractions. Furthermore, pH-correction of chemical properties and

ventilation. In occupied classrooms, the CO2 concentration can be used as an indicator of the

aerosol-associated deposition on plants appeared to be important for respectively dissociative

ventilation rate and the removal of pollutants in the air. The objective was to compare the

organics and metals emitted to air. Finally, it was found that quantitative structure-activity

effectiveness of different interventions to improve ventilation behavior in primary schools in an

relationships (QSAR)-estimates for super-hydrophobics may introduce considerable uncertainty

experimental study. In 81 classes of 20 Dutch primary schools, three different interventions were

in the calculation of population intake fractions. This chapter shows that choices in underlying

applied: (i) a class-specific ventilation advice; (ii) the advice combined with a CO2 warning device;

models and input data can be of considerable influence on the relative importance of substances

and (iii) the advice combined with a teaching package. The effectiveness of the interventions

in human exposure calculations. Consequently, these choices may influence the priority assigned

was tested directly after intervention and six weeks after intervention by measuring the

to the different substances or activities studied.

CO2 concentrations and comparison with a control group (iv). Before intervention, the CO2
concentration exceeded 1000 ppm during 64% of the school day. The class-specific ventilation

Chapter 4 describes the ranking at the Dutch national scale of 21 priority air pollutants using

advice without further support appeared an ineffective tool to improve ventilation behavior. The

three indicator types: Environmental Pressure Indicator (EPI), Environmental Quality Indicator

advice in combination with a CO2 warning device or the teaching package proved to be effective

(EQI), and Human health Effect Indicator (HEI). The EPI and EQI compare the emissions and
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environmental concentrations with the target emissions and target concentrations, respectively.

a factor of 3 lower (40 years advancement of mortality). PM2.5 due to highway-traffic was the

The HEI considers the stages from cause (i.e. national emissions) to effect (i.e. human health

largest contributor to the health impact of road traffic (49 years advancement of mortality). This

effects), and is the total human health burden, expressed in Disability Adjusted Life Years per

chapter shows that the RAP methodology can be applied on the local scale to quantify potential

year of exposure (DALYs·year ). The results of these three indicators were confronted to see

health impacts. As such, it is a promising technique for communication purposes as it relates to

whether they result in the same prioritization of chemicals. Dutch air emissions of PM10 and its

people’s current health status instead of future reward at the end of people’s lives.

-1

precursors caused a health burden in The Netherlands in the year 2003 of 41·10 DALYs·year . The
3

-1

burden due to 17 carcinogenic substances emitted to air, was much lower (i.e. 140 DALYs·year-1).

Chapter 6 describes a local scale risk perception survey on air pollution from industry and traffic

In contrast, when the same substances were evaluated regarding environmental pressure and

in the Moerdijk region in The Netherlands. The aim was to empirically identify demographic

environmental quality, carbon tetrachloride (pressure) and benzo[a]pyrene (quality) were of

and psychometric variables that are associated with these perceived risks. 370 respondents

highest importance, whereas the importance of PM10 was substantially lower. Hence, comparing

from a random sample of the residents of Moerdijk and Klundert filled out a questionnaire. Risk

environmental concentrations with reference values does not necessarily reflect the impact

ranking was used to indicate the perceived risks of industrial air pollution and traffic-related air

on health in a population. This result is remarkable, because for the majority of substances

pollution. Risk perceptions were explored using multiple regression models. The results showed

evaluated, the target concentrations and target emissions are based on preventing human health

that the perceived risks of industrial air pollution were higher than those of traffic-related air

damage. These differences are explained by the different weighting of interests in the indicators.

pollution. This finding is in contrast with the health impact as calculated in the previous chapter.

