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Abstract. We have developed an integrated model systemfrom the agricultural sector, both the impacts on nature and
EVA (Economic Valuation of Air pollution), based on the on human health should be taken into account. This study
impact-pathway chain, to assess the health-related economipnfirms that air pollution constitutes a serious problem for
externalities of air pollution resulting from specific emis- human health and that the related external costs are consid-
sion sources or sectors, which can be used to support policyerable. The results in this work emphasize the importance of
making with respect to emission control. Central for the sys-defining the right questions in the decision-making process.
tem is a newly developed tagging method capable of calcuThe results from assessing the impacts from each emission
lating the contribution from a specific emission source or secsector depend clearly on the assumption that the other emis-
tor to the overall air pollution levels, taking into account the sion sectors are not changed, especially emissions changing
non-linear atmospheric chemistry. The main objective of thisconcentrations of atmospheric OH and therefore lifetimes of
work is to identify the anthropogenic emission sources in Eu-other chemical species.
rope and Denmark that contribute the most to human health
impacts. In this study, we applied the EVA system to Eu-
rope and Denmark, with a detailed analysis of health-related
external costs from the ten major emission sectors and their
relative contributions. The paper contains a thorough descripl ~ Introduction
tion of the EVA system, the main results from the assess-
ment of the main contributors and a discussion of the mosilo determine an optimal regulatory strategy for reducing the
important atmospheric chemical reactions relevant for inter-negative effects of air pollution on human health, it is valu-
preting the results. The main conclusion from the analysis isable to calculate the contribution from various anthropogenic
that the major contributors to health-related external costs aremission sources to the air pollution concentration levels,
major power production, agriculture, road traffic, and non-using a chemistry transport model (CTM), and the result-
industrial domestic combustion, including wood combustion. ing health-related external costs (i.e. the indirect cost asso-
We conclude that when regulating the emissions of ammoniaiated with the activities resulting in emissions). This can be
done by assessing the impacts of a hypothetical change in
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7726 J. Brandt et al.: EVA model system — an integrated modelling approach

emissions, which may be useful for policy planning and reg-els. A slightly more sophisticated approach has also been
ulatory measures. applied in RAINS, where the linearity assumption has been
Within the recent decades, many of the emissionsubstituted for a piecewise linear relationship for PM. For
sources/sectors have received considerable attention and aszone the relationship may be parameterized using polyno-
tions have been taken to regulate emissions where feasiblenials (Heyes et al., 1996). However, such assumptions are
One could claim that the most visible sectors have been thetill approximations to the real response to emission reduc-
primary targets of regulation; for example, catalysts and fil-tions, not taking into account the full non-linear atmospheric
ters have been installed in power plants and vehicles to reehemistry, and are applied in order to save computing time.
duce the amount of pollution emitted (e.g. s®M, and  Non-linearity in the source—receptor relationship is partic-
NOx). Furthermore, actions have been taken to remove harmularly evident for certain atmospheric components, such as
ful compounds (such as lead, benzene, and sulfur) from gasdNOy, VOC, Gz, PM, SGQ, and NH;.
line and diesel fuels. All of these actions have had a posi- The alternative approach, which we apply in this work,
tive, measurable, and significant impact on air pollution lev-is to calculate the impacts from every emission scenario us-
els. However, there are many other sources to air pollutioring comprehensive CTMs that explicitly include the highly
located relatively close to major population centres. Whennon-linear chemical transformations and feedback mecha-
quantifying emissions, more than ten major emission sechisms influencing air pollutants, using a tagging method (see
tors (defined by SNAP categories) are defined, of which theSect. 2.3). In this work, we explore the implications of using
major power plants and road traffic constitute two. Emissionthe three-dimensional, Eulerian CTM, DEHM (Danish Eu-
sources do not have to be close to where people dwell in ordelerian Hemispheric Model) to evaluate the external costs of
to have a significant impact on health. Air pollution can be air pollution. This is done within the integrated EVA model
transported in the atmosphere over thousands of kilometregsystem (Economic Valuation of Air pollution; see Sect. 2.1)
and many of the harmful compounds (e.g. the secondary inorusing estimates of exposure from DEHM (see Sect. 2.2).
ganic particles) are produced by chemical reactions along th€©ther components of EVA are exposure-response functions
way, hours or days after their primary compounds are emit-and economic valuations of different health impacts. The
ted. Thus it is not necessarily the most obvious, visible, andexposure-response functions used in EVA, partly adapted
closest emission sources that cause the greatest impacts fnom Watkiss et al. (2005) are based on assessments from
human health or the environment. Emission sources at greaxperts in public health in the EU and in consultation with
distance can have as significant and equally important imthe WHO. The estimates of health costs rely on economic
pacts as nearby sources. valuations appropriate for the European context. Using the
The main goal of this work is to examine the contribution EVA system, we estimate the health-related external costs in
from ten major SNAP emission sectors in Europe and Den-Europe and Denmark from the main emission sectors, repre-
mark and quantify their relative importance in terms of their sented by the 10 major emission sections (SNAP categories).
impacts on human health and related external costs, both olm Sect. 2, a full description of the EVA model system is
the European scale and for Denmark, as examples of sumiven, including the review of existing knowledge on par-
port for both international and national planning. The exter-ticle toxicity. In Sect. 3, the simulations set up to answer the
nal cost is the parameter or the basic unit, which can be useduestion defined above, are described and the results from
to directly compare the sectors since they contribute differ-the individual scenarios using the integrated EVA model sys-
ently to different health impacts. The framework used in thistem are presented. Section 4 includes the general results and
study can be used as the basis for future regulatory actiomliscussions of the results, and Sect. 5 contains the overall
in emission reduction strategies. The main question we try taconclusions of this work.
answer with this work is — which primary activities and emis-
sion sources are the greatest contributors to health-related ex-
ternalities? More specifically, what are the relative contribu-2  The EVA model system
tions from ten major emission sectors in Europe and Den-
mark with respect to impacts on human health and relatedn this section a description of the EVA model system is
external costs? given. The section first presents an overview of the model
Calculations developed to support regulatory actions insystem, and then a description of the individual modules in
terms of emission control typically rely upon standard- the system.
ized source-receptor relationships, which are normally based
on concentrations calculated with a CTM, such as the2.1 Overview of the EVA model
RAINS/GAINS system (Alcamo et al., 1990; Klaassen et
al., 2004), as used by Amann et al. (2005) and Watkiss efThe concept of the EVA system (Frohn et al., 2006, 2007;
al. (2005). However, such calculations rely on the assump-Andersen et al., 2006, 2007a, 2008; Brandt et al., 2010,
tion of a linear source—receptor relationship between emis2013) is based on the impact-pathway chain (e.g. Friedrich
sion changes and subsequent changes in air pollution levand Bickel, 2001; Krewitt, 1998), which is also used in the

Atmos. Chem. Phys., 13, 7725746 2013 www.atmos-chem-phys.net/13/7725/2013/



J. Brandt et al.: EVA model system — an integrated modelling approach 7727

Regional
dispersion

Concentration
distribution

Population
data

Exposure-response
functions

Economic
valuations

Resulting
costs

Fig. 1. A schematic diagram of the impact-pathway methodology.
The site-specific emissions result (via atmospheric transport and
chemistry) in a concentration distribution, which together with de-

tailed population data, can be used to estimate the population-leve
exposure. Using exposure-response functions and economic valu:,
ations, the exposure can be transformed into impacts on humar
health and related external costs.

EcoSense model (ExternE, 1997, 1998, 1999, 2005). The <

conceptis illustrated in Fig. 1. The EVA system consists of a_. . . —
regional-scale chemistry transport model, DEHM, address-Flg' 2. The DEHM model domain (polar stereographic projection)

| | idded lati d f with two nests. The mother domain covers the Northern Hemi-
evel or griaded population data, exposure-response unCéphere with a resolution of 150 k150 km. The two nested do-

tions for health impacts and economic valuations of the im-mains included have resolution of 50 kn50 km (domain 2) and
pacts from air pollution. The system was originally devel- 16.67 kmx 16.67 km (domain 3), respectively.

oped to value site-specific health costs related to air pollu-
tion, such as from specific power plants (Andersen et al.,
2006), but is in this work extended to assess health cost ex-

s : g However, quantifying the contribution from specific emis-
ternalities for Europe and Denmark related to entire emission . q fying . msp .
sectors sion sources to the atmospheric concentration levels is a chal-

