Eionet Report ETCATNI 2020/4

Costs of air pollution from Europes
iIndustrial facilities 2008017

Authors:
Simone Schucht, Elsa Real, Laurent Létinois, Augustin Catetig)(|

Mike Holland (EMRC)oseph V. Spadaro (SER@)rence Opie,
RosieBrook, Lucy Garland, Mark Gibbs (Aether)

ETC/ATNI consortium partners:

NILUg Norwegian Institute for Air Research, Aether Limited, Czech
Hydrometeorological Institute (CHMI), EMISIA SA, Institut National de

f QIYDPANRYYSYSyil LyRdAGNARASE SG RSa N
Barcelona (UAB), Umweltbundesamt GmbH (W Adsfera Innova,

Transport & Mobility Leuven NV (TML)

July2021

European Environment Agency \\.’

European Topic Centre on Air pollution, ";
transport, noise and industrial pollution ’

)



Eionet Report ETCATNI 2020/4

Cover desigrEEA
Coverphoto: illustration© Antonio Spanu

Legal notice

The contents of this publication do not necessarily reflect the official opinions of the European Commission or othgofigstitu
of the European Union. Neither the European Environment Agency, the European Topic Centre on Air pollusioorttrasise

and industrial pollution nor any person or company acting on behalf of the Agency or the Topic Centre is responsibieséor the
that may be made of the information contained in this report.

Copyright notice
© European Topic Centre on Air pgion, transport noiseand industrial pollution2021.

Reproduction is authosed, provided the source is acknowledged.
Informationaboutthe European Union is available on the Interngcan be accessed through the Europa server
(Wwww.europa.ey).

Thewithdrawal of the United Kingdom from the European Union did not affect the production of the report.
Data reported by the United Kingdom are included in all analyses and assessments contained herein, unless otherwise indicated

Author(s)

SimoneSchucht, Elsa Real, Laurent Létinois, Augustin Colette (Ineris)
Mike Holland (EMRC)

Joseph V. Spadaro (SERC)

LaurenceOpie, Rosie Brook, Lucy Garland, Mark Gibbs (Aether)

ETC/ATNI c/o NILU
ISBN 9782-9375218-9

European Topic Centre on Air pollutiarensport noiseand industrial pollution
c/o NILUg Norwegian Institute for Air Research

P.O. Box 100, N@027 Kjeller, Norway

Tel.: +47 63 89 80 00

Email: etc.atni@nilu.no

Web: https://www.eionet.europa.eu/etcs/eteatni



mailto:etc.atni@nilu.no
https://www.eionet.europa.eu/etcs/etc-atni

Preface

EEA aims atprovision of timely, targeted, relevant, and reliable information to petitgking agents and
the public.This aim is shared by the ETC/ATNI.

In the context of the present work, timekssis related to (sufficient) availability of all tkecessary data
Some of theessentialdata sourcegrovide datafirst several years later than the nominal yedhe lag
between the nominal year and the year for which data are available is explained by the fathehat
necessary data first need to loellected, reported and the processedeforethe information is available
for the assessmenOther data sourcegrovide information with a time lagiscountries sometimes report
data late, leading to incomplete data sets at European or international .sbademplete datareduce
reliability of international assessments.

The source receptor matrices, constituting a key input to the calculation of marginal damage costs for main
air pollutants, represent an example of data available with a time lag. Atrtteedf working on the present
assessmenin the first half of 2020, théatest availablesourcereceptor matrices were those referring to

the situation in 2017. Despite setting its reference yea2017, the report is thus indeed timely, having
usedthe latest reasonably complete data thatere available.
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Executive smmary

Context

In 2011 and2014 the European Environment Agency (EEA) published two reports assessing in monetary
terms the cost of damage to health and the environment caused by air pollutant emissions from industrial
facilities officially reported to the European Pollutant Reteasnd Transfer Register-BRTR). The first

NELR2 NI awS@SIftAy3a GKS O02ada 2F AN LRftdziAzy FNR°
FaaSaasSR 02adGa Ay wnnd 699! HamMmMOd ¢KS &ASO2YyR N
faciliies 2008H nMH X 'y dzZLJRFGSR FaasSaavSyidé¢ ol a Lzt AaKSR
updated assessment of marginal damage costs (damage cost per tonne of pollutant emitted) and costs of

air pollution from industrial facilities in Europe

Scope

The updated assessment for marginal damage costs is carried out for the countries EEA38+UK and the
reference year 2017. The updated absolute cost of damage (externalities) to health and the environment
in monetary terms from air pollution releases provided for the years 2008 to 2017 and for industrial
facilities in the EL27, Iceland, Norway, Serbia, Switzerland and the UK.

The approach couples reported emission data with existing standard policy tools and methods to
determine the related envinomental damage costs and externalities. Scientific modelling frameworks and
economic methods are applied for estimating the impacts and damage costs of emissions of regulated air
pollutantg®) (nitrogen oxide (N§), sulphur dioxide (S particulate matter (PM), ammonia (NHand
non-methane volatile organic compounds (NMVOCS)), such as those developed under the European
Commission's Clean Air for Europe programme (CAFE) and partly updated under the HR#PIEgks

of air pollution inEurope) project (WHO, 2013). Them® regularly applied in coftenefit analyses to
support national, EU and international policymaking in air pollution and climate mitigation (e.g. Amann et
al. 2017 & 2020). Estimation of damage costs from emissioheafy metals, organic pollutants and the
greenhouse gases carbon dioxide §C@ethane (CH and nitrous oxide (D) was done as well using
existing models and approaches in use to inform European and national policymakers about the damage
costs of thesgollutants.

Together, the methods are used to calculate an updated set of marginal damage costs for the following
pollutants:

T WYFAYQ AN LIR2ff dzi | 26 BM), sulbhiNdidioxddez{ P a@moivid (N, S NI 6 t :
nitrogen oxides (N and nonamethane volatile organic compounds (NMVOCSs),

1 heavy metals: arsenic, cadmium, chromium VI, lead, mercury, nickel,

9 organic pollutants: 1,3 butadiene, benzene, formaldehyde, benzo(a)pyrene, dioxins and furans,

1 greenhouse gases: carbon dioxide, methane and nitoouie.

Concerning the main air pollutants, marginal damage costs have been calculated for impacts on health
(from ozone, fine particulate matter and nitrogen dioxide), on crops and forests (from o0zone), on building
materials (from sulphur dioxide and rifen oxides) and on ecosystems (from eutrophication due to
ammonia and nitrogen oxides). Furthermore, marginal damage costs for impacts on health have been
calculated for heavy metals and organic pollutants. Impacts of greenhouse gases are accountedfor us

a marginal abatement cost approach.

(1) National Emissions Ceilings (NEC) Directive (2016/2284/EU, Directive on the reduction of national emissions of certain
atmospheric pollutants); UNECE Gothenburg Protocol (Protocol to Abate Acidification, Eutrophication andl&relubdone)

of 2012, htps://lunece.org/environmenipolicyair/protocotabate-acidificationreutrophicationand-groundlevelozone. These
LR2ftdziiFydia NB KSNBFFGESNI NEFSNNBR G2 a WYFAYQ AN LRt € dzii |y
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The set of marginal damage costs was used to quantify the impacts and associated damage costs caused
by the industrial facilities having reported their emission releases to {RRER).

Key findings

Figurel shows the damage costs per unit of emission between pollutants, averaged across countries
(country specific damage costs are presenteddmapter 6 of the report). These are averages across
Europe, except for mercury and €0r whichworldg A RS SAGA Yl G6Sa I NB aK2gyd C
pollutants, heavy metals and organic pollutants, the figure presents lower and upper bounds of damage
costs per tonne emitted~or the main air pollutants, damage costs are expressedae,corresponding

to the use of two contrasting but complementary approaches for valuing health damage. The lower values
relate to the approach accounting for the value of a life year (VOLY), and the higher values to the approach
based on the value dftatistical life (VSL). The "low" and "high" damage cost estimates for the main air
pollutants, therefore, reflect the different indicator choices. For heavy metals and organic species,
however, the low and high damage costs refer to confidence intervals.

(s}

Figurel: 9&aGAYlI GS& 2F F @SNI IS RIYF3IS 0280 LISNehi2yyS$
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For the main air pollutants, average damage costs are clearly dominated by health impacts, that account
for 94% to 98% ofthe total in the lower (VOLY) estimate, depending on the pollutBigure2).