The HEI is based on concentration-response relations, whereas the EPI and EQI also depend

The perceived risk of industrial air pollution was associated with other variables than that of

on other considerations such as technical feasibility. Therefore, to effectively prioritize emission

traffic. For industrial air pollution, the psychometric variable affect prevailed. By affect is meant

reduction measures in policy-making, substances should not only be evaluated as to whether

the specific quality of “goodness” or “badness“ of an activity experienced as a feeling state

emission targets and environmental quality targets are reached, but they should be evaluated

(with or without consciousness) that determines whether this activity is judged as positive or

regarding their human health impact as well. In this context, the HEI is a suitable indicator to

negative. This positive or negative affect influences how the risk of an activity is perceived: the

evaluate the human health impact. This chapter shows that the choice of indicator can highly

“affect heuristic”. For traffic-related air pollution, the demographic variables age and educational

influence the relative importance of substances.

level prevailed, although affect was also apparent. Variation in risk perception of industrial air
pollution (and not in traffic-related air pollution) was an important determinant for which source

In Chapter 5 the health impact resulting from emissions of fine particulate matter (PM2.5) were

was considered as the major source; traffic or industry. These insights can be used as an impetus

quantified using the risk advancement period (RAP) of mortality on the local scale, i.e. for the

for the local risk management process in the Moerdijk region. As such, not only measures can

local community of Moerdijk. The risk advancement period of mortality is the time period by

be taken to further reduce risks, but also measures on improving affective feelings towards

which the mortality risk is advanced among exposed individuals conditional on survival at a

mistrusted sources.

baseline age. As such, it reflects the answer to the question: “For how many years of age has
the mortality risk been advanced in the Moerdijk area because of local emissions from PM2.5

In Chapter 7 the various indicators studied in this thesis are compared. The comparison of the

sources?” The increased probability due to exposure causes a shift on the age-specific mortality

different indicators showed the relevancy of particulate air pollution for human health impacts

curve, and the RAP reflects this shift. Local PM.2.5 emissions to air of industry, road traffic, railway

(Risk Advancement Period and Disability Adjusted Life Years), whereas this importance is not

traffic and shipping were considered. The Moerdijk area in The Netherlands was selected as case

reflected by the indicators defined by emission standards or environmental quality standards. This

study area, because of the presence of a large industrial area and several highways, a railway

implies that to effectively prioritize emission reduction measures in policy-making, substances

and the waterway Hollands Diep. The RAP showed that road traffic (134 years advancement of

should also be evaluated regarding their human health impact. Furthermore, this thesis elicited

mortality summed over the local population) was the most important local emission source that

a discrepancy between the estimated health impact resulting from industrial and traffic-related

affects human health in the study area, whereas the estimated health impact from industry was

air pollution compared to how these risks were perceived (Chapter 5 versus Chapter 6). This
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in the living environment, but also focus on risk perception as an important factor in the process
of risk management. This notion may seem in contradiction with efforts made in this thesis to

In dit proefschrift zijn diverse typen indicatoren gebruikt om de invloed van stoffen in onze

develop scientifically sound health indicators for environmental exposure to substances. While

leefomgeving op de volksgezondheid te onderzoeken. Met behulp van indicatoren kan de toestand

public perception cannot replace scientific environmental indicators, they can certainly provide

van het milieu en de impact daarvan op gezondheid worden gekwantificeerd, bijvoorbeeld bij

impetus for the decision-making process. Therefore, it is recommended to move further from the

het evalueren van beleidsmaatregelen om de gezondheid van de bevolking te waarborgen. Deze

‘technocratic’ and ‘decisionistic’ linear models of risk management to an open, cyclical, iterative

indicatoren zijn ontwikkeld voor de verschillende stappen in de keten van oorzaak tot gevolg,

and interlinked transformation of the ‘transparent’ model in which social considerations play an

bijvoorbeeld emissie, milieukwaliteit, blootstelling en effecten op gezondheid. Afhankelijk van

important role next to scientific, technical, economic and political considerations.