The essential idea behind the EVA system is that the beskeh[i1 ge.n|1fi ”}end'ﬁir?:tcis Itn (;onrceln;[ir\fltionsmdtljle ittoi thl?k slpe-
available and most accurate yet computationally demangS'C EMISSIONS ot Interest are retatively smatl, 1t 1S lKely
hat these differences will be of the same order of magni-

ing methods are used in each part of the impact—pathwa)g

chain. The EVA system has the advantage that it describe uod?nSrseg;:rpha!?;;zgq.tthifntlrjgizga:go;z frr;)(rjn égetrie T_l\;l i
non-linear processes using a comprehensive and thoroughlly( ' . 1abiiity ot uits a uce !
uence of this numerical noise when estimatifunction

tested chemical transport model when calculating how spe- ncentrations (i.e. the marainal difference in regional am
cific changes in emissions affect air pollution levels. The ge-g? ncte na ?ms t(i.i.l vel 3 9 ta € eiﬁce mi eigg a ? .
ographic domain used in DEHM covers the Northern Hemi- ent concentration levels due to a specific emission source),

sphere and, therefore, describes the intercontinental atmoy e have implemented a *tagging™ method (see Fig. 3 and

spheric transport, including higher resolution nesting OverSect. 2.3). This method estimates source—receptor relation-

Europe (see Sect. 2.2 and Fig. 2). All scenarios are simu§h'ps and accounts for non-linear processes such as atmo-

lated individually and not estimated using linear interpola- Spt?er;?h?hrimiﬁtr)é,iwrf:le rznr?]m:alnmg rath'%g i'?nzl:ot'r?o'jﬁ
tion or extrapolation from standard reductions, as used in th atio. This method IS much more accurate than taking the

RAINS/GAINS system (Alcamo et al., 1990; Klaassen et al erence between two concentration fields, since the noise is
2004) y v ' " proportional to the signal. Tagging methods have been used

To estimate the effect of a specific emission source orfolg S(F;ec'fl'fﬁz‘t):f:;el;%Vgg?rseu\évggﬁgiTi';ﬂtga;gg%rt I—Teorz-
emission sector, emission inventories for the specific sourceg W vgr W v it t T I;th facts of th ' i ' . ’
are implemented in DEHM, together with all other relevant foor tr?eefu,H ciggnpicél sghearﬁe € effects ot e speciiic source
anthropogenic and natural emission sources. : .' . ,

Pog Estimates ofi-concentrations are combined with address-
level population data for Denmark and gridded population
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data for the rest of Europe, to calculate the exposuremeasurements, interpolated to global monthly 3-D values
Population-level health outcomes are estimated by comwith a resolution of 4 x 5° (Logan, 1999). The exchange
bining population-level exposure with published exposure-between the stratosphere and troposphere is taken into ac-
response functions. External costs for the entire populatiorcount. For a more detailed description of the DEHM model,
are estimated using cost functions customized for Europeasee Brandt et al. (2012).

conditions in the EVA model system. With respect to emissions from natural sources, emissions
from retrospective wildfires are included based on Schultz
2.2 The Danish Eulerian Hemispheric Model et al. (2008). The current version of DEHM includes the

temporal allocation of emissions from the IGAC-GEIA bio-

The Danish Eulerian Hemispheric Model (DEHM) is a genic emission model for biogenic isoprene (International
three-dimensional, offline, large-scale, Eulerian, atmospheric&lobal Atmospheric Chemistry—Global Emission Inventory
chemistry transport model (Christensen, 1997; Christenser\ctivity; Guenther et al., 1995) as an in-line module. This
et al., 2004; Frohn et al., 2001, 2002; Brandt et al., 2012)module is presently being replaced by the Model of Emis-
developed to study long-range transport of air pollution in sions of Gases and Aerosols from Nature (MEGAN) (Guen-
the Northern Hemisphere and Europe. The model is routinelther et al., 2006; Zare et al., 2012), also including a mod-
used for operational air pollution forecasting (Brandt et al., ule for the formation of secondary organic aerosols (SOAS)
20014, b, ¢, 2003), for describing transport and fluxes of CO (Zare et al., 2013). However, these implementations were not
(Geels et al., 2002, 2004, 2007), transport of persistent oravailable for the present study. Natural emissions ofyNO
ganic pollutants (POPs) (Hansen et al., 2004, 2008a, b), atrom lightning and soil as well as emissions of piffom
mospheric transport of pollerSikoparija et al., 2009) and soil/vegetation based on GEIA are also implemented in the
impacts from climate change on future air pollution levels model.
(Hedegaard et al., 2008, 2012, 2013). The model has lately
been evaluated in several model intercomparisons and mod&.3 The tagging method
ensemble studies (Vautard et al., 2009; Solazzo et al., 2012a,
b, 2013). The model set-up used in this study includes threén order to calculate the contributions from a specific emis-
two-way nested domains discretized in 086 horizontal  sion source or sector to the overall air pollution levels fthe
grids using a polar stereographic projection (Fig. 2). Theconcentrations), two model runs (simulations using a CTM)
mother domain covers most of the Northern Hemisphere, theean be carried out: one including all emissions and one in-
second domain Europe and the third domain northern Eu€luding all emissions minus the specific emissions of interest.
rope. The horizontal grid resolutions for the coarse, mediumEstimated yearly mean concentrations from the latter model
and fine grids are 150km 150km, 50kmx 50km, and  run are subtracted from those of the first simulation, and the
16.67 kmx 16.67 km, respectively. The vertical grid is de- resulting difference provides an estimate of the contribution
fined using theo-coordinate system, with 20 vertical lay- of the specific emission sources of interest to the total air
ers with the top of the model at 100 hPa, corresponding tgpollution levels. The difference between the two resulting
15-18 km altitude. The thickness of the lowest layer is 15—annual mean concentration fields gives an estimate of-the
20 m. The model describes concentration fields of 58 chemeoncentration — we will call this theubtraction methodor
ical compounds and 8 classes of particulate matter(M estimatings-concentrations.
PMjo, Total Suspended Particles (TSP), sea s&lt5 um, Modern Eulerian CTMs rely on higher order numerical
sea salt-2.5 um, fresh black carbon, aged black carbon andmethods for solving the atmospheric advection in order to
organic carbon). A total of 122 chemical reactions are in-avoid numerical diffusion. Although higher order algorithms
cluded. The model has been validated extensively, includingare relatively accurate, they nevertheless introduce a certain
a comparison with measurements from the whole of Europeamount of spurious oscillations or numerical noise — this
(e.g. Brandt et al., 2012). The model is driven by meteorol-is called the Gibbs phenomenon (e.g. Brandt et al., 1996).
ogy from the MM5v3 meteorological model (Grell et al., These unwanted oscillations can cause major problems for
1994). Wet deposition is expressed as the product of scavestimatings-concentrations applying the subtraction method.
enging coefficients and the concentration. Dry deposition isThrough a number of experiments, we have found thasthe
solved separately for gases and particles, and deposition rateencentrations may be of similar or even smaller order of
depend on the land cover. magnitude compared to the numerical oscillations.

Emissions are based on several inventories, including To avoid this problem, we implemented a more accurate
EDGAR (Olivier and Berdowski, 2001), GEIA (Graedel et method for comparing concentrations from two sets of emis-
al., 1993), retrospective wildfires (Schultz et al., 2008), shipsion fields. We call this method “tagging”, implying that we
emissions both around Denmark (Olesen et al., 2009) andteep track of contributions to the concentration field from
globally (Corbett and Fischbeck, 1997), and emissions froma particular emission source or sector. An overview of this
the EMEP database (Mareckova et al., 2008). For ozonemethod is given in Fig. 3. The idea is that we model dhe
the initial and boundary conditions are based on ozonesondeoncentrations explicitly, rather than calculating them post
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tion method. These disadvantages must be weighed against
the increased accuracy. Since present-day computing, mem-
ory and storage costs are relatively low, a high number of
simulations is not insurmountable, especially if the code is