(® This covers all impacts mentioned above (health, crops & forests, buildirgyiada}, except for ecosystems damage, not yet
included in the externality assessment.
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Figure2: Relative share of damage to health, crops & forests and building materials in the overall
European average damage copey tonne of pollutant from main air pollutangsvVOLY
estimate (note: ¥axis cut off at 9940)
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Damage costs per tonne of emission change significantly between the previous (EEA, 2014) and the current
report. For the main air pollutants, the majdifference comes from the source receptor matrices. Price
increases by 2860 between 2005 (price base used in EEA, 2014) and 2019 (price base used in the current
report) contribute also to this result. The remaining variation is due to the update of theetagnunit

values for mortality. For heavy metals, major changes between the two data sets are due to additional
health impacts included in the present analysis and the update of price base and monetary unit values.
Analyses of trajectories of externalisidrom industrial facilities over time should be based on a single set

of the marginal damage costs (not on combinations of different ones).

The aggregated cost of damage over the period 22087 caused by emissions reported froAPETR

industrial facili A $& A& SadAYFGSR (2 | Y2 dzy lhaglin2008 anddropi 373 T NP Y
02 noo A inRKL2TAbled). EStimated damge has thus decreased over the period. Damage

costs from the main air pollutants are reduced bybith 2017 relative to 2008. The reductions for damage

from greenhouse gases, heavy metals and organic pollutants, respectively, dré3%and 60%. In he

same period, the number of reporting facilities has remained relatively stable (11,137 in 2008 and 11,893

in 2017). Most of the quantified damage cost is caused by emissions of greenhouse gases and the main air
pollutants. Damage cost estimates assosthivith heavy metal emissions and organic pollutants are
significantly lower, but nevertheless contribute several millions of euros harm to health and the
environment.
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Tablel: Aggregated damage costs fofFRTR facilities by pollutant groups from 2008 to 2017

OYAtdd 2y €
I 3ANB3IFGSR RIEYlImz$d O2aGa O6YATEA2Y €
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Main air 148983 127559 118781- 117029 111144 98069 88629 82838 70896 68165
pollutants (NH, 483692 413532 385673 379726 360979 319434 288937 270272 232313 223350
NQ,, PMyo, SQ,
NMVOCs)
Greenhouse 244 550 224 766 233 786 221 439 220 081 212 972 206 588 202 595 196 725 197 269
gases (CHCH,
N2O)
Heavy metals 20770 13414 16 447 13 090 13133 12 127 12 068 10 547 11989 11775
(As, Cd, Cr, Hg,
Ni, Pb)
Organic 339 163 191 191 112 133 129 144 144 137
pollutants
(benzene,
dioxins and
furans, PAHS)
Sum 414641- 365904 369205 351750 344469 323302 307415 296125 279753 277346

749350 651876 636098 614446 594304 544667 507723 483559 441170 432532
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When interpreting the results, it must be kept in mind that reporting t®ETR is required only by
industrial facilities with an activity rate exceeding a defirtedeshold and emissions exceeding the
pollutant-specific threshold8). For this reason, the-ERTR's coverage varies significantly across the
different pollutants and sectors. Reporting also varies between countries, for example, Serbia has not
reported any C@emissions after 2014, and it is incomplete for individual facilities. Some of the top 30
polluters in 2017 have not reported Rybr CQ emissions in several years. Furthermore, fmodustrial
AaSOG2NE OGNI yaLR NIz NBtaEARSR Dainhge estinth@diir2tiNg ropdrt refainsy 2 i
thus below total damage caused by total emissions from the studied countries.

In line with the results of earlier assessments, a limited number of facilities accounts for the major part of
the damage. & example, in 2017, 211 facilities accounted fob®f estimated damage from main air
pollutants and greenhouse gases, 711 foegand 1,572 for 9% {igure3 andFigured). This corresponds

to 1.8%, 6.1% and 13.5 %, respectively, in the total number of facilities (1{¥§5aving reported
emissions from main air pollutants and greenhouse gas261i.

(3) Regulation (EC) No 166/2006 on the establishment of a European Pollutant Release and Transfer Register.
(%) 11,893 facilities reported emissiorfsom main air polluants, organic pollutants, heavy metals and greenhouse gases in 2017.
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Figure3: Cumulative distribution of the estimated damage costs from main air pollutants and
greenhouse gases forERTR facilities, 20X /mortality valued using the VOLY indicator
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Damage from heavy metals and organic pollutants is even more concentrated in acfitie$a In 2017,
nine facilities accounted for 58 of the damage from heavy metals dna facilities accounted for 5@

of the damage from organic pollutants. The facilities responsible for the highest damage from heavy metals
are situated irSlovakia and Poland, followed by Estonia and Belgium, and the facilities responsible for the

highest damage from organic pollutants are situated in Poland and Greece.
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The report also presents the top 30 facilities identified as causing the highest ddmoagenmain air
pollutants and greenhouse gases across the-yar period 20082012 covered by the previous EEA
(2014) report, across the period 202817 and for the latest year, 2017, individually. In 2017, 24 facilities
amongst the top 30 polluters werthermal power stations, mainly using coal or lignite, and situated
predominantly in Germany, Spain and the UK and Eastern Europe. Amongst the top 30 polluters were also
three iron and steel plants, one facility for the processing of ferrous metals, ogtalrore roasting or
sintering installation and one chemical installation producing basic organic chemicals.

A ranking of facilities according to their aggregate damage cost from emissions may imply a bias against
facilities just becausef their size Toprevent this, damage could be weighted by plant output for facilities

of the same sector, or output in economic terms (e.g. value added) for-semter comparisons, but this
information has not beerrequired to be reported t&&PRTRproduction volumes Wl be required from

2022. As an alternative approach, damage has here be@malised against G@missions as a proxy of

fuel consumption and the results have been compared to those assessed without normalisation by CO
Normalisation by C£s only a econdbest solution as (energy) efficiency of facilities vardso, the work

covers many different sectors with different types of output (power, heat, glass, metals, cement, fuel
processing, etc.) and direct comparison between them is questionablenfttec is best adapted to

power generating facilitieskinally, not all facilities report their G&missions.

With normalisation by CQOemissions, none of the facilities assessed as top 30 polluters in 2017 would
remain amongst the top 100 polluters dmost would take positions beyond the first 500 facilities. This
suggests that the emissions of the top polluters are at least to some extent explained by the size of their
production.

Estimated damage aggregated over Europe and over all pollutants AysiiSector is dominated by
emissions from energy production and heavy industry, followed by fuel production and processing
(Figure5)(®). This is also the case for damage from main air pollutants and greenhouse gases, whereas for
heavy metals and organic pollutants damage is clearly dominated by heavy industry, followed by energy
production. For organic pollutants, the sector waste managetris more important than for the other
pollutants.

Figure5: Damage costs by EEA sector f&tRETR facilities in 2017 aggregated over all pollutant groups,
AY Yhdof A2y €
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(®) No normalisation by G@missions was applied in calculating the results presented in the following three figures.
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When aggregating damage over all pollutants and irtgohg country, countries having a high number of
facilities, such as Germany, the UK, Poland, Spain, Italy and France, contribute the most to total estimated

damage costsHigureb).

Figure6: Damage costs for-ERTR facilities by country in 2017 aggregated over all pollutant groups
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As an alternative to weighting damage costs by €@issions, as was done for individual facilities, gross
domestic product (GDP) was used as an indicator of national production to normalise the national damage
costs against the respective level of services generated by the national economies. Whengaiidyin
measure, some of the countries showing the highest damage costs Fighee6 (Germany, the United
Kingdom, Spain, Italy or France), drop down the ranking atwhia, Bulgaria and Czechia rise to the top
(Figure?). Poland remains toward the top of the ranking, indicating high amounts of pollutants relative to
GDP emitted at Polish facilities.
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Figure7: Damage costs for-ERTR facilities by country in 2017 aggregated over all pollutant groups
normalised against GDP, 2017
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The assessment also showed that results are sensitive to the indicator used for valuing mortality. Not only
are absolute damage costs higher when using the VSL estimate, also the ranking of facilities is to a limited
extent affected by this choice of inditor.

Main changes compared to the previous assessment
Compared to the earlier assessments the current report uses updated data and knowledge. It also
introduces new impact categories and additional results.

Updates of data and knowledge in the curreeport:

1 Dispersion and exposure modelling for the main air pollutants relies on the latest EMEP source
receptor matrices (SRMs) that have been updated since the last report. These etmugtig
SRMs link emission reductions for each pollutant in eacintry to changes in concentrations and
depositions of pollutants across Europe at grid level with a horizontal resolution of 0.2°x0.3°. They
are based on data (emissions, meteorology) for the year 2017.