de gebruikers, doelgroep en vraagstelling kunnen uiteenlopende indicatoren worden gekozen.
Het is op voorhand niet duidelijk in hoeverre het gebruik van verschillende indicatoren leidt
tot een andere prioriteitsstelling van stoffen of risico’s, aangezien meestal slechts één type
indicator tegelijk gebruikt wordt. Dit proefschrift heeft dan ook tot doel om indicatoren voor
de volksgezondheid en milieu te evalueren met betrekking tot consistentie en doelmatigheid
voor toepassing in beleid. De onderzochte indicatoren variëren met betrekking tot (1) stap in de
keten van oorzaak tot gevolg (bijvoorbeeld emissie, milieukwaliteit, blootstelling en effect), (2)
de uitkomstmaat waarin de indicator wordt uitgedrukt (bijvoorbeeld verlies aan levensjaren of
juist toename in ‘echte’ leeftijd), (3) geografische schaal (bijvoorbeeld continentaal, nationaal
en lokaal), (4) gebruikte rekenmodellen (bijvoorbeeld CalTOX versus USES-LCA), en (5) de
beoogde gebruikers en doelgroep (bijvoorbeeld wetenschappers, beleidsmakers en bevolking).
De indicatoren voor volksgezondheid en milieu zijn toegepast in verschillende casestudy’s, die
ik beschrijf in de hoofdstukken 2, 3, 4 en 5. Daarnaast beschrijf ik in hoofdstuk 6 een casestudy
over risicoperceptie. In deze casestudy is onderzocht welke demografische en psychometrische
factoren van invloed zijn op de lokale risicoperceptie. Ook zijn deze gepercipieerde risico’s
vergeleken met de ‘actuele’ risico’s zoals berekend met de eerder genoemde indicatoren.
Hoofdstuk 2 beschrijft het gebruik van een indicator op het niveau van milieukwaliteit op
een sublokaal niveau, namelijk de CO2-concentratie in de binnenlucht in scholen. Een slechte
binnenluchtkwaliteit in scholen hangt samen met nadelige effecten op de gezondheid. De
binnenluchtkwaliteit kan worden verbeterd door meer te ventileren. De CO2-concentratie
kan worden gebruikt als indicator voor de mate van ventilatie per leerling en de mate waarin
vuile lucht wordt afgevoerd. De CO2-concentratie is als indicator toegepast in een experiment
waarin de effectiviteit is onderzocht van verschillende interventies ter verbetering van de
ventilatie in basisscholen. In 81 klassen op 20 Nederlandse basisscholen zijn drie verschillende
interventies toegepast: (i) het geven van een ‘ventilatieadvies-op-maat’, (ii) ‘ventilatieadviesop-maat’ in combinatie met een CO2-signaalmeter in het klaslokaal, (iii) ‘ventilatieadvies-op-
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maat’ in combinatie met het speciaal hiervoor ontwikkelde lespakket ‘Buitenlucht, kom je

aan stoffen. Als consequentie daarvan kan de prioriteit die gegeven wordt aan verschillende

binnen spelen?’. De effectiviteit van de interventies werd gemeten direct na interventie en zes

stoffen en maatregelen navenant verschillen.

weken na interventie. Gedurende één week werd de CO2-concentratie gemeten en vergeleken
met metingen in controleklassen. Vóór de interventie overschreed de CO2-concentratie de

Hoofdstuk 4 beschrijft hoe 21 prioritaire stoffen geprioriteerd zijn door de milieudrukindicator

grenswaarde van 1000 ppm gedurende 64% van de lesdag. Het ‘ventilatieadvies-op-maat’ bleek

(Environmental Pressure Indicator; EPI), de milieukwaliteitindicator (Environmental Quality

niet effectief om het ventilatiegedrag te verbeteren. Het advies in combinatie met de CO2-

Indicator; EQI) en de gezondheidseffectindicator (Human health Effect Indicator; HEI) toe te

signaalmeter óf het lespakket bewezen effectieve methoden te zijn en resulteerden in lagere

passen op Nederlandse schaal. De EPI en EQI vergelijken respectievelijk de actuele emissies en