: . ) ~_suitably parallelized.
Fig. 3. An overview of the tagging method. The concentration field

for a specific emission source (tag) is modelled in parallel with the 4 Population data

background field (bg) in the CTM. The need for tagging is due to

the non-linear process of atmospheric chemistry (Chem). The lineapenmark has a central registry, detailing the address, gen-
processes are emissions (Emis), advection (Adv), atmospheric difder and age of every person in Denmark (the Central Person
fusion (Diff), wet deposition (Wet), and dry deposition (Dry). FOr paigter) Data from this database were extracted for the year
the non-linear process, the tagged concentration fields are estimat 00, chosen as the base year for the EVA system. Address

by first adding the background and tag concentration fields, then ap-

plying the non-linear operator (e.g. the chemistry). The concentra-d"Jlta were interpolated to the DEHM grid to obtain gridded

tion field obtained by applying the non-linear operator to the back-Population data. For each grid cell, the number of persons
ground field alone is then subtracted. Thus the contribution fromOf €ach age and gender was aggregated, as a first step to-
the specific emission source is accounted for appropriately withouwvards estimating population-weighted exposure. On the Eu-
assuming linearity of the non-linear atmospheric chemistry. ropean scale, a gridded data set was obtained from EMEP
(www.emep.int), covering the whole of Europe (DEHM do-
main 2). The EVA system is not applied outside of Europe

hoc (i.e. by subtraction). Tagging makes use of the fact thain this work, and therefore population data for the rest of the

the numerical noise is typically proportional to the con- World are notincluded.
centrations and gradients being modelled. In the case o
the subtraction method, the numerical noise is associate

with the concentrations of two model runs where the annuakr, c4icyate the impacts of emissions from a specific source
mean concentrations typically are much larger thandthe o sectors-concentrations and address-level population data

concentrations of inter.est (given by the difference be'[weerhre combined to estimate human exposure, and then the re-
the annual means). Using the subtraction method, the magnisponse s calculated using an exposure-response function
tude of the numerical noise for each model result can there(ERF) of the following form:

fore be much larger than the difference between the two re-

sults (i.e. the-concentrations). In the case where the taggingr = « - s¢ - P,

method is used, the numerical noise is proportional taSthe

concentrations and not to the background concentrations andhereR is the response (e.g. in cases, days, or episodies),

is therefore much smaller. Even if tldeconcentrations are the §-concentration (i.e. the additional concentration result-

much smaller than the background concentrations, the nuing from emissions of a particular emission sourae)the

merical noise will be even smaller. Consequently, estimatesffected share of the population, amdn empirically deter-

of thes-concentrations are much more accurate using the tagmined constant for the particular health outcome, typically

ging method. obtained from published cohort studies. In this study, we
Tagging involves modelling the background concentra-model the exposure-response relationship as a linear func-

tions and theS-concentrations in parallel. Special treatment tion. Pope et al. (2000) showed that this is a reasonable ap-

is required for the non-linear process of atmospheric chemyproximation, based on a cohort study of 500 000 individuals,

istry, since thes-concentrations are strongly influenced by and this is also supported by the joint World Health Orga-

the background concentrations in such processes; althoughization/UNECE Task Force on Health (EU, 2004; Watkiss

this treatment involves taking the difference of two concen-et al., 2005). The exposure-response relations and valuations

tration fields, it does not magnify the spurious oscillations, used in the EVA system (Table 1) are applicable for European

which are primarily generated in the advection step. Therebyconditions. All the exposure-response functions displayed

ol £ the non-linear effects (e.g. from the background chemistry)

; [ Emis(bg) ] [Emis(tﬂg)}\ Y can be accounted for in thieconcentrations without losing

! ¥ ¥ T\‘ track of the contributions arising from the specific emission
g [ Adv(bg) ] [ Adv(tag) ] ; ! source or sector due to Gibbs phenomenon.
& * .* = ' Tagging has one major disadvantage compared to the sub-
o [ Difilbe) ]  vifitiag) | PE traction method: it requires that the two simulations are run
X —¥ — g1 simultaneously in the CTM, thereby doubling the memory
8\ [ Wetfbe) ][ el ] 3! requirements and the computational time compared to the
X Y J | subtraction method. Furthermore, results from the tagging
@\ [ Dry(bg) ][ Dry(tag) }/ J ;
2 ! Non_linear brocess method require more storage space compared to the subtrac-
O ¥ ¥ . Non-linear process

Chem(bg) ] [Chem(tag) = Chem(tag + bg) — Chem(l)g)]

~ -

~ - ~ -

[ Conc(total) = Conc(bg) + Conc(tag) ]

.5 Exposure-response functions and monetary values
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in Table 1 have recently been reviewed; see Bgnlgkke ean ERF (RR =1.007) for new cases of bronchitis based on the
al. (2011). AHSMOG study (involving non-smoking Seventh-Day Ad-

All relevant chemical compounds (i.e. those endorsed byventists; Abbey et al., 1999), the same epidemiological study
the WHO and the EU Commission) are included in the study.as in CAFE (Abbey, 1995; Hurley et al., 2005). The ExternE
For compounds in aerosol phase, the impacts are assumed ¢oude incidence rate was chosen as a background rate (Ex-
be proportional to their contribution to the particle mass, asterng, 1999), which is in agreement with a Norwegian study,
opposed to the number of particles. Presently, the compoundsther than the pan-European estimates used in CAFE (Eagan
related to human health impacts included in the EVA systemet al., 2002).
are @3, CO, SQ, so};, NOj, and the primary emitted part Restricted activity days (RADs) comprise two types of re-
of PMy 5. NHI is furthermore included when it is contribut- Sponses to exposure: so-called minor restricted activity days
ing to the particle mass by reactions with sulfate or nitrate. as well as work-loss days. This distinction enables account-

ing for the different costs associated with days of reduced
2.5.1 Mortality well-being and actual sick days. It is assumed that 40 % of
RADs are work-loss days. The background rate and inci-
Following conclusions from the scientific review of the dence are derived from ExternkE (1999). Hospital admissions
CAFE appraisal (Hurley et al., 2005; Krupnick et al., 2005), are deducted to avoid any double counting. Hospital admis-
we base the exposure-response function (ERF) for chronisions and health effects for asthmatics (here corresponding
mortality (defined below) in response to long-term P\x- to the three responses bronchodilator use, cough and lower
posure on the findings of Pope et al. (2002), which is therespiratory symptoms) are also based on ExternE (1999).
most extensive study available. The results are supported by
a re-analysis of the original data applying alternative and ex-2.5.3 Valuation
tensive statistical analyses (Krewski et al., 2009).

Chronic mortality refers to mortality risks associated with OECD guidelines for environmental cost-benefit analysis
long-term exposure. The number of lost life years for a Dan-(OECD, 2006) address the complex debate on valuation of
ish population cohort with normal age distribution, when ap- mortality (see also Nielsen et al, 2010). It is not human life
plying the ERF of Pope et al. (2002) for all-cause mortality per se that is valued, but the willingness to pay for preventing
(relative risk, RR=1.06), and the latency period indicated,risks of fatalities. Whereas in transport economics it has be-
sums to 1138 yr of life lost (YOLL) per 100 000 individuals come customary to employ a value of statistical life (VSL),
for an annual 10 ug PMs m—2 increase (Andersen, 2008).  environmental economics has applied a different valuation

While the ERF for chronic mortality is derived from co- by developing the metric of value of a life year lost (VOLY).
hort studies, numerous time-series studies have shown tham part, this is due to the difference between transport vic-
air pollution exposure also may cause acute effects. Becaud#ms, who are often mid-age, and victims of environmental
acute deaths are valued differently from chronic deaths (seexposures, who tend to be more elderly (as a result of latency
valuation section below), it is necessary to quantify thesetime lag and chronic exposures). Hence fewer life years are
separately (OECD, 2006). It has also been established thatssumed lost per individual as a result of environmental ex-
O3 concentrations above the level of 35 ppb involve an acuteposures.
mortality increase, presumably for weaker and elderly indi- OECD guidelines recommend applying a VSL approach
viduals. We apply the ERFs selected in CAFE for post-natalto valuation for acute mortality and a VOLY approach for
death (age group 1-12 months) and acute death related whronic mortality. Acute mortality in this setting is defined
O3 (Hurley et al., 2005). Finally, there are studies that haveas immediate increases in mortality as a result of short-term
shown that S@ is associated with acute mortality, and for peaks in exposure (i.e. hours to days), whereas chronic mor-
this response we apply the ERF identified in the APHEA tality is defined as increases in annual mortality associated
study — Air Pollution and Health: A European Approach with increased levels of exposure over long periods of time.

(Katsouyanni et al., 1997). However, while a degree of consensus has emerged over esti-
mates of VSL, in part because of the rich literature published
2.5.2 Morbidity over the past decades, the estimates used for a VOLY are

based on relatively few studies. An expert panel gathered by
Chronic exposure to P4 is associated with morbidity. For the European Commission (2001) agreed on a consensus es-
instance, this is the case for lung cancer, and we apply théimate of 1.4 million euros for an EU-wide VSL, an update
specific ERF (RR=1.08 per 10 pg BMm—2 increase) for  essentially on the original Jones-Lee study (1985). Alberini
lung cancer indicated in Pope et al. (2002) as a basis for calet al. (2006) derived a VOLY estimate of 54 000 euros from
culating the morbidity costs associated with lung cancer in-a three-nation study, which was used as a basis for the CAFE
cidents. assessment. With the VOLY of 54 000 euros approximately

The prevalence of the chronic disease bronchitis has beef7 VOLYs equals a full VSL of 1.4 million euros. In Den-

shown to increase with chronic exposure toFVWe apply  mark the average age for a traffic accident victim is 45-48,
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Table 1.Health effects, exposure-response functions and economic valuation (applicable for Danish/European conditions) currently included
in the EVA model system. (PM is particulate matter, including primaryyBMNO3 and scﬁ—. YOLL is years of life lost. SOMO35%um
of OzoneM eansOver 35 ppb) is the sum of means over 35 ppb for the daily maximum 8-hour values of ozone).