1 For toxic metals and organic pollutants, exposurelelbing has also been updated. It relies on the
uniform world model and is based on the calculation of European population polsfeetific
intake fractions (through inhalation and ingestion).

1 As far as health effects from the main air pollutants ar@asosned, in the core analysis we
continue using the exposuniesponse functions from HRAPIE (WHO, 2013) that were also applied
to the calculation of damage costs in EEA (2014). However, in a sensitivity analysis we test for the
impact of revised exposusgesponse functions for chronic mortality from Rband for additional
impacts not included in earlier analyses from stroke and-fadal myocardial infarction from
PMs.
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1 Monetary unit values for mortality valuation are updated relative to the previoysome The
assessment here uses the VSL from OECD (2012) and a VOLY consistent with this VSL, that are also
applied in recent assessments for DG ENV (e.g. Second Clean Air Outlook, Amann et al., 2020).

9 Impacts of ozone on crops are assessed for a highebruwf crops (121 compared to 20 in the
older report).

T Unit costs for valuing GQor CQ eq) impacts are updated and use the values from the DG Move
Transport Cost Handbook (EC, 2019).

9 The previous assessment calculated damage costs for the year 20&0.tGat the most recent
SRMs from EMEP relate to 2017 emissions and concentration levels and to meteorological
conditions of the same year, and in order to produce a data set as coherent as possible, wherever
feasible impacts contributing to the damagest®were calculated for 2017. This means that data
2y NBOSLIi2NE o6LRLIMzZ FGA2yS ONRLEAZI F2NBAGAX0 NBf

9 Inthe previous assessments, marginal damage costs and external costs of facilities were expressed
N9 dzN2 LINROS o6l asS 2F wnnpod LY GKS Odz2NNByid aas.
base 2019.

Impact categories calculated for the first time and additional pollutants covered:

1 For the first time, health impacts (mortality and morbidity) d@fogen dioxide are included in the
damage costs. N@equiring a higher resolution of exposure modelling than what is available via
EMEP SRMs, the surrogate model SHERRAuUsed to deriveSourceReceptor Relationships
(SRRs) for NOExposure responskinctions used are those recommended by HRAPIE (WHO,
2013) except for chronic mortality for which a response function based on Huangfu and Atkinson
(2020), COMEAP (2018) and Ricardo (2020) is used.

91 Further health impacts are also included for taxietals. This refers above all to mortality impacts
from arsenic, cadmium, lead and mercury, but also to additional morbidity indicators (chronic
bronchitis, 1Q loss and diabetes for arsenic, osteoporosis for cadmium, anaemia for mercury).

1 Impacts of ozon®n forests are calculated for the first time in the present report. As is the case
for the crop assessment, they rely on the AOT40 indicator. EMEP SRMs for the newer, scientifically
recommended indicator PODy are not yet available.

1 Marginal damage costs Ifeecosystems impacts are calculated for the first time in the current
assessment (although not yet included in the externalities assessment). Impacts accounted for are
exceedances of critical loads for eutrophication in Natura 2000 areas from total deposft
nitrogen (dry and wet, oxigéd and reduced nitrogen). Valuation is based on Christie et al.
(2012)()

1 The scope of the calculation of externalities is extended to include two additional greenhouse
gases: methane and nitrous oxide. The previoysorts calculated externalities only for €O
emissions.

(6) https://agm.jrc.ec.europa.eu/sherpa.aspx

() The reasons why the calculation of ecosystems effects is limited to Natura 2000 sites are the following. Monetisation of
ecosystems damage herereliesoga f t Ay3IySaa G2 LI & SadAYlFIdSz FTNBY I addmRe I a
plan (Christie et al., 2012). There is a question of whether willingness to pay will be similar when sites are not tdettzned (

et al., 2015a, b), and Memb@&tates are legally responsible for preserving Natura 2000 sites. The assessment here is limited to
eutrophication because exceedances of critical loads for acidification are currently much less important than for eutosphicat

The rationale is that inatling impacts from acidification would not have an important impact on overall results.
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Additional analyses and results:

1 In previous assessments marginal damage costs covered the impact of one tonne of emission of a
given pollutant from a country wherever the impacts occur acrgssope. In the current
assessment, damage costs for the main air pollutants are additionally calculated for the damage
occurring only in the emitter country and presented for information only. Damage cost occurring
in the emitter country is a subset of th@gamage cost occurring in EEA38+UK. The two sets
represent alternative indicators and must not be added together. The preferred indicator set is
the one presenting damage costs covering impacts wherever they occur across Europe.

1 Emission dispersion varidsetween different emission sources, particularly with respect to
emission height. Also, some sources tend to be more closely situated to population than others.
In order to account for such differences, for the first time, a set of sectoral adjustmewotr$aist
calculated for exposure to PMand NQ for each country based on the SHERPA model and used
to adapt the average marginal damage costs for the main air pollutants to the different sectors. In
the previous EEA report, sectoral adjustment factorselieyed in the EURODELTA Il project in
2008 and available only for 4 countries were applied to all countries.

In updating the marginal damage costs an attempt has been made to ensure consistency in methods and
parameters chosen between this study and otle@going and recent studies. Full consistency with the
recent DG ENV Clean Air Outlook (Amann et al., 2020) has been reached in the use of egppeuse
functions and monetisation of health impacts from the main air pollutants. Using the VSL for valuing
mortality from OECD (2012) our approach is also consistent with the DG MOVE Transport cost handbook
(EC, 2019).

Recommendations
Some recommendations are unchanged from earlier reports.

As a first issue, completeness of emissions from individual fesilitiight still be improved. Several
instances were identified during this assessment that demonstrate that certain facilities are not reporting
emissions of certain pollutants which are expected to occur above the release thresholds set-PRAKE
Reguation. Member States should further improve the quality checking of facility information before it is
reported to the EPRTR, particularly to address completeness of data and identify outlying values.

The analysis would profit from the availability of gumtion data and data on economic output that
O2YLJ SYSyia SYAaarzy NBLRNIAYyId ¢KAA ¢g2dA R Fft2¢
Without this, it is difficult to know whether a given facility causes high damage costs because sizéheir

and level of activity, or because of inefficient processes or abatement equipment. It is noted that much of

this production and economic data is publicly available through company reporting, though separate
collation of it would be extremely time comsing.This is issue is expected to be resolved f&f182 once

reporting production volumes becomes compulsoAs a secortbest approach, we have normalised
externalities by Cg&emissions. This approach assumes that€ssions are related to the siaéfacilities

and their level of production. Of course, as stated above, this is an imperfect proxy.

Some further recommendations result from the present update of the assessment.

The results of the current report highlight the importance of not limitilagnage cost assessments to the
GAYUGSNYyrté REYFEIS 2F | O2dzyiNE ORI Yl IS LISNOSAGSI
transboundary impacts. The ranking of countries by damage from air emissions also underlined the
importance of the work extendg beyond the European Union and the EEA countries to include
cooperating countries such as Serbia.
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During this study it has become apparent that a systematic approach is needed to understand the temporal
dependence of the source receptor matrices. Theeurstudy uses EMEP SRMs as of 2017. An important
impact of changes in SRMs between 2010 (EEA, 2014) and 2017 on marginal damage costs was identified
in the report. New countrto-country SRMs (for 2018) have just been published. They appear to vary
signficantly from the 2017 edition. It is obvious that SRMs change over time, due to changes in
meteorological conditions between years, emission source characteristics that can vary with time,
evolutions in the EMEP modellimgethodology and variation in theelative levels of pollutants in the
atmosphere that will influence pollutant chemistryTherefore, it would be helpful to explore the time

trend of the SRMs and understand the reasons behind any observed variance, and then to seek to identify
some appr@riate solutions for their use in deriving marginal damage costs.

In a future update, priorities for refining the methods are (i) updating of the health response functions to
account for new information on responsmefficients and the range of effects twe included in the
analysis, and (ii) valuation of new health endpoints.

Also, the scientifically recommended indicator to assess impacts on crops and forests from ozone, the
stomatal ozone flux, should be used. For the future we, therefore, recommendcibation and
publication of POD SRMs.

For the calculation of sectoral adjustment factors, it has been necessary to magPtR& E nomenclature

to the SNAP nomenclature used in the SHERPA model. This mapping has remained incomplete and
required the calculion of adjustment factors for several aggregations of different SNAP sectors. For a
more accurate use of sectoral adjustment factors it would be useful to improve the mapping from the E
PRTR sector nomenclature to SNAP.