CO2-concentraties dan in de controleklassen, ook na zes weken. Hoewel de ventilatie significant

milieuconcentraties met de doelemissies en doelconcentraties. De HEI omvat de stappen van

verbeterde, werd de grenswaarde van 1000 ppm nog altijd gedurende ruim 40% van de lesdag

oorzaak (binnenlandse emissies) tot effect (gezondheidseffecten in de Nederlandse populatie) en

overschreden. Dit hoofdstuk laat zien hoe indicatoren gebruikt kunnen worden om de effectiviteit

berekent de ziektelast per jaar van blootstelling, uitgedrukt in verlies aan levensjaren gecorrigeerd

van verschillende interventies te kwantificeren en evalueren. In navolging van dit onderzoek, zijn

voor beperkingen (Disability Adjusted Life Years; DALY). De resultaten van deze drie indicatoren

de beschreven interventies inmiddels samengevoegd tot de zogenaamde ‘ééndagsmethode’,

zijn met elkaar vergeleken om te kijken of deze verschillende indicatoren leiden tot een andere

waarbij het ventilatieadvies-op-maat wordt gecombineerd met het lespakket én met een

prioritering van de stoffen. De ziektelast in Nederland ten gevolge van binnenlandse luchtemissies

aangepaste vorm van de CO2-signaalmeter: de stoplichtmeter. Deze ‘ééndagsmethode’ vormt

van primair en secundair fijn stof (PM10) was in 2003 veruit het hoogst met 41.000 DALY’s per

onderdeel van het Nationaal Programma Binnenmilieu Basisscholen van het Ministerie van

jaar. De ziektelast ten gevolg van binnenlandse luchtemissies van 17 kankerverwekkende prioritaire

Infrastructuur & Milieu (voorheen het Ministerie van Volkshuisvesting, Ruimtelijke Ordening &

stoffen was veel lager (140 DALY’s per jaar). De resultaten van de indicatoren voor milieudruk en

Milieu) en het Ministerie van Onderwijs, Cultuur & Wetenschap, waarbij in de periode 2009-

milieukwaliteit daarentegen laten een heel ander beeld zien. Wat betreft emissies en milieukwaliteit

2013 alle basisscholen met natuurlijke ventilatie zijn beoordeeld op de binnenluchtkwaliteit.

krijgen respectievelijk tetrachloor-methaan en benzo[a]pyreen de hoogste prioriteit, terwijl fijn stof
substantieel lager scoorde. Kortom, het vergelijken van actuele emissies en milieuconcentraties

Hoofdstuk 3 beschrijft de berekening van de zogenaamde ‘inname fracties’ van stoffen door de

met beleidsmatig gestelde grenswaarden geeft maar weinig inzicht in mogelijke effecten van

menselijke populatie op continentale schaal. De ‘inname fractie’ (iF) geeft weer welke fractie van

stoffen op de volksgezondheid. Dit is opvallend, want deze grens-waarden zijn juist afgeleid met

de totale hoeveelheid uitgestoten stof er wordt ingenomen in de populatie. De berekeningen

het doel om de volksgezondheid te beschermen. De verschillen zijn te verklaren door verschillende

omvatten multimedia verspreidingsmodellen, gecombineerd met blootstellingsmodellen voor

afwegingen in het afleiden van de indicatoren. De gezondheidseffectindicator is gebaseerd op

de mens. In dit hoofdstuk zijn iFs berekend met twee veelgebruikte modellen, CalTOX en USES-

dosis-effectrelaties, terwijl de milieudrukindicator en de milieukwaliteitindicator ook andere