Health effects (compounds) Exposure-response coeffigignt ( Valuation, euros (2006 prices)
Morbidity

Chronic bronchitis (PM) 8.% 1075 cases/pg m® (adults) 52962 per case

Restricted activity days (PM) = 8.4 x 104 days/ug m2 (adults) 131 per day

—3.46x 107> days/ug m3 (adults)
—2.47x 104 days/ug n3 (adults> 65)
—8.42x 10~° days/pg nT (adults)

Congestive heart failure (PM) 3.69107° cases/ug m3 16409 per case
Congestive heart failure (CO) 5.6410 7 cases/ug m3 P
Lung cancer (PM) 1.26 10° cases/ug m3 21152 per case
Hospital admissions
Respiratory (PM) 3.46¢ 105 cases/ug m3
Respiratory (S@) 2.04x 106 cases/ug m3 7931 per case
Cerebrovascular (PM) 8.4210°6 cases/ug m3 10047 per case
Asthma, children (7.6 %16 yr)
Bronchodilator use (PM) 1.2010°1 cases/ug m3 23 per case
Cough (PM) 4.46< 10~ 1 days/ug m3 59 per day
Lower respiratory symptoms (PM)  1.7210~1 days/ug 3 16 per day
Asthma, adults (5.9 % 15yr)
Bronchodilator use (PM) 2.72 1071 cases/ug m3 23 per case
Cough (PM) 2.8< 1071 days/ug 3 59 per day
Lower respiratory symptoms (PM)  1.6410~2 days/pg 3 16 per day
Loss of IQ
Lead (Pb) &3 yearY 1.3 points/ug m3 24967 per point
Mercury (Hg) (foetus) 0.33 points/ug m3 24967 per point
Mortality
Acute mortality (SQ) 7.85x 106 cases/ug m3
Acute mortality (Q) 3.27x 107 8*SOMO35 cases/ugm? 2111888 per case

Chronic mortality, YOLL (PM) 1.138 1073 YOLL/ug m—3 (>30yr) 77199 per YOLL
Infant mortality (PM) 6.68< 1076 cases/ugm3 (=9 months) 3167832 per case

* Exposure-response function for Pb and Hg are included in the EVA system (Pizzol, 2010). However, they are not included in these studies.

with the implication that on average the number of yearsguidelines is conservative and does not result in upper-bound
lost is 27—-30. Hence there is reasonable consistency with thestimates of willingness to pay for risk aversion.
VSL-VOLY factor of 27, if one assumes that preferences for The position of the European Commission has been to use
risk aversion are correlated with remaining life expectancy.the same unit values for VSL and VOLY across the Euro-
It could be a bold assumption, as certain studies indicate thgbean Union, although incomes and presumably willingness
preferences for risk aversion may change with age more acto pay for risk reductions vary considerably. The reviewers of
cording to a reverse U-curve, but due to very few respondentshe CAFE cost—benefit analysis made note of these inconsis-
these results can be questioned. For our purposes we magncies and recommended weighing risk aversions with pur-
nevertheless note that the approach recommended in OECBhasing power coefficients of different member states. In this
study, we have used the PPP (purchasing power parities — a
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technique used to determine the relative value of currencieshestricted activity, and work-loss days, PM has been found
for Denmark. Hence values of VOLY and VSL in 2006 prices to be associated with a range of health outcomes, for ex-
are 77 euros and 2.1 million euro, respectively. ample, diabetes (Pearson et al., 2010) and low birth weight
For morbidity effects and in the absence of original Dan- (Liu et al., 2007). Several studies indicate that the effects of
ish contingent valuation studies, we have opted for a cost-ofPM could depend on the source of the PM or regions from
illness approach. For hospital admissions, for instance, unitvhere it is emitted (e.g. Franklin et al., 2008; Bell et al.,
costs are available in the diagnosis-related groups (DRGs2009). No simple pattern, however, has emerged on which
database of the National Board of Health. Still, “cough” and sources or which PM constituents matter the most. Based
“lower respiratory symptoms” are based on willingness toon long-term cohort studies, the evidence of links between
pay (WTP) benefit transfer. Chronic bronchitis is the resulthealth effects and the sulfate fraction of particles (Pope et
of cost-of-illness calculations. The exposure-response coefal., 2002) is good. In contrast, the nitrate fraction has not
ficients and the related valuation for morbidity and mortality been associated as strongly with health effects in such stud-

used in the EVA system are summarized in Table 1. ies, or correlations with other compounds have not been ex-
cluded as contributing to the effects of nitrate (Ostro et al.,
2.6 Health effects from particles 2010). Several smaller epidemiological studies and experi-

mental studies have separated exposure to particulate mat-

The health effects related to particulate matter (PM) are thder into the chemical compounds of the particles and often
most extensively used in the literature, and their costs befound that metals show the strongest associations (Franklin et
come dominant compared to the other species. Therefore, #@l., 2007). Although source apportionment studies in recent
is important to include a smaller review about our knowledgeyears commonly have associated health effects with transi-
concerning this issue. A recent study indicated that world-tion metals, some have also found effects associated with sul-
wide 3.1 million deaths are attributable to ambient PM annu-fates (Zanobetti et al., 2009; Franklin et al., 2008) or nitrates
ally (Lim et al., 2012). In Denmark, previous estimates have(Ostro et al., 2007; Andersen et al., 2007b) or potassium
suggested that roughly 3000—-4000 people die prematurelyfrom wood combustion) (Ostro et al., 2010). Even the am-
every year due to present levels of atmospheric pollutionmoniumion has, atleastin one study (Peng et al., 2009), been
(Raaschou-Nielsen et al., 2002). Both the EU and WHO pro-associated with cardiovascular disease although the finding
vide directives/guidelines for limit values of PM and ozone was not statistically significant. A problem of interpreting
concentrations to minimize impacts on human health (EU,such source-specific associations is that many compounds
2008; WHO, 2006a). Support of adverse health effects ofare closely correlated and that different outcomes and time
PM is also found in a long range of laboratory, animal andlags appear in the literature.
human experimental studies. Associations between PM and Despite the discrepancy in the observations on which PM
mortality have been demonstrated in studies of both shortconstituents contribute the most to health effects, some (but
term (e.g. Maynard et al., 2007) and long-term populationnot all) investigators argue that it is reasonable to attribute
exposure (i.e. cohort studies). Cohort studies form the basigreater risks to primary particles than to secondary (An-
of the ERF used for calculation of chronic mortality. In addi- dersson et al., 2009; Jerrett et al., 2005). This is based on
tion to the American Cancer Society study (Pope et al., 1995the higher risks seen in studies based on intra-city expo-
2002, 2009; Krewski et al., 2000, 2009) and the Harvard Sixsure gradients compared to inter-city exposure. Andersson
Cities Study (Dockery et al., 1993; Laden et al., 2006), theet al. (2009) argue that epidemiological studies, which have
most commonly cited cohort studies, a series of other cohorfound associations of nitrogen oxides as proxies for primary
studies have been published (e.g. Jerrett et al., 2005; Abbey @thicle exhaust exposure, also indicate that a higher relative
al., 1999; Enstrom et al., 2005; Filleul et al., 2005; Pelucchirisk than 1.06 should be applied for primary particulates.
et al., 2009) strongly corroborating the link between long- The problem of how to estimate health effects of sec-
term exposure to PM and adult mortality. ondary particles has been addressed differently in previous

Atmospheric PM is considered responsible for increasedair pollution externality models. ExternE (1997, 2005) made
mortality and morbidity, primarily via cardiovascular and a distinction between the effects of nitrates and sulfates based
respiratory diseases (Schlesinger et al., 2006). In recent yeam the argumentation that nitrates need other particles to con-
a number of studies have demonstrated associations witdense on, whereas sulfates self-nucleate and therefore are
mortality (e.g. Yap et al., 2012) and morbidity from specific smaller particles on average. Along this line of argumenta-
cardiovascular diseases (e.g. Schwartz et al., 2012). For cosibn, sulfates were treated like B and nitrates like PNb.
calculations based on years of lives lost or number of fatal-in the NEEDS report (NEEDS, 2007), sulfate and nitrate par-
ities, the specific associations are of less use than associsicles were quantified insofar as they contributed to the to-
tions with all-cause mortality as the former have not beental particulate matter concentration. As a sensitivity analysis,
studied in sufficient detail to sum up to the total as observedhey proposed treating primary particles at 1.3 times the toxi-
by, for example, Pope et al. (2002). In addition to these dis-city of the PM 5 mixture and secondary particles at 0.7 times
eases and as described previously to cough, infant mortalitythe toxicity of PMp 5. In DEFRA (2007) the same hazard rate
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Table 2. Definition of the specific scenarios (or “tags” in the model). Each scenario is defined by a region — either Europe (EU) or Denmark
(DK), SNAP category (first column) and a short description of the emissions of interest in the scenario. The scenarios are either run for
emissions covering the whole of Europe (DEHM domain 2) or Denmark.