A specific effort was conducted heeto increase the spatial resolution of exposure modelling, especially
for NG. We reach out to a granularity of about 7km. Further efforts to increase the spatial refinement
should be sought.

The possibility of extending the assessment of ecosystems impagond the Natura 2000 sites should
be considered.

Finally, while marginal damage costs related to impacts from ozone, fine particulate matter, heavy metals
and organic pollutants are calculated using 2017 population data and emissions, this hasmpbgsible

for impacts related to N© For this pollutant, the SHERPA model had to be used which relies on emissions
for 2010. Consistency in all input data would, of course, be preferable.
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Acronyms

AOT40
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BaP

Cd
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Cr
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EEA
ETC/ATNI
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ERF
GDP
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IPA
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N.O
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NO
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PCDD/PCDF
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PM s

PMuo
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RYL
SF
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SRM
SRR
TEF
TEQ
UNECE
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VCM
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Accumulated Ozone exposure over a Threshold of 40 ppb

Arsenic

Benzo[a]pyrene

Cadmium

Methane

Carbon dioxide

Chromium

Hexavalent chromium

Chemistry transport model

European Commission

European Environment Agency

European Topic Centre on Air Pollution noise, transport and industrial pollution
European Pollutant Release and Transfer Register
ExposureResponse Function

Gross Domestic Product

Global Temperature Potential

Gross Value Added

Global Warming Potential

Mercury

Impact pathway approach

Marginal damage cost, the damage cost per tonne of pollutant
Ammonia

Nitrous oxide

Nickel

Nonmethane volatile organic compounds

Nitrogen monoxide

Nitrogen dioxide

Unspecified mixture ofitrogen oxides

Lead

Polycyclic aromatic hydrocarbons

Dioxins and furans (polychlorinatedibenzep-dioxins, PCDD, and polychlorinated
dibenzofurans, PCDF)

Particulate matter

Atmospheric particulate matter (PM) of aerodynamic diameter less than 2.5
micrometres

Atmospheric particulate matter (PM) of aerodynamic diameter less tH#n
micrometres

Phytotoxic ozone dose above a thresholdtpinatal ozone flux indicator)
Primary particulate matter (P

Relative Yield Loss

Slope Factor

Sulphur dioxide

Source Receptor Matrix

Source Receptor relationship

Toxic equivalency factors

Toxic equivalent quantity

United Nations Economic Commission for Europe

Inhalation unit risk factor

Value of Cancer Morbidity

Value of NorFatal Cancer
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VOLY Value Of Life Year
VSL Value ofStatistical Life
YOLL Years Of Life Lost
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1 Introduction

1.1 Context

The European Environment Agency (EEA) has published two reports assessing the cost of damage to health
and the environment in monetary terms caused by air pollutant emissions from induatiltiés officially

reported to the European Pollutant Release and Transfer Registe(B w0 ® ¢ KS FANR G NB LR
Cz2ata 2F FANJ LRtfdziA2y FNBY AYRAZAOGNRAIE FIF OAf AGAS:
(EEA, 2011). Th&D2y R NBLR NI d/ 2ada 2F AN LR cailz,2ry T NRY
dzLJIRIF G SR | adaSaavySyilé¢ o a Thess eporssk&dcarled oul based on Ge3td | >
practice at the time, with the 2014 report presenting an updated assent of the 2011 report.

Calculating the impacts gfollutants on human health and the environment requires application of a
modelling framework that links knowledge of pollutant emissions with their impacts and consequent
damage costs and which follows impact pathway approach (IPA, ExternE 1995 & 2005). The EEA reports
coupled reported emission data with existing standard policy tools and methods to determine the related
environmental externalities. Scientific modelling frameworks and economic metheygplied for
estimating the impacts and damage costs of the 'traditional' main air pollutants (nitrogen oxidg (NO
sulphur dioxide (S£ particulate matter (PM), ammonia (MHand nommethane volatile organic
compounds (NMVOCs)) have been developedugh research funded by the European Commission and
Member States since the early 1990s (e.g. Holland et al., 2005a and 2005b; Hurley et al., 2005). They have
been subject to international peer review (e.g. Krupnick et al., 2005). Methods such as thesapddv

under the European Commission's Clean Air for Europe programme (CAFE) and partly updated under the
HRAPIEHealth risks of air pollution in Europe) project (WHO, 2@it8)regularly applied in costenefit
analyses to support national, EU and in@tional policymaking in air pollution and climate mitigation (e.qg.
Amann et al. 2017 & 2020). Estimation of damage costs from emissions of heavy metals, organic pollutants
and the greenhouse gas carbon dioxide {fG@&s done again using existing models apgroaches in use

to inform European and national policymakers about the damage costs of these pollutants.

This report updates the earlier assessments of the costs of air pollution from European industrial facilities,
following a review in 2019 (Schuatital., 201®) of the methods used in the previous reports.

As was the case in the previous reports, only ambient air pollution is considered. Indoor air pollution (the
impact of industrial emissions within the facilities) and its impact on workers igfthe not part of the
assessment.

1.2 Objectives

The major objectives of this work are (i) to update the calculation of damage costs per tonne of pollutant
emission (also referred to as marginal damage cost, MDC) based on the above mentioned methods
guantifying and monetising health and environmental impacts from pollutant emissions, and (ii) to apply
this updated set of marginal damage costs to emission data reported to-BRRTR for the years 2008 to
2017 in order to calculate the externalities caused bsoRean industrial facilities.

1.3 Scope of this report
In the present report marginal damage costs are developed for the following pollutant groups

T WYFAYQ AN LR dzd I ¥sf)aPKho), Lsiidiir AicideS0)(idnmonia (NGS NI ot a
nitrogen oxides (N and nommethane volatile organic compounds (NMVOCs),

1 heavy metals: arsenic, cadmium, chromium VI, lead, mercury, nickel,

9 organic pollutants: 1,3 Butadiene, benzene, formaldehyde, Polycyclic Aromatic Hydrocarbons,
dioxins and furans,

(8) Note that in EMEP SRMs the precursor PM isoPMarginal damage costs are therefore calculated forddd a precursor of
PM; 5. PM emissions reported tolPRTR &ralso PMb. To convert Phpto PMsthe factor 1.54 is used (cf. secti6ril).
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1 greenhouse gases: carbon dioxide, methane and nitrous oxide.

The damage costs calculated cover health impacts from main air pollutants, heavy metals and organic
pollutants, impacts on crops and forests from ozone, impacts on ecosystems through eutrophicatio
impacts on materials from S@nd NQ and damage from greenhouse gases through the use of the
AdzNNR2 I 4GS | LILINE I OK afy. FhddEnpacts dovetedaredisted i@ yhdre détaTanlea ¢

2 andTable3. Impacts included for the first time in the current report are marked in bold.

Table2: Health impacts quantified in the present report

QUANTIFIED HEALTH IMPACTS

Human exposure to  Chronic Mortality Adults 30 years and Core analysis
PMes effects older
Infants 212 months
Bronchitis Adults
Children
Human exposure to  Acute Respiratory hospital Core analysis
PMes effects admissions
Cardiac hospital
admissions
Restricted activity days
Asthma symptom days Children
Lost working days
Stroke Sensitivity analysis
only
Non-fatal myocardial
infarction Sensitivity analysis
only
Human exposure to  Acute Mortality Core analysis
Gs effects Respiratory hospital
admissions
Cardiac hospital
admissions
Minor restricted activity
days
Human exposure to  Chronic Mortality Adults 30years and  Core analysis
NG effects older
Bronchitis Children
Human exposure to  Acute Respiratory hospital Core analysis
NG effects admissions
Human exposure to Human All-cause mortality Coreanalysis
arsenic exposure Non cancer mortality
route: . Cancer mortality
Inhalation
and Nonfatal cancers
Ingestion Chronic bronchitis
1Q loss
Diabetes

(®) Marginal abatement costs represent the minimum costs necessamgdch a given objective, more precisely, the cost to
achieve the last unit of emission reduction necessary. Not directly assessing damage, they are not included in thetédilesing
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QUANTIFIED HEALTH IMPACTS

Human exposure to
cadmium

Human
exposure
route:
Inhalation
and
Ingestion

All-cause mortality

Nonfatal cancers

Osteoporosis (hip
fractures)

Core analysis

Human exposure to
chromium
(hexavalent)

Human
exposure
route:
Inhalation
only

Cancer mortality

Nonfatal cancers

Core analysis

Human exposure to
lead

Human
exposure
route:
Inhalation
and
Ingestion

All-cause mortality

1Q loss

Core analysis

Human exposure to
mercury

Human
exposure
route:
Inhalation
and
Ingestion

Cardiovascular mortality

1Q loss

Anaemia

Core analysis

Human exposure to
nickel

Human
exposure
route:
Inhalation
only

Cancer mortality

Non-fatal cancers

Core analysis

Human exposure to
1,3 Butadiene

Human
exposure
route:
Inhalation
only

Cancer mortality

Nonfatal cancers

Core analysis

Human exposure to
benzene

Human
exposure
route:
Inhalation
only

Cancer mortality

Nonfatal cancers

Core analysis

Human exposure to
dioxins and furans

Human
exposure
route:
Inhalation
and
Ingestion

Cancer mortality

Non-fatal cancers

Core analysis

Human exposure to
formaldehyde

Human
exposure
route:
Inhalation
only

Cancer mortality

Nonfatal cancers

Core analysis

Human exposure to
PAH (as BaP equiv.)