LCA, voor 365 toxisch stoffen na uitstoot naar lucht, water en bodem. De verschillen tussen

belangen meenemen, zoals technische haalbaarheid. Dit hoofdstuk laat dus zien hoe de keuze

modellen en uitkomsten zijn systematisch gekwantificeerd en geanalyseerd. De verschillen in

voor de ene of de andere indicator de prioriteitstelling van stoffen beïnvloedt. Bij de evaluatie van

iFs door modelkeuzes waren het kleinst bij emissie naar lucht en het grootst bij emissie naar

emissiereducerende maatregelen zou daarom niet alleen gekeken moeten worden of de doelen

bodem. De keuzes voor een continentaal zeewatercompartiment, verticale stratificatie van het

voor emissies en milieukwaliteit worden behaald. Mogelijke gezondheidseffecten zouden expliciet

bodem compartiment, regen- en droogtescenario’s en drinkwaterzuivering zijn de belangrijkste

in de evaluatie moeten worden meegewogen. De HEI is dan ook een geschikte indicator gebleken

verklaringen voor de verschillen in uitkomsten tussen de twee modellen. Correctie voor pH

om de effecten van stoffen op de volksgezondheid te evalueren. Deze aanbeveling is door het

van chemische eigenschappen en depositie van aerosolen op planten bleken belangrijk voor

Rijksinstituut voor Volkgezondheid en Milieu (RIVM) overgenomen in een vervolgrapportage over

respectievelijk organische stoffen die dissociëren en metalen. Tot slot bleken de schattingen

indicatoren voor evaluatie van het Nederlands milieubeleid.

voor kwantitatieve-structuur-activiteit-relaties voor zeer hydrofobe stoffen tot aanzienlijke
onzekerheden in de iFs te leiden. Dit hoofdstuk laat zien dat keuzes in modelstructuur en

Hoofdstuk 5 beschrijft hoe de effecten van emissies op lokale schaal kunnen worden voorspeld

invoerdata aanzienlijke invloed kunnen hebben op de inschatting van de mate van blootstelling

door de ‘risk advancement period’ (RAP) voor sterfte toe te passen in een casestudy over lokale
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emissies van primair fijn stof (PM2.5) in de regio Moerdijk. Deze ‘risk advancement period’ is

bedoeld (bewust of onbewust), dat bepaalt of deze toestand of activiteit als positief of negatief

de periode dat het sterfterisico wordt ‘vervroegd’ in relatie tot iemands leeftijd door extra

wordt beoordeeld. Dit positieve of negatieve affect beïnvloedt hoe het risico van een activiteit

blootsstelling aan een risicofactor — in dit geval primair fijn stof (PM2.5) — in vergelijking met

wordt gepercipieerd: de “affect heuristiek”. Bij verkeersgerelateerde luchtverontreiniging bleken

iemand die niet is blootgesteld aan die risicofactor. Deze casestudy geeft dus antwoord op

de demografische variabelen leeftijd en opleidingsniveau de overhand te hebben, al speelde

de vraag: “Hoeveel jaar is het sterfterisico in de tijd vervroegd?” of anders gezegd, “Hoeveel

affect nog steeds een rol. De variatie in de perceptie van industriële luchtverontreiniging was

hoger ligt de ‘echte leeftijd’ in de regio Moerdijk als gevolg van blootstelling aan primair fijn stof

bepalend voor welke bron van luchtverontreiniging — verkeer of industrie — het belangrijkste

(PM2.5) uit lokale bronnen?”. De verhoging van het sterfterisico door blootstelling veroorzaakt

werd geacht; niet de variatie in de perceptie van verkeersgerelateerde luchtverontreiniging.

een verschuiving op de leeftijdspecifieke curve voor sterfterisico en de RAP kwantificeert

Deze inzichten kunnen worden gebruikt om het lokale proces van risicomanagement in de regio

deze verschuiving. In deze casestudy zijn de lokale emissies door industrie, wegverkeer,

Moerdijk optimaal te laten aansluiten bij de gevoelens die onder de bevolking leven. Naast

spoorwegvervoer en scheepvaart onderzocht. De aanwezigheid van een groot industrieterrein,

risicoreducerende maatregelen, is het aan te bevelen om ook acties te ondernemen om de

meerdere snelwegen, een spoorlijn en het Hollands Diep maken van de regio Moerdijk een

affectieve gevoelens te vergroten ten aanzien van gewantrouwde bronnen.

interessante regio voor dit onderzoek. Wegverkeer (134 jaar vervroegde sterfte gesommeerd
over de gehele lokale bevolking) blijkt de belangrijkste lokale bron te zijn voor sterfte ten gevolge