Region  SNAP Emission scenario (or the “tag”)

Combustion in energy and transformation industries

Non-industrial combustion plants, including private wood combustion
Combustion in manufacturing industry

Production processes

Extraction and distribution of fossil fuels and geothermal energy
Solvents and other product use

Road transport

Other mobile sources and machinery (excl. international ship traffic)
Waste treatment and disposal

Agriculture

Sum 1-10 Sum of the above 10 SNAP categories

EU/DK

O©CoOoO~NOOOThA,WNPE

[EnY
o

All All anthropogenic emissions (SNAP 1-SNAP 10)

for long-term mortality was used for all particle components. external costs are also given for Denmark alone as an exam-
The same approach was chosen in The Clean Air for Euple of a national assessment.
rope (CAFE) Programme (Holland et al., 2005), but sensitiv- To answer the overall question given in the introduction, a
ity analyses were conducted by assigning different toxicitiesnumber of different scenarios have been defined in order to
to primary particles, sulfates and nitrates. estimate health-related externalities from different kinds of
Thus the choice in this study — to assign equal health ef-emission sources (see Table 2). Each scenario is defined by
fect to all components of particles — is in line with other re- three attributes. (1) Thegionis where the emission sources
cent major reports. This is also supported in a recent papeare located. In this work, the regions are Europe (EU; cor-
by Rohr and Wyzga (2012) that reviewed the literature onresponding to the whole European domain 2 in DEHM) or
fine particulate matter components and health effects. Theppenmark (DK). (2) The emission sectors are defined using
found that no components show unequivocal evidence othe Selected Nomenclature for Air Pollution (i.e. tBBIAP
zero health impact and that the carbon-containing PM ap-categories). The ten major anthropogenic SNAP categories
pears to be most strongly associated with health effects. Irare defined in Table 2. (3) Themission years the last one.
addition we performed a sensitivity study in order to assessThe base emission year has been chosen to be year 2000.
the effects of assigning different toxicities to primary emit- This has been the base year in many other studies (e.g. the
ted (e.g. BC and OC) and secondary formed particles, withCAFE studies), and it is therefore easier to compare the re-
factors of 1.3 and 0.7, respectively. sults in this work to other studies. Furthermore, some results
for Denmark are given for the year 2008 to evaluate the de-
velopment over time due to changes in both the emissions
and the relative distribution between emission sectors.
3 Definition of model simulations Model simulations (EU/1-EU/10 or DK/1-DK/10 — see
Table 2) are defined for the ten major emission sectors ei-
In this section, a number of model simulations are definedther for Europe (EU) or Denmark (DK). The scenarios in-
in order to answer the questions (Sect. 3.1), and an exampleluding all anthropogenic emissions in Europe or Denmark
of a tagged model run for Denmark is presented. The overal(EU/all or DK/all) are defined in order to compare the results
results will be presented and discussed in Sect. 4. All modebbtained from the sum of scenarios 1-10 with results ob-
simulations are driven by meteorological data for the yeartained running all anthropogenic emissions simultaneously.
2000, calculated using the MM5v3 model (Grell et al., 1994). The scenarios named EU/1-10 and DK/1-10 are the sum of
All results that follow are given as human health impacts the results obtained in scenarios EU/1 to EU/10 and DK/1 to
and external costs, both for the whole of Europe and for DenDK/10, respectively. If the impact on ambient air pollution
mark specifically — the latter being part of the former. When levels from emission reductions were linear, the results from,
making decisions about regulation of specific emission secfor example, scenarios DK/1-10 and DK/all would be the
tors, it is important to consider all impacts from the emissionsame. However, the source—receptor relationships are non-
sources of interest from all affected countries. However, nadinear due to the effects of atmospheric chemistry, and there-
tional interests can also be important, and therefore the hufore the scenarios DK/1-10 and DK/all are not expected to
man health impacts and the associated fraction of the total
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Table 3. Total number of cases of the different impacts related to all Danish anthropogenic emissions (scenario: all) for the year 2000.

Health impact Number of cases in Europe  Number of cases in Denmark
Chronic bronchitis 4350 802
Restricted activity days 4440000 820000
Respiratory hospital admissions 234 44
Cerebrovascular hospital admissions 556 101
Congestive heart failure 324 69
Lung cancer 666 123
Bronchodilator use, children 128000 21600
Bronchodilator use, adults 851000 157 000
Cough, children 441000 74 600
Cough, adults 876 000 162000
Lower respiratory symptoms, children 170000 52800
Lower respiratory symptoms, adults 316 000 58300
Acute mortality 85 -9
Chronic mortality (YOLL) 49000 8520
Infant mortality 5 1

be equal. The impact from the non-linear atmospheric chemTable 4. The total external costs in million euros per chemical com-
istry depends very much on the chemical regime in the regiorpound for the whole of Europe from anthropogenic Danish emission
of interest and on the size of the emission reductions, and it isectors for the year 2000. Total S is the sum of the external cost of
therefore not possible a priori to estimate the difference beSO; and SG". Total N is the sum of the external costs of @nd
tween the sum of the 10 scenarios and the simulation wher®&O3 . The external costs from NHemissions are included in the
all 10 scenarios are run simultaneously. impacts related to S and N through chemical reactions in the atmo-
As an example of the DEHM model results, Fig. 4 shows SPhere.
the contribution to the mean annual air pollution levels (
concentrations) due to the emissions from the whole of Den- RegiON/SNAP  CO  TotalS TotalN P}  Sum

mark for all SNAP categories (i.e. 1 to 10 simultaneously). pk/1 0.005 148 420 15 583
Results are given for the six chemical compounds included DK/2 0.123 82 125 324 531
in EVA (SO, sof;, CO, primary PMs, NO3 and Q) for DK/3 0.009 92 183 26 301
the year 2000. Results are shown for the DEHM domain 3 DK/4 0.001 43 57 10 110
(northern Europe) and correspond to the scenarios DK/all in DK/5 0.002 35 62 13 98
Table 2. The results for ozone glshow that NQ emissions ~ DK/6 0.009 56 95 004 151
in Denmark contribute to both a decrease and an increase inPX/7 0.359 33 758 208 999
the ozone levels in different areas. This is because the typical DK/8 0.089 31 336 80 447
L . . DK/9 0.000 0.3 32 0.2 32
gffect of the NQ emissions is a decrease in the ozone levels DK/10 0.001 1000 1390 32 2422
in the source area (in this case Denmark) and nearby. Down- g - DK/1-10  0.598 1520 3460 697 5678
wind from the source, the typical effect of the N@mis- DK/AIl 0593 1300 2920 704 4925

sions is an increase in the ozone concentration levels. This
is a well-known non-linear effect, where the chemical pro-
duction or loss of ozone depends on the chemical regime — ,
meaning the concentrations of the ozone precursors. 4.1 Health impacts

Table 3 displays the number of cases in Europe and Den-
4 Results and discussions mark related to the different impacts due to all Danish an-
thropogenic emissions (scenario: DK/all) for the year 2000
The main objective of this work is to make an assessmen{corresponding to the results in Fig. 4). As can be seen in
of the contribution to health-related externalities of air pol- Table 3, the number of cases in Denmark for acute mortality
lution from the major emission categories. In Sect. 4.1 anis negative. This is because the N&missions in Denmark
example of the health impacts is presented. In Sect. 4.2, thactually cause a decrease in the ozone levels within Den-
total health-related externalities are given. mark (see also the lower right figure in Fig. 4). The chronic
mortality (given as YOLL) caused by anthropogenic Danish
emissions is approx. 49 000 in Europe and approx. 8500 in
Denmark. In the CAFE calculations (Watkiss et al., 2005), a
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Fig. 4. Contribution to the mean annual air pollution levelscpncentrations) calculated using the DEHM model due to emissions from the
whole of Denmark for all SNAP categories 1 to 10 simultaneously, for the year 2000. The compounds anetﬁcsqzl_ [mgm~3], CO
[ppm], PMp 5 (primary part) [ug T3], NO3 [Hg m—3] and O; [ppb]. Results are shown for DEHM domain number 3.
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factor of 10.6 is used to convert between the cases of YOLLmark, respectively. Following these sectors are non-industrial
and the number of premature deaths. Using this factor, the&eombustion plants (SNAP 2), in northern Europe dominated
anthropogenic Danish emissions cause approximately 4600y domestic heating and wood burning with around 10 %.
premature deaths in Europe and approximately 800 premacombustion in manufacturing industry (SNAP 3), other mo-
ture deaths within Denmark. A similar table showing the bile sources (SNAP 8) and production processes (SNAP 4),
number of cases related to all European emissions is giverontribute 5-7 %. The remaining sectors (SNAP 5, 6 and 9)

in Brandt et al. (2013). only contribute a few per cent.
The total external costs due to anthropogenic emissions
4.2 The total health-related cost externalities from the in Europe, taken as a sum over the ten individual scenarios,
major emission sectors and their contributions are 766 bn (billion) euros in Europe and 3.7 bn euros in Den-

mark. The corresponding numbers taking into account all

In this section, the external costs are given for the differentemissions (both anthropogenic and natural) in the Northern
scenarios, and we present our answers to the main questiddemisphere are 803 bn euros for Europe and 4.5 bn euros for
defined in the Introduction. Denmark (Brandt et al., 2013). The difference in these num-