Human
exposure
route:
Inhalation
only

Cancer mortality

Non-fatal cancers

Core analysis
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Table3: Northealth impacts quantified in the present report
QUANTIFIED NON HEALTH IMPACTS

Exposure of crops to{0 Yield loss foll21 cropqdetailsin Annex 2) Core analysis

Exposure of forests to0 Loss in total biomasproduction for coniferous  Core analysis
and deciduous trees

Exposure of ecosystems to eutrophicatic Ecosystems damage in Natura 2000 areas (*) Core analysis

from total deposition of nitrogen (dry and

wet, oxidsed and reduced nitrogen)

Exposure ofitilitarian buildings to N&@ Degradation of stone and metalwork, particular Core analysis

and SQ@ zinc, galvanised steel
(*) For ecosystems damage marginal damage costs are calculated but they are not used in the calculation of exterratities in P
B d this report (cf. sectior3.5).

Damage costs are calculated, to the extent possible, for EEA38 + UK. They are calculated for the year 2017
and are applied to pollutant emissions from 2008 to 2017 to calculate externalities.

1.4 Major changes compared to the previous assessment

In previous assessments marginal damage costs covered the impact of one tonne of emission of a given
pollutant from acountry wherever the impacts occur across Europe. Europe was then defined as what
corresponds today to EEA38+UK. In the current assessment, damage costs for the main air pollutants are
additionally calculated for the damage occurring only in the emittemty. Damage costs occurring in

the emitter country Annex 4) are only presented for information and comparison. They are a subset of
the damage cost occurring in EEA38+UK. The two sets represent alternative indicators and must not be
added together. Thpreferred indicator set is the one presenting damage costs covering impacts wherever
they occur across Europe.

Dispersion and exposure modelling for the main air pollutants relies on the latest EMEP source receptor
matrices (SRMs) that have been updatettsithe last report. These counttg-grid SRMs link emission
reductions for each pollutant in each country to changes in concentrations and depositions of pollutants
across Europe at grid level with a horizontal resolution of>X@.3”. They are based aata (emissions,
meteorology) for the year 2017. In EEA (2014) the reference year for which damage costs were calculated
was 2010.

For the first time, health impacts (mortality and morbidity) of nitrogen dioxide are included in the damage
costs. N@requiring a higher resolution of exposure modelling than what is available via EMEP SRMs, the
surrogate model SHER@®A available at a horizontal resolution of 0.66°12° is used to derivBource
Receptor RelationshipSRRs) for NOHere, the reference yesa of the related input data are different:

2010 for emissions, 2015 for population).

Emission dispersion varies between different emission sources, particularly with respect to emission
height. Furthermore, some sources tend to be more closely situaigubpulation than others. In order

to account for such differences, sectoral adjustment factors were in the past applied to the average
damage costs per tonne of pollutant for the main air pollutants and their impact oss@kposure,
dependent on the souce of emissions for which externalities were to be calculated. In the previous EEA
report, sectoral adjustment factors developed in the EURODELTA Il project in 2008 and available only for
4 countries were applied to all countries. In the current asses$nsanh adjustment factors are calculated

for each country based on the SHERPA model and for exposure both t@aRd/INQ.

(19 https://agm.jrc.ec.europa.eu/sherpa.aspx
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For toxic metals and organic pollutants, exposure modelling has also been updated. Dispersion and
exposure modelling for heavy mésaand organic pollutants relies on the uniform world model discussed

in (Rabl, Spadaro & Holland, 2014) and applied in (Spadaro and Rabl, 2004). The model is used to calculate
the European population pollutargpecific intake fraction. The total intake sBbcomprises two pathways:

direct human exposure to contaminated air (inhalation), and indirectly from consumption of contaminated
water and food (ingestion). The pollutant transport in water and soil is modelled using the methodology
developed by the U.&PA (2005).

As far as health effects from the main air pollutants are concerned, in the core analysis we continue using
the exposureresponse functions from HRAPIE (WHO, 2013) that were also applied to the calculation of
damage costs in EEA (2014), extdepchronic mortality from N@ In a sensitivity analysis we test for the
impact of revised response functions for chronic mortality from:EMnN alternative response function for
chronic mortality from N@ and for additional impacts not included imardier analyses from stroke and
non-fatal myocardial infarction from PM (Table 2). We continue also using two complementary
approaches for valuing ntality: the value of a life year (VOLY), and the value of statistical life (VSL) (e.qg.
OECD, 2012). However, monetary unit values for mortality are updated, using the VSL from OECD (2012)
and a consistent VOLYable4). These updates are also applied in recent assessments for DG ENV (e.g.
Clean Air Outlook, Amann et al., 2020).

Table4. Monetary values for mortalityaluation in EEA 2014 and in the present report (in thousands)

ASSESSMENT VOLY VSL
99! HAMm Ole€sx ¢ 58 2220
99! HAmMm O0l€x ¢ 74 2832
99! HNHm O0le€x ¢ 101 3904

Further health impacts are also included for toxic mefBishe 5 indicates in boldont those health effects
taken into account this year but not in EEA (2014).

Tabk5: Additional health effects calculated in the present report for toxic metals

POLLUTANT CURRENT STUDY

Arsenic* All-cause, norcancer mortality, Cancer (fatal & noifatal), Chronic
bronchitis, 1Q loss and diabetes

Cadmium* All-cause mortality, Nonfatal cancers andOsteoporosis (hip
fractures)

/| KNRYAdzY 6KSELl @I f Cancer (fatal & nofatal)

Lead* All-cause mortalityand 1Q loss

Mercury* Cardiovascular mortality|Q loss andnaemia

Human exposure route: (hhalation and Ingestion( (nhalation only

The previous EEA report accounted for damage fromdBQnaterials. In the current report impacts of
NCOx are also accounted for. Unlike for other effects, these are not calculated using up to date exposure
modelling. Instead, previous unit cost data for repair & replacement are updated in line with inflation.

Concerning impacts of ozone, they are, as in the previous report, assessed using the AOT40 indicator. The
major difference compared to EEA (2014) cossist a significantly higher number of crop species
accounted for in the present report (121 compared to 20 in the older report). Impacts of ozone on forests
are calculated for the first time in the present report.
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MDCs for ecosystems impacts are alsouwated for the first time in the current assessment. Impacts
accounted for are exceedances of critical loads for eutrophication in Natura 2000 areas from total
deposition of nitrogen (dry and wet, oxsdid and reduced nitrogen). The approach used is the on
developed in the ECLAIRE project (Holland et al., 2015 a & b) with valuation based on Christie et al. (2012).

Compared to earlier assessments, the scope of the calculation of externalities is extended to include two
additional greenhouse gases: methaaed nitrous oxide. The previous reports calculated externalities
only for C@Qemissions.

Unit costs for valuating GQor CQ eq) impacts are updatedréble6). In the previous assessment £O
impacts were valued using marginal abatement costs based upon modelled carbon price forecasts for the
EU Emissions Trading System (ETS) used in policy modelling by the European Commission. In the present
report we use the values used in the DG Move Trartspost Handbook (EC, 2019).

Table6: Changes in monetary values for&@luation between EEA 2014 and the present report
e kK UGz2eyyS /h

99! HAamMNn O6€ HANpOL 9.5-38.1
99! HAMN O6€ HAMPL 12.1-48.6
99! HAHAN O6€ HAMPL 63- 199 (central: 105)

As further new element in this report, an attempt has been made to account for the fact that biomass
combustion is not necessarily carbon neutral. Installations can report two categories of carbon emissions
to EPRTR: Total G@&missions and G@missions excluding biomass. Unfortunately, only a limited subset

of facilities reports both. For those who do, damage from tota} @@issions and from G@missions
excluding biomass combustion are presented.