In Hoofdstuk 7 heb ik alle indicatoren uit de voorgaande hoofdstukken met elkaar vergeleken.

van primair fijn stof (PM2.5), terwijl de invloed van industrieel primair fijn stof een factor 3 lager

Deze vergelijking laat zien dat fijn stof een hoge prioriteit verdient op basis van effecten op

wordt geschat (40 jaar vervroegde sterfte). In dit hoofdstuk laat ik zien dat de RAP methode

de volksgezondheid (zowel uitgedrukt in ‘risk advancement period’, als in DALY’s), terwijl dit

toepasbaar is om gevolgen voor gezondheid op lokale schaal te kwantificeren in termen van ‘je

belang niet tot uitdrukking komt bij de indicatoren op basis van emissies en milieukwaliteit. Dit

echte leeftijd’. Dit concept lijkt veelbelovend voor communicatie met leken over milieufactoren

betekent dat bij prioriteitstelling van emissiereducerende maatregelen, stoffen ook beoordeeld

die een risico vormen voor gezondheid, omdat het relateert aan de huidige gesteldheid in plaats

moeten worden op mogelijke effecten op de volksgezondheid. In dit proefschrift blijkt bovendien

van een toekomstige waardering aan het einde van iemands leven.

dat de inschatting van de effecten op gezondheid van industriële en verkeersgerelateerde
luchtverontreiniging afwijkt van hoe deze risico’s worden gepercipieerd. Dit impliceert dat

Hoofdstuk 6 beschrijft de tweede casestudy in de regio Moerdijk waarin de risicoperceptie

risicomanagers hun focus niet moeten beperken tot het reduceren van ‘actuele’ risico’s, maar

onder de lokale bevolking is bestudeerd wat betreft twee belangrijke lokale bronnen van

dat ook de perceptie van risico’s als input voor het proces van risicomanagement moet worden

luchtverontreiniging, namelijk verkeer en industrie. In dit empirisch onderzoek zijn de

gebruikt. Deze notie lijkt in tegenspraak met de inspanningen in dit proefschrift om te komen

demografische en psychometrische variabelen geïdentificeerd die geassocieerd zijn met

tot goed onderbouwde indicatoren voor volksgezondheid en milieu. Hoewel publieke percepties

risicoperceptie van luchtverontreiniging door verkeer en industrie in het gebied. 370 respondenten

niet de plaats kunnen innemen van wetenschappelijke bevindingen, vormen beiden wel degelijk

uit een willekeurige steekproef onder inwoners van Moerdijk en Klundert hebben een vragenlijst

belangrijke input voor de besluitvorming over risico’s. Het advies is dan ook om de lineaire,

ingevuld. Het aangeven van een rangorde van 9 risico’s was daar onderdeel van. De positie op deze

technocratische en decisionistische modellen die in de huidige praktijk van risicomanagement

ranglijst gebruikte ik als indicator voor risicoperceptie. De gepercipieerde risico’s van industriële

vaak worden gebruikt, te vervangen door iteratieve en transparante modellen waarin sociale

luchtverontreiniging blijken groter dan die van verkeersgerelateerde luchtverontreiniging. Dit

overwegingen een belangrijke rol spelen in aanvulling op de natuurwetenschappelijke,

komt niet overeen met de berekende volksgezondheidsrisico’s uit Hoofdstuk 5. Variabelen die de

technische, economische en politieke overwegingen.

risicoperceptie bepalen zijn onderzocht via meervoudige regressie analyse. De risicoperceptie
van verkeersgerelateerde luchtverontreiniging bleek geassocieerd te zijn met andere variabelen
dan de risicoperceptie van industriële luchtverontreiniging. Bij industriële luchtverontreiniging
bleek de psychometrische variabele affect de belangrijkste verklarende variabele te zijn. Met
affect wordt de emotie of het gevoel met betrekking tot een specifieke toestand of activiteit
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