Table 4 shows the total health-related external costs in eubers lies both in the difference in the emission areas (Europe
ros for the whole of Europe from Danish emissions, brokenor Northern Hemisphere) and in the inclusion of the natural
down by chemical compound for all the different scenarios.emissions in the latter simulation assessing the impacts from
Exposure-response functions are included for both &@  the total air pollution levels as well as on the difference in
SOf{. However, the emission of sulfur takes place only astaking the sum over the ten emission sectors (assuming lin-
SO, which in the atmosphere is chemically transformed into earity) or running all sectors simultaneously (assuming non-
SO}(. Therefore the total external costs related to the emisdinearity).
sion of SQ should include the human health impacts from  The total health-related external costs in Europe from all
both SQ and scj—, and therefore the sum is provided in Danish emissions (DK/all) are estimated to be 4.9bn eu-
Table 4 as “Total S”. Similarly, the external costs related torosyr! (sum of DK/all in Table 4), while the same emis-
O3 and NG, are summed into “Total N”. This cost should sions account for an external cost of 817 million euros/year
be seen in relation to the emission of NQvhich is a pre-  in Denmark alone (not shown in the tables). Since the total
cursor to both @and NG; . As mentioned previously, emis- external costin Denmark due to all emissions is 4.5 bn euros,
sions of NQ can lead to both a decrease and an increas&s mentioned above, this suggest that Denmark is a net ex-
of O3 in different areas, and both the costs and the benefitporter of health-related external costs in the simulated year.
are included in the external costs fog.(C'he primary emit- When comparing the external costs with the sum of the re-
ted parts of PN (consisting of mineral dust, black carbon, sults from all the 10 SNAP categories individually (DK/sum
and organic carbon) are treated as inert tracers in the DEHM—-10), a difference appears. The figures to be compared for
model, and can therefore be considered as a direct effect dute sum are 5.68 bn eurosyr(sum of “Sum DK/1-10 in Ta-
to emissions of the same chemical compound. In Table 4ble 4) and 971 million euros/year giving a difference of ap-
also the sum of the individual scenarios is given (sum DK/1-proximately 15 % (impact in Europe) and 19 % (impacts in
10) together with the results obtained when running all theDenmark) towards higher costs when the sum of individual
emissions simultaneously (DK/all). The difference betweenassessments is considered. This difference is to be expected
these numbers is due to the non-linear atmospheric chemand is a consequence of the non-linear atmospheric chem-
istry, where the difference is less than 1% for the speciedstry. When non-linear processes are involved, the sum of in-
that can be considered linear (CO and By while the dif-  dividual processes will in general not equal the results from
ference is around 15 % for “Total S” and “Total N”, where all the processes together. In the present study, the size of
the non-linear chemistry is important. the difference depends very much on the atmospheric chem-

In Table 5, the total health-related externalities for Europeical regime in the region of interest. The chemical regime
and Denmark are shown for all scenarios EU/1-EU/10, in-depends again on the general air pollution levels in the re-
cluding the 10 major individual emission SNAP categories gion. A much larger difference than the 15 % estimate in the
for Europe and their contribution in % to the total exter- Danish region could be expected in other and more highly
nal cost. Based on the latter, it is possible to assess whicpolluted areas of Europe. Furthermore, the non-linearity will
emission sectors are most important with respect to impactslso depend on the size of the emission sources examined,;
on human health. The dominating contributors to health re-for example, similar investigations for Germany would most
lated external costs are as follows: (1) the major power plantdikely result in larger non-linear effects. An early study of the
(SNAP category 1), which contribute 24 % and 17 % of the non-linear effects of emission reductions is given in Bastrup-
external health costs in Europe and Denmark, respectivelyBirk et al. (1997), showing very large differences of the non-
(2) the agricultural sector with around 25 % (this sector will linear effect within Europe.
be discussed later in this section), and (3) the road transport In Table 6, the relative contributions from all the ma-
sector, which contributes 18 % and 23 % for Europe and Denjor Danish emission sectors are given as the percentage of
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Table 5. Total health-related external costs for Europe (billion euros) and Denmark (million euros) from the 10 major individual emission
SNAP categories in Europe (DEHM domain 2) for the emission year 2000 as well as their contributions in % to the total external cost in
Europe and Denmark. respectively. All costs are in 2006 prices.

European emission sector Europe Denmark

bneuros % of costin Europe Mio euros % of cost in Denmark

EU/1 Combustion in energy and transf. industries 185 24.1 698 18.6
EU/2 Non-indus. combustion plants/wood 73 9.5 362 9.7
EU/3 Combustion in manufacturing industry 60 7.9 258 6.9
EU/4 Production processes 50 6.5 193 5.2
EU/5 Extr. and distr. of fossil fuels/geoth. energy 10 1.3 50 1.3
EU/6 Solvents and other product use 13 1.7 84 2.2
EU/7 Road transport 138 18.0 857 22.9
EU/8 Other mobile sources and machinery 50 6.5 255 6.8
EU/9 Waste treatment and disposal 7.8 1.0 29 0.8
EU/10 Agriculture 180 235 957 25.6
Sum EU/1-10 766 100.0 3740 100.0

the sum of external costs due to emissions from Denmarkbound NH in the atmosphere contributes to the formation
(DK/1-10) for the two emission years 2000 and 2008. Theof ammonium sulfate and ammonium nitrate, which in turn
contribution is calculated with respect to all external costshave a significant impact on human health as secondary par-
in both in the whole of Europe and within Denmark only. ticles. The external cost of NHemissions in the agricul-
The relative contributions depend on whether results are estural sector is associated with the exposure-response func-
timated for impacts in the whole of Europe or for impacts tions of the sulfate (Sﬁj) and nitrate (NQ) particles, due
within Denmark alone. This can partly be explained by theto the chemical transformation of NHhto ammonium bisul-
typical emission heights related to the different sectors. Highfate (NHyHSO;), ammonium sulfate (Nk)2SQy) and am-
altitude sources (e.g. stacks from power plants) will resultmonium nitrate (NEHNO3). The mass of ammonium (I\QI-)
in relatively low human exposure to air pollution in close must be included in the total particle mass associated with
vicinity of the stacks. For SNAP category 1 (DK/1), which these particles (ExternE, 1999). According to WHO (2006),
includes the major power plants, the high stacks ensure thé is currently not possible to quantify precisely the contribu-
spreading of the air pollution away from the population neartions of different chemical components of PM, or PM from
the source. Further away from the power plants, the effect oflifferent sources, to the health effects caused by exposure
emitting at higher altitudes is less pronounced. The resultdo PM. Based on the findings of the WHO systematic re-
in Table 6 show that the relative contribution from the major view project and the recommendations of the Task Force
power plants with respect to the external costs in Denmark ion Health, the effects of PM on mortality are in this study
about half the relative contribution when taking into accountassessed using the total PM mass ¢BMas an indicator
external costs in the whole of Europe. (WHO, 2006) (see also the discussion in Sect. 2.6). A study
The opposite is seen for SNAP category 2 (DK/2), includ- carried out for the USA population suggests that a 10 % re-
ing the non-industrial combustion plants. In Denmark, SNAP duction in livestock ammonia emissions can lead to over 4
category 2 corresponds to domestic emissions, including dobillion USD annually in particulate-related health benefits
mestic heating dominated by wood burning (around 90 % of(McCubbin et al., 2002). In a newly published assessment for
the health-related external costs from this sector), which typ-nitrogen in Europe (Brink et al., 2011; Sutton et al., 2011),
ically have a relatively low emission height. In this case, thethe total health-related external cost from emission of ammo-
relative contribution to the external costs within Denmark is nia in Europe amounts to between 7 bn and 70 bn euros per
nearly twice the relative contribution from the Danish emis- year. The ammonia emission from the agricultural sector in
sions in the whole of Europe. For road traffic, there is also aDenmark is very high, and it is nearly equal to the sum (in
significant though smaller difference in the relative contribu- ktonnes) of the emissions from all other sectors o 3Ty,
tion to Europe and Denmark, the latter being larger. and PM s for the year 2000. Therefore, it can be expected
From Table 6, it is also seen that the largest contributorthat the health-related external cost owing to emissions from
to human health impacts and related external costs is SNAPRhis sector is large in Denmark. The emissions of3Njire
category 10, which is the agricultural sector, where thesea large contribution to the external costs for several reasons.
emissions contribute approximately 40 % of the total exter-(1) The mass of NEﬂ is included in the dose-response func-

nal costs due to Danish emissions. The avallablllty of un-tions for SCS_ and Nq as the total partide mass associated
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Table 6. Contributions in % from Danish anthropogenic emission sectors to the total health-related external costs in Europe and Denmark
for two different emission years (2000 and 2008). The numbers in parentheses represent a sensitivity study in order to assess the effect:

of assigning different toxicity to primary emitted and secondary formed particles with factors of 1.3 and 0.7 respectively according to
NEEDS (2007).