The previous assessmerdlculated damage costs for the year 2010. Given that the most recent SRMs

from EMEP relate to 2017 emissions and concentration levels and to meteorological conditions of the
same year, and in order to produce a data set as coherent as possible, wheragdrldempacts
contributing to the damage costs were calculated for 2017. This means that data on receptors (population,
ONR LA FT2NBadaxuv NBfFGS Ffaz2 G2 wnmt3 dzyf Saa &alLIS(
In the previous assessments, marginal damage costs apthaktosts of facilities were expressed in Euro
LINAOS o6FasS 2F wnnpd® LY (GKS OdNNByd lFaasSaayvySyd | ff

1.5 Structure of the report

The report is structured as follows. Chap2asresents the overall framework for quantifying externalities,
with information on the calculation and use of damage per tonne estimates. A detailed description of the
modelling undert&en to develop national average damage costs per tonne of pollutant is provided in Part
A, for the main air pollutants iGhapter 3 and for the heavynetals and organic pollutants thapter 4.

The approach to valuing carbon emissions is present€dapter5. The updated sets of marginal damage
costs are shown i@hapter 6. Part B presentthe results of the assessment of externalities of European
industrial facilities. It starts irthapter 7 with a quick assessment of completeness afigsion data
reported to EPRTR. Iithapter 8 a few comments on how externalities are calculated are provided.
Chapter9 presents he results on aggregated damage costs (externalities) caused by the industrial facilities
reporting to EPRTR. These are aggregated over Europe, individual countries and by seClwaptdén10
damage costs are presented for individual facilities. Part C concludes with a discussion on the use of
damage costs and perspectives for future work.
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2 The framework for quantifying externalities

2.1 The overall famework for analysis

The approach for quantifying externalities is outlined=igure8. The key inputs to the analysis are data

on emissions, taken fro the EPRTR, and marginal damage costs per tonne emission, averaged over all
source sectors or specific to industrial facilities through the use of sectoral adjustment factors. Multiplying
emission by marginal damage cost provides the estimate of ecordamage (externalities) linked to the
release of a pollutant. With those two types of input it is possible to calculate a variety of damage

estimates, as indicated in the figure.

Figure8: Outline for quantifying externalities afdustrial plant

Modelsfor derivation of
damage costs per tonne
of pollutant
Emissions data by plant Damage costs by pollutant
A 30, NOX, NH;, PM, VOGs and industry
A Toxic metals A Health
A Greenhouse gases A Ecosystems
A Bc. A dimate
A Bc.
Economic damage totaled by:
A Pant
A Country
A Pollutant
A Sector
If required, physical impacts
in terms of:
A Deaths
A Hospital admissions
A Casesof illness
A Bc.

Part A of this report concerns the models for derivation of the marginal damage costs, i.e. the damage

costs per tonne of emission (top right in the figure). Coverage of the models, input data, detailed
assumptions and calculations are presented, that lteisuthe calculation of an updated set of marginal

damage costs (per tonne of pollutant).

A description of the PRTR data set used and the combinationBFRE'R emissions with damage costs are
the issue of part B, resulting in the calculation of extdities for European industrial facilities (cf.
SO2y2YAO RIEYFAS G201 f f SR RgdreSLJRdsuislake prés2rdey iorifereX >

t

aggregations (individual facilities (top polluters), sector and country aggregates, for specific pollutant

groups or aggregated over all pollutaiXsh) @
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2.2 The impact pathway approach for deriving damage per tonne estimates

The impact pathway approach (IP#as developed in functional form under the ExternE (Externalities of
Energy) study funded by the European Commission in the early 1990s (ExternE, 1995, 1998, 2005). The
externalities, or external costs, referred to in ExternE are effects on third part@sgfrom an activity

that are not accounted for by those undertaking the activity. For the development of dicshpower

station, air pollution externalities include damage to human health, ecosystems and building materials.

The framework was devebed to be able to address in a consistent manner that made use of the latest
available scientific information any pressure that would generate external costs. As such it was designed
to address damage from occupational disease and accidents, noise, imtsusion of industrial plant,

water pollution and various other stresses. In all cases it provides a simple logical progression from the
generation of a burden (e.g. increased risk of accidents, or pollutant emission) through exposure of
sensitive recepts (people, ecosystems, buildings, etc.) to the burden, quantification of impact and finally
valuation.

An overview of the IPA for pollutant emissions is showRigure9. It shows a logical progression from
emission to monetary valuation, through pollutant dispersion and transformation, exposure of receptors
including people, materials and ecosystems, impact quantification and the translation of phigsitage

into monetary value. Whilst the overall framework for analysis has not changed for over 25 years, the
inputs to the modelling have been revised as knowledge of pollutant emission, exposure, effects and
valuation has grown.

Figure9: The impact pathway approach as it relates to pollutant emissions

Burden Pollutant emissions

The spread of pollution around the source,

——»| Dispersion and its chemical transformation in the
environment
The extent to which the population

—*| Exposure at risk is exposed to imposed burdens
Impacts on the number of premature

Impact deaths, ill health, lost crop production,

ecological risk etc.

Monetary equivalent of each impact

In the present study, pollutant emissions (the burden) are extracted frdfRER data base for the
submission years 2008 to 2017. Pollutants considered are

1 4YI A ydutahts phrticulate matter (P, PMyo), Sulphur dioxideSQ), ammonia (N§J,
nitrogen oxides (N and nommethane volatile organic compounds (NMVOCs),

1 heavy metals: arsenic, cadmium, chromium, lead, mercury, nickel,

organicpollutants: benzene, Polycyclic Aromatic Hydrocarbons, dioxins and tdans

1 greenhouse gases: carbon dioxide, methane and nitrous oxide

=

(1) Cf. footnote8 and sectiorb. 1.
(2 Damage costper tonne of emission are additionally calculated for 1,3 Butadam#formaldehyde, two pollutants that are
not included in the PRTR database.
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Dispersion modelling allows simulating changes in air quality (concentrations and depositions) due to
changes in emssions of atmospheric pollutants. Dispersion modelling for the main air pollutants relies on
runs from the EMEF®) MSGWest chemistry transport model (EMEP, 2019) for 2017 (in the form of source
receptor matrices, see below). This concerns the precursor pollutanis S® PMo, NH and NMVOC

and their contribution to the formation of concentrations of PMand to the formation of depositions of

total nitrogen, and the precursor pollutants N@d NMVOC for their contribution to the formation of
concentrations and deposition ofzAt relies also on the SHERPA model (Thunis et al., 2016), for instance
for the precursr pollutant NGand its contribution to the formation of NOThe contributions of the other
precursors, SOPMyo, NHand NMVOC, to N@ormation are negligible and therefore not considered any
further in the current assessment.

Information on air quaty from dispersion modelling is combined with data on the stock at risk (population,

ONR LA 9 T2NBaitar SO2aeaisSvyaz odzAit RAy3a X0 SELRASE
calculating the exposure they are subject to. The sources fgetllata are presented in the respective
Chapters of Part A.

For the toxic metals and organic pollutants, the European population polkstaatific intake fractions

are calculated using a multimedia impact pathway analysis based on the implementattoawfiform

world model(Rabl, Spadaro & Holland, 2014; Spadaro and Rabl, 2004). The total intake dose comprises
two pathways: direct human exposure from inhalation, and indirectly through dietary intake (ingestion).
The pollutant transport in water and #as modelled using the methodology developed by the U.S. EPA
(2005). The environmental fate analysis begins with the pollutant being emitted to air at a particular
physical location, followed by atmospheric dispersion, removal by dry and wet depositiotamd and

water surfaces, accumulation and transport in water and soil compartments, uptake by plants and animals,
and finally dietary intake of contaminated agricultural and animal products, including fruits and
vegetables, meats and milk {pyoducts,and consumption of tap water~{gure10). Bioavailability may
extend for decades into the future until the pollutant is either fixed to soils or ultimately settles in
waterbed sediment. Health burdens of pollutants are calculated ugioljutant-specific exposure
response associations for quantifying premature mortality (cancers and other causes of death) and
morbidity outcomes (anaemia, diabetes, osteoporosis, neurological disorders and respiratory impacts).
Physical burdens are thenanetised considering health care expenditures, costs to the individual, and the
impact of illness on quality of life due to pain and suffering.

In a next step, the impact of a change of exposure on health, crop yield, forest biomass production and
exceednce in critical loads is calculated in physical terms. This relies on exposure response functions,
linking changes in exposure to an increase in impacts. Based on incidence data, they allow calculation of
an attributable fraction of impacts to the changeexposure. These calculations are implemented in the
models AlpheRiskPoll and RiskPoll, respectively, for the quantification of impacts of main air pollutants,

on the one hand, and toxic metals and organic pollutants, on the other hand. For cropgs fanes
ecosystems, methods used are those presented in the Modelling and Mapping Manual (CLRTAP, 2017, ICP
Vegetation, 2018) of the Convention on LeéRgnge Transboundary Air Pollut{tf and for building
materials methods presented iExternE (2005). Bse approaches are describeddmapters3 and4.

The monetary equivalent of each impact is calculated by simple multipli¢®)ioheach impact category
with a corresponding marginal damage cost factor. This yields the monetary equi(@enage) of the
change in impacts following from a given change in exposure.

(3) https://femep.int/mscw/.
(14 http://www.unece.org/env/Irtap/welcome.html.html
(35 This is possible only because the expos@sponse functions used here are linear associations with exposure.
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This is the typical calculation chain following the impact pathway approach. It can be applied to quantifying
and monetizing the impacts of an emission source, a country ormegiof emission mitigation measures
and scenarios.

In the present study, where the ultimate aim is to develop marginal damage costs per tonne of pollutant,
the damage calculated due to a change in exposure is divided by the delta in emissions hatgrigded
change in exposure studied.

The IPA approach is applied widely for EC decisiaking®). It is a simple, logical and sequential
description of the evolution of impact following release of a pollutant and can integrate the latest scientific
data. Historically, the IPA has been used most extensively in characterisation of air pollutant damages for
example in the context of developing the emission ceilings directive or air quality directives (e.g. Holland,
2014). In recent years, soes@onomic assesnents for chemicals have used the IPA in relation to analysis

OF NNASR 2dzi dzyRSNJ G4 KS 9! Qa w9! /I o6wSIAAaGNIGAZY S
Regulation following guidance provided by ECHA (2011). Further examples exist, foreexarafaltion

to assessment of pesticides (Fantke et al., 2012).

The precise form of the IPA varies from pollutant to pollutant. In order of increasing modelling complexity
these are:

1 Unreactive fine particles, and some metals and organics for whichigiglssessed against
inhalation only (least complex) where exposure is modelled against the concentration of the
pollutant which stays in the form in which it is emitted.

1 Reactive pollutants such as SH; NOcand VOCs for which conversion to secondampsaol and
ozone needs to be modelled.

1 Some metals and organics where risk is associated with ingestion as well as inhalation, and for
which flows through the environment to food, water and milk may need to be modefgalie
10, complex, showing the pathways focussing on human exposure via emissions to air).

(19) It is the generally favoured approach, at least in terms of informing, directing and supporting EU Commission policy measures
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FigurelO: Pathways to exposure
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The IPA has not been used so extensively in policy development and appraisal of global problems, for
example in relation to the release of greenhouse gases (GHGs) and ozone depleting substances.
Concerning the economic damage linked to climate change,igbge is the presence of significant
uncertainties in the modelling of impacts, for example in relation to the size and wealth of the future global
population, its ability to adapt to a changing climate, and emission rates. As an example, Dong €bgl. (201
find an order of magnitude difference in GHG damage costs. Auffhrammer (2018) reviews the current state
of science, albeit with a particular focus on the damage costs used in the USA, and finds significant
deficiencies, both in the costs that are recommded and the studies that feed into them. The complexity

of this modelling and associated uncertainties has caused alternative approaches to be considered. Several
European studies including EEA (2014) have applied marginal abatement costs for valutt®GhG
emissions rather than damage costs although this raises questions of consistency for the overall
assessment of damage.

Vegetation

2.3 The use of damage per tonne estimates to calculate externalities of industrial facilities

The use of MDC estimates to calcelaiternalities of industrial facilities represents a simplified approach
compared to an analysis where all steps of the impact pathway approach were applied to each individual
facility. The latter would be extremely resource intensive and costly.

In the simplified approach the following steps are applied:

1. Calculation of averaged (averaged over all economic sectors) cespenific damage costs per
tonne of each (precursor) pollutant,

2. Estimation of factors to account for any systematic variation in daagt per tonne between
the national average and specific sectors (e.g. to account for typical differences in the location and
height at which emissions from industrial sources are released, which will affect dispersion and
hence exposure of people anda=ystems);

3. Multiplication of EPRTR emission data for each facility and pollutant by the national average
damage cost per tonne estimates for each reported pollutant, with the sesgtecific adjustment
factors applied to the main air pollutants.
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Part A:Calculation of marginal damage costanethods and results

3 Deriving marginal damage costs for the major air pollutants

3.1 Dispersion and exposure modelling for the pollution precursorg, I$Q, &, NMVOCs
and PMo

Except for Cg impacts of all pollutanten human health and the environment are evaluated based on
the Impact Pathway Approach. Depending on the complexity of the pollutant chemistry, on its dispersion
and on the exposure route, different models may be utilised. For the main air pollutantsasyeltuticles

and their precursors or £and their precursors, inhalation is the only relevant exposure route for the
human health impact. SONQ(and NH have also environmental impacts through depaosition of sulphur
and nitrogen compounds responsible feutrophication and acidification of water and terrestrial
ecosystems. Furthermore, ozone has harmful impacts on crops and forest, and can be responsible for loss
in agricultural yields. The complexity of transformation and chemistry of these pollutaatsrvolves
non-linear processes requires the implementation of chemistapsport models (CTMs) for the
guantification of health and environmental impacts of those pollutants, for which inhalation and
deposition are the main pathways for harmful impactshealth and ecosystems, respectively.

Modelling of main air pollutant dispersion and chemistry tracks pollutants in the atmosphere and follows
their chemical reactions, enabling quantification of the atmospheric transport and transformation
resulting fran the release of primary emissions. An important consequence is that effects caused by
secondary particulates or ozone are assigned to the primary pollutant (precursors) emissions from which
they are formed (e.g.in the case of PMSQfor sulphate aerosl, NQ for nitrate aerosol and NHor
ammonium aerosol). The modelling also allows accounting forlinear chemical interactions between

air pollutants, for example the effects of NMVOC emissions on secondary organic aerosols, or the effects
of NQ andNMVO@missions on grountkevel (tropospheric) ozone formation.

CTM models are adapted to calculate air concentrations of pollutants over large regions such as Europe
with spatial resolutions varying from 2kgkm to 50kmx50km. Because the objective ofethPA here is to
estimate a countnspecific avoided damage cost associated with emission reductions pFNQ, SQ,
NMVOC and N4da full run with a CTM reducing independently each pollutant over each country would
be heavily consuming in terms of coatptional time. For this reason, both the 2011 and 2014 EEA reports
were based on the use of EMEP Source Receptor Matrices (SRMs) released each year by EWIEP/MSC
under the UNECE LRTAP Convention. These matrices are based on sensitivity simulatiorisllof the
EMEP/MS@V Chemistry Transport Model. In a countoygrid configuration, they give the change in
various pollution levels (concentrations, deposition) in each receptor grid resulting from a change in
anthropogenic emissions from each individual coynfor natural emitter region). Such matrices are
generated by reducing emissions for each country (or region) of one or more precursors by a given
percentage (136 has been the choice). Over each country, the emission reductions of the five main air
pollutant precursors (N PMyo, SQ, NMVOC and NjHare modelled independently. But the reduction is

not specific to the different anthropogenic sectors (industry, transport, domestic, agriculture, etc., cf.
Chapter3.2).

Eionet Report ETC/ATNI 2/ 4 38



In the current assessment, the most recent EMEP SRMs (for the year 2017) at the time of writing the report
are used (EMEP, 2019) for calculating damage costs relative to heguitts and impacts on crops,
forests and ecosystems from major air pollutants. Compared to the SRMs used in earlier EEA reports, the
calculation of damage costs in the present report benefits from recent developments in the EMEP SRMs
(EMEP, 2018) assoadtto developments in the EMEP CTM model itself. In particular, the improvement

of secondary organic aerosol modelling had a strong impact on modelled concentrations, o{d?M
Chapter 5 in EMEP (2019)). We can also mention changes in modelled emissadnding shipping
emissions.

The EMEP SRMs are calculated for &Ihange in 2017 emissions. The 2017 emission data is given in
Table7.