Danish emission sector Emission year 2000 Emission year 2008

% of cost % of cost % of cost % of cost

in Europe in Denmark in Europe  in Denmark
DK/1 Combustion in energy and transf. industries 10.3 5.7 8.5 4.4 (3.4)
DK/2 Non-indus. combustion plants/wood 9.3 16.3 17.6 29.9 (39.1)
DK/3 Combustion in manufacturing industry 5.3 4.3 6.7 4.3 (3.6)
DK/4 Production processes 1.9 3.1 1.8 2.4 (1.9)
DK/5 Extr. and dist. fossil fuels/geoth. energy 1.7 2.3 14 1.8(1.4)
DK/6 Solvents and other product use 2.6 25 2.0 2.0(1.5)
DK/7 Road transport 17.6 19.3 17.4 16.3 (17.7)
DK/8 Other mobile sources and machinery 7.9 7.2 7.9 5.4 (5.6)
DK/9 Waste treatment and disposal 0.6 0.1 0.5 0.4 (0.3)
DK/10 Agriculture 42.8 39.4 36.2 33.2 (25.5)
Sum: DK/1-10 100.0 100.0 100.0 100.0 (100.0)

with these particles must be included, as explained abovesignificant decrease in two of the main contributors, namely
(2) Nitric acid (HNG) is already present in the atmosphere the major power plants and the agricultural sectors. In both
from other sources — this is true for the whole of Europe.sectors considerable actions have been initiated in order to
When NH; is emitted, it reacts with HN@to form NHzNOs. decrease emissions. However, one sector, SNAP category 2,
HNO3 deposits relatively fast (close to zero surface resis-has increased its contribution by nearly a factor of two. This
tance) compared to NHNOs. The lower deposition rate of sector is, as already mentioned, dominated by domestic wood
NH4NOj3 therefore leads to increased atmospheric concenburning, and the wood consumption has increased by around
tration of NG; in particulate form in areas with higher NH 80 % from 2000 to 2008.
emissions. (3) The SP concentration is notincreased init-  As in the NEEDS report (NEEDS, 2007), we also per-
self, but the particle mass from NHs included in the mass ~formed a sensitivity study in order to assess the effects of as-
for the SCZ‘ exposure-response function. signing d|ffe_rent tox_|C|ty to primary emitted and secondary
The results for the base year 2000 in this work show thatformed particles, W'.th faptors of 1.3 anq 0.7, respectwel_y.
the major Danish contributors to the total health-related eX_These result; are given In'parentheses in Tab[e 6. Applying
ternal costs with respect to impacts in the whole of Europe_thls assumption, the emissions fr(_)m the domestic wood burn-
are agriculture with a contribution of 43 %, road traffic with Ing sector havg become the major source of health-related
a contribution of 18 % and power production with a contri- external costs In Denmark, while th? agncultgral sector and
bution of 10%. The non-industrial (domestic) combustion road traffic are the second and third most important con-

plants contribute 9%, and other mobile sources 8 %. Thetributors. A similar sensitivity study has been conducted by
other sectors contribu,te 5% or less Griffiths (2011), who examines the contribution of different

If we restrict our examination of the health-related exter- emisgion source sectors to the total exposure assoc_iated with
nal costs from Danish anthropogenic sources to only cond Variety pf|nd|y|dual PMs co.mponent.s in Europe usmg.the
sider impacts within Denmark for the base year 2000, thec'vIAQ ar qyal!ty model. Th|§ study mcIu.des a sensitivity
most dominant sectors are still agriculture with a contribu- study of assigning gqua_l toxicity to. all particles C(_)mpared t'o
tion of 39% and road traffic with a contribution of 19 %. the case where toxicity is only_ assigned _to_ the primary emit-
The non-industrial (domestic) combustion increases to 16 o/ged particles. The results obtqmed by .G”f.mhs (2(.)11) clearly
compared to the case where impacts in the whole of Europgemons_trate th(_a thatthe relative con.trlbufuor.l .Of different sec-
were considered. The power production sector contribute§ors to fine particulate exposure varies significantly depend-
6 %, showing that this sector causes relatively less humadf¥ on Whe.ther total, secondary or primary components are
health impacts when only impacts in Denmark are consid—belng considered.
ered.

To investigate and illustrate the development over time,
calculations were also made for the emission year 2008 (us-
ing year 2000 meteorology) (see Table 6). The results show a
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5 Discussions and overall conclusions This sector is dominated by domestic wood burning, which
constitutes around 90 % of the external costs from this sec-
In this paper we have presented a new integrated model syser in Denmark, and the wood consumption has increased by
tem, EVA, based on the impact pathway approach and cusaround 80 % between these two years. We also performed a
tomized for European conditions. The system is capable okensitivity study in order to assess the effects of assigning
calculating the health-related external costs from specifichigher toxicity to primary emitted and lower toxicity to sec-
atmospheric emission sources and sectors, which has beeamdary formed particles, with factors of 1.3 and 0.7, respec-
demonstrated in the paper. The system represents an attemiptely. Applying this assumption, the emissions from domes-
to apply state-of-the-art science, models, data, and methodic wood burning sector become the major source of health-
ologies in every link of the impact-pathway chain. Further- related external costs in Denmark from Danish emissions.
more, we have implemented a tagging method, where the The results in this work suggest that the agricultural sector
problem with signal-to-noise ratio has been reduced in thecontributes significantly to health impacts and related exter-
calculation of the source contributions (#$vunctions). The  nal costs. The agricultural sector already contributes signif-
EVA system was run for different scenarios, assessing thécantly to impacts on the environment in terms of eutrophi-
human health impacts and associated external costs from theation effects in terrestrial and marine ecosystems. From the
ten main emission sectors in Europe and Denmark. Since theesults in this study, we conclude that not only the impacts
conclusions in the paper are sensitive to the toxicity of theon nature should be taken into account when regulating the
different kinds of atmospheric particles, the existing knowl- emissions of ammonia, but also impacts on human health
edge of health impacts from particles has been discussedhould be considered.
From this discussion, we concluded that with our present The results in this study show that air pollution constitutes
knowledge we are not able to distinguish between the im-a serious problem for human health and that the related ex-
pacts from different particle types, and therefore the toxicity ternal costs are considerable. The main objective of this work
of the particles is handled equally. However, we also includedwas to find the primary activities and emission sources in
a sensitivity study applying higher toxicity to primary emit- Europe and Denmark that give the largest contribution to hu-
ted particles and lower to secondary formed particles. man health impacts and related external costs taking into ac-
One of the major conclusions from this work is that the count non-linear atmospheric chemistry. The related external
major contributors from European emissions to the totalcosts found in this work can be used to compare directly the
health-related external costs in the whole of Europe (in or-contributions from the different emission sectors, potentially
der of impact) are power production, agriculture, road traffic,as a basis for decision-making on regulation and emission
non-industrial (domestic) combustion (including wood com- reduction. This study shows that the major visible and al-
bustion), combustion in manufacturing industry, other mo-ready highly regulated emission sources (e.g. power plants
bile sources, production processes and solvents and othemnd road traffic) do not always constitute the most signifi-
product use. An important assumption here is that the dif-cant problems related to human health. Other less obvious
ferent secondary inorganic aerosols (SIAs) and the primarnsources can have significant impacts on nature and human
emitted particles are equally harmful to human health. health. Therefore, it is important to make an overall screen-
The results for the base year 2000 in this work show thating of all emission sectors or emission sources in order to
the major Danish contributors to the total health-related ex-create a scientific basis for sound political decisions. In this
ternal costs with respect to impacts in the whole of Europework, we illustrate the capability of the EVA system to give
are (in order of impact) agriculture, road traffic, power pro- useful input for the planning and prioritization of regulation
duction, non-industrial (domestic) combustion plants, otherpolicies and instruments.
mobile sources, combustion in manufacturing industry and The economic valuation in this study only includes some
solvents and other product use. of the known harmful chemical compounds. In these calcu-
If we restrict our examination of the health-related exter- lations, we did not include compounds such as polycyclic
nal costs from Danish anthropogenic sources to consider onlgaromatic hydrocarbons, persistent organic pollutants, metals,
impacts within Denmark for the base year 2000, the mostheavy metals, dioxins, and secondary organic aerosols. How-
dominant sectors are still agriculture and road traffic, but theever, these compounds commonly share the same sources
third most important sector is now non-industrial (domes-as the compounds included in this study, and the health ef-
tic) combustion dominated by wood burning. Other mobile fects are likely to be included in our calculations due to
sources is also an important contributor. their correlations with the included compounds, since the
To investigate and illustrate the development with time, exposure-response functions used correlate the Pddn-
calculations were also made for the emission year 2008. Theentrations with the total health impacts. Also, the system
results showed a significant decrease in two of the main condoes not presently include impacts and external costs in rela-
tributors, namely the major power plants and the agriculturaltion to the natural environment or climate. Furthermore, tak-
sector. However, the non-industrial (domestic) combustioning into account that we only included health impacts where
sector increased its contribution by nearly a factor of two.the ERFs are well-documented and accepted by the WHO
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and EU Commission, and that the economic valuation of thel.03-1.12 instead of 1.06 presently used would imply sim-
health impacts has been conservative, the overall results iffar linear responses in the health impacts and economic val-
this work can also be considered conservative. uation of half or double the number of premature deaths and
The absolute external costs in this work should be inter-equally for the external costs. Furthermore, the response to
preted carefully. The external costs are, of course, associassigning different toxicities to primary particles and sec-
ated with uncertainties, which are very difficult to quantify in ondary inorganic particles, as carried out in the paper by
such a complex model system. The main uncertainties in théactors of 1.3 and 0.7, respectively, can also be done post
integrated model system are associated with the emissionsalculations as impacts and costs are assigned to the individ-
(which have an uncertainty af 30 % on annual basis) and ual species before adding everything up to the total impacts
with the health impacts from the individual chemical com- and cost. However, many of these uncertainties would not
pounds associated with air pollution (i.e. the ERFs). With ourchange the relative contribution from the different emission
present knowledge, we are not able to distinguish betweersectors. The main uncertainty is associated with the equal
the impacts from different particle types, and this constitutestoxicity assigned to all the particles, and the relative contri-
a major shortcoming in our knowledge at the moment. How-butions would be very sensitive to these choices of differ-
ever, there are many studies linking the total mass of PM ent toxicities for different types of particles (e.g. assigning
with health effects, showing strong and significant correla-much less toxicity to SIA and much more to primary parti-
tions. Besides the internal uncertainties in the approach, theles would decrease the relative contributions of, for exam-
results will also be dependent on the meteorological yeample, the agricultural sector and increase the relative contri-
chosen in the study. We chose the year of 2000 as the badmution of, for example, road traffic and domestic heating).
year for meteorology since this year has been used in otheAn experiment was conducted assigning different toxicities
studies, and it was therefore more straightforward to carryto the primary and secondary particles in order to test the
out a comparison of these results with other similar studiessensitivity of the results to this assumption. A similar exper-
as done in Brandt et al. (2013). iment has been conducted in Griffiths (2011), where the sen-
Compared to other similar systems, our goal has been taitivity tested assigning zero toxicity to secondary inorganic
apply advanced methodologies, models and data in every linkerosols and only assigning toxicity to primary emitted par-
of the impact-pathway chain. This involved implementing aticles. In this study the contribution from, for example, the
method for the calculation of the contribution from specific agricultural sector varys from 3% (including only primary
sources to the air pollution levels, without assuming linear-emitted patrticles) to 36 % including equal toxicity to all par-
ity in the source-receptor relationships, and using a taggindicles, which are in line with the results in this paper.
method to reduce the signal-to-noise ratio. Since all scenar- The results in this work emphasize the importance of
ios are calculated with the same methodology and assumpdefining the right questions in the decision-making pro-
tions, the relative uncertainty between the scenario resultgess, since most of the atmospheric chemical compounds are
obtained in this work is relatively smaller than the absolutelinked via non-linear chemical reactions. The results repre-
uncertainty. sent the case where all the emissions (of all the different
The current application on regional background scale is achemical compounds) from the sector of interest are reduced
starting point for further improvements and development ofsimultaneously. In the case where one would like to exam-
the EVA system. Besides the above-mentioned uncertaintieme the external cost for the impacts of sulfur alone (e.qg.
used in the DEHM, the results can be sensitive to spatial resby reducing the sulfur content in the fuel), the model sys-
olution in the model system. Presently, the system describegeem should be run with the individual emitted compounds
the health impacts down to 16.67 kmHowever, this reso-  one at the time, for example, the sulfur emissions from traf-
lution is not optimal for describing the condition in the ur- fic alone. This would result in different external costs, espe-
ban background or even in street canyons. Presently an urbasially for the countries surrounded by large sulfur emissions
background model is being implemented in the model systenfrom other sources and where the N@missions are rela-
which can describe the conditions in the urban backgroundively high compared to the SCemissions from the traffic
with a 1 kn? resolution. The difference between using a rela- sector, as is the case for the Scandinavian countries.
tively course and a relatively fine resolution will be evaluated The atmospheric system is highly non-linear, complex and
in the future. interdependent. Therefore the results from assessing the im-
The model outcome in the form of health impacts and pacts from each emission sector depend clearly on the as-
economic valuation depends, of course, very much on thesumption that the other emission sectors are not changed. As
concentration-response functions and economic unit pricean example, consider whether the health impacts of emitting
chosen. However, as both functions are considered linear immmonia from the agricultural sector would be much lower
the system, another choice of concentration-response fundf all the other emissions from burning fossil fuels were re-
tions and economic valuation will have a linear responsemoved. If there is no sulfur oxide or nitrogen oxide available,
in the system, and sensitivity to these functions can be apthe ammonia cannot be transformed into ammonium parti-
plied afterwards. For example, applying a relative risk of cles. Another example in this work is the relatively high cost
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of sulfur emissions from, for example, the road trafficin Den-  June 2005, International Institute for Applied Systems Analy-
mark. This is related to the lifetime of S@om the interna- sis (IIASA) CAFE Scenario Analysis Report No. igitp://www.
tional ship traffic in the Baltic Sea and the North Sea, which iiasa.ac.at/rains/CAFHles/CAFE-D3.pdf(last access: 2 March
is influenced by the emissions of N@om the same sector ~ 2013), 2005. . .
(e.g. road traffic). The NQemissions increase the concen- Andersen, M. S., Frohn, L._M., Nielsen, J. S., Nielsen, M., Jensen,
tration of OH in the area, which enhances the transformation - B~ Jensen, S.S,, Christensen, J., and Brandt, J.. EVA —anon-
rate of the emitted S©from ships to sulfate. In this way, the | nean Eulerian approach for assessment of health-cost external-
. . . . ities of air pollution. In Biennial Conference of the International
NOy emissions increase the sulfate concentrations, Whlch are gqciety for Ecological Economics, New Delhi, India, December
accounted for in the “Total S” external costs. The emissions 5.
are all linked in the chemical composition of the atmosphereandersen, M. S., Frohn, L. M., Brandt, J., Jensen, S. S.: External
via non-linear chemical processes. effects from power production and the treatment of wind energy
The results in this work show that the integrated EVA  (and other renewables) in the Danish energy taxation system.
model system can be used to answer relevant health-related In: Critical Issues in Environmental Taxation: International and
socio-economic questions and can be used for ranking of en- Comparative Perspectives Volume IV edited by: Deketelaere, K.,
vironmental stressors by health impact (e.g. saartihen et Milne, J. E., Kreiser, L. A., and Ashiabor, H. Oxford University
al., 2011). However, the results also emphasize that atmo- Press. 319-336, 2007a. _ _
spheric chemistry is highly non-linear and that it is impos- Adersen. Z. J., . Wahlin, ©. Raaschou-Nielsen, T. Scheike and
. . : . S. Loft: Ambient particle source apportionment and daily hos-
sible without comprehensive, appropriate and well-tested at-

heri del p h Its of i S pital admissions among children and elderly in Copenhagen. J.
mospheric models to foresee the results of specific emission Expos. Sci. Environ. Epidemiol., 17, 625636, 2007b.

red_UCt_'on scenarios. The results depend highly on geogra_ph)émdersen, M. S., Frohn, L. M., Nielsen, J. S., Nielsen, M., Jensen, S.
emission sector and on how and by how much the EMmISSIONS s, Christensen, J. H., and Brandt, J.: A Non-linear Eulerian Ap-
are reduced. Therefore, we recommend that health impacts proach for Assessment of Health-cost Externalities of Air Pollu-
and related external costs should be calculated for specific tion. Proceedings of the European Association of Environmental
emission reduction scenarios, if precise estimates of the out- and Resource Economists 16th Annual Conference, Gothenburg,
come of specific regulation initiatives are required. Sweden, 25-28 June 2008, 23 pp., 2008.
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