Table7. National total emissions and emissions from sea regions for 2017 in the EMEP domain (in kt)

AREA/POLLUTANT NHs SQ NOx PM2s NMVOC Cco PMyo
Albania AL 24 13 25 15 39 177 19
Austria AT 69 13 145 16 120 529 28
Belgium BE 67 38 176 23 109 293 33
Bosnia and Herzegovina BA 21 170 31 14 33 96 26
Bulgaria BG 49 103 103 32 77 242 47
Croatia HR 38 13 55 17 63 197 25
Cyprus CYy 6 16 15 1 12 14 2
Czechia Ccz 67 110 163 40 207 819 51
Denmark DK 76 10 112 20 102 241 31
Estonia EE 10 39 33 9 22 138 14
Finland Fl 31 35 130 18 88 359 29
France FR 606 144 807 164 612 2695 254
Georgia GE 31 11 38 17 41 177 22
Germany DE 673 315 1188 99 1069 2832 206
Greece GR 56 57 255 26 199 323 56
Hungary HU 88 28 119 48 142 423 69
Iceland IS 5 50 23 1 6 113 2
Ireland IE 118 13 110 12 113 88 27
Italy IT 384 115 709 165 935 2331 196
Latvia LV 17 4 37 18 38 125 25
Liechtenstein LI 0 0 0 0 0 1 0
Lithuania LT 30 13 53 7 46 140 14
Luxembourg LU 6 1 18 1 12 22 2
Malta MT 1 1 5 0.24 3 6 0.38
Republic of Moldova MD 23 9 28 11 51 85 17
Monaco MC 0 0 0 0 0 1 0
Montenegro ME 2 47 14 5 8 26 12
Netherlands NL 132 27 252 14 252 564 27
North Macedonia MK 10 56 24 9 29 57 16
Norway NO 33 15 163 28 153 437 37
Poland PL 308 583 804 147 691 2543 246
Portugal PT 58 48 159 51 168 325 73
Romania RO 164 107 232 112 240 783 143
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AREA/POLLUTANT NHs SQ NOx PM. 5 NMVOC CO PMo

Russian Federation RU 1204 1663 3239 369 3734 12369 809
Serbia RS 65 420 148 39 125 268 53
Slovakia SK 27 27 66 18 89 365 23
Slovenia Sl 19 5 35 11 30 105 13
Spain ES 518 220 739 105 618 1309 172
Sweden SE 53 18 124 20 147 384 40
Switzerland CH 55 5 61 7 78 155 15
Turkey TR 740 2350 785 388 1099 2033 765
Ukraine UK 286 839 637 145 519 2481 216
United Kingdom GB 283 173 893 107 809 1555 171
Baltic Sea BAS 0 9 287 9 2 19 9

Black Sea BLS 0 40 90 6 1 7 6

Mediterranean Sea MED 0 603 1171 86 9 79 86
North Sea NOS 0 29 609 20 5 45 20
NE Atlantic Ocean ATL 0 403 773 57 6 54 57

In the present study we use the SRM data from EMEP for the; Bdhcentration precursor pollutants
NOs, SQ, PMyo, NH and NMVOCs, for the ozone (SOMO35 and AOT40) precursor pollutanendlO
NMVOCs and for the oxidized and reduced nitrogen deposition precursxandH.

Health impacts from the main air polluits are calculated not only for BMand Q but also for N@ EMEP
SRMs are not used for the Nrecursor pollutants. N&s a local pollutant exhibiting high concentrations
close to sources and a sharp decrease when moving away from them. Therefocaldhkation of N@
exposure (i.e. the sum over all grids in the domain of the grid concentration multiplied by the grid
population) requires high resolution modelling. A 8 2.3 degree resolution as in the 2017 EMERMS is

not enough to represent thesgpatial variations. A report published by VITO for the European Commission
(Maiheu et al., 2017) focused on bl@xposure assessment at a European scale. It highlighted the
sensitivity of N@ population exposure to different modelling parameters. Modelale§on was one
important factor. The authors evaluated errors introduced by.N@ncentrations smoothing over the
model grid. For exposuresponse functions with no NGhreshold, the errors introduced by smoothing
NG concentrations over a 7 khyrid were evaluated to range from %to 17 % Even if errors on this
order are not negligible, this grid resolution starts to be acceptable for assessingxp@sure. This grid
resolution is almost attained with the SHERPA model developed by tlié) JRi@seerrors are evaluated

to be much larger if the exposuresponse function used for N®ealth impacts includes a 20 pug®m
threshold (VITO, 2017) as is the case for the chronic mortality response function recommended by HRAPIE
(WHO, 2013). Indeed, the smdning effect will lead to reducing most of the Ng§did concentrations below

this threshold. In that case, the spatial resolution of the abmantioned tools (7, 10 or 25 Knis
probably not satisfactory.

Based on these findings, the following two deaisiovere taken:

1 The SHERPA model at 72grid is used in the current study to devel§RR$or NG precursor
pollutants

1 In the health impact assessment, the HRAPIE response function for chronic mortality fedsn NO
replaced by a more recent response function without-otftpoint (cf.Chapter 3.2).

(1") https://ec.europaeul/jrc/en/news/sherpacomputationatmodetbetter-air-quality-urban-areas
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SHERPA is a surrogate model trained on a full chentrammgport model (EMEP and CHIMERE). SHERPA
grid to grid Sourc&eceptor Relationships (SRRs) are constructed on the basis of a f&@7TNull
simulations (around 10). Two versions of the SHERPA tool exist. One is based on the CTM GHHIMERE (
et al., 2014 run at horizontal resolution of about 7knG0.062 0.12°)for the meteorological year 2009,
with emissions based on GAINS total emissions per cooliytant-sector for 2010 and gridded with
proxies from the MAGTNO emission inventoifyom the year 2010 and specific national inventories for
France and the URThunis et al., 2016). Another version has been developed more recently (Pisoni et al.,
2019) based on the EMEP M®Gnodel 4.9'8), for meteorological conditions from 2014, with a resolution

of 0.1°3 0.1° and with emissions provided by JRC for the yead ZTrombetti et al., 2017). The latter is
used for the calculation of sectoral adjustment factors (@fapter 3.2). However, it only calculates
concentrations of PMls, but not of NQ. Therefore, the older version, based on the CTM CHIMERE, which
is also at higher spatial resolution (7km compared to 10km), is used for SRR development fas O

the case for the EMEP SRMs, the method used ceniisteducing emissions of a selected precursor
pollutant in each country individually and to estimate the associated reduction in concentrations;to NO
in all European countries (the emitter country itself and all European receptor countries). BasedrRi/ASH
grid to grid SRRs, the impact of Ngnission reductions on N@xposure was calculated. The impacts of
reductions in the emissions of all other precursors on &posure have also been calculated with SHERPA
and found to be negligible. Therefore, rdurther assessment here is limited to the Nfdecursor NQ

Table8: National total emissions for 2010 for EEA38+UK countries in the SHERPA domain (in kt)

AREA/POLLUTANT ISO CODE NOx
Albania AL 22
Austria AT 192
Belgium BE 271
Bosnia and Herzegovina BA 39
Bulgaria BG 152
Croatia HR 65
Cyprus CY 16
Czechia Ccz 245
Denmark DK 133
Estonia EE 37
Finland FI 110
France FR 1113
Germany DE 1252
Greece GR 252
Hungary HU 134
Ireland IE 95
Italy IT 949
Latvia LV 32
Liechtenstein LI 1
Lithuania LT 53
Luxembourg LU 21
Malta MT 9
Montenegro ME 6
Netherlands NL 250
Norway NO 67
Poland PL 813

(18) https://acp.copernicus.org/articles/12/7825/2012/
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AREA/POLLUTANT ISO CODE NGOk

Portugal PT 193
Romania RO 218
Serbia RS 147
Slovakia SK 68
Slovenia Sl 37
Spain ES 841
Sweden SE 139
Switzerland CH 66
Turkey TR 821
United Kingdom GB 966

To summarise, we use three surrogate models which are trained either on the EMEP or CHIMERE
ChemistryTransport models. The combinations of models differ depending on the main air pollutant
considered:

1 PMs EMEP SRMs at 0.2x0.3degree resolution, sulesetyu refined with EMEP/SHERPA
correction factors calculated at 10km resolution;

1 O, Ndeposition: EMEP SRMs at to 0.2x0.3degree resolution;

1 NGOG: CHIMERE/SHERPA SRRs at 7km resolution.

Exposure of the population for BlY O; and NQ are calculated by matching the gridded concentrations
(from EMEP SRMs for RMand Q and from SHERPA SRRs fog) M@ih the most recent GHS population
data(*®) developed by the JRC that applies to the year 2015 (population data gridded 3t 1km

Note therefore that the calculation of health effects from bi@lies on input data for which the reference
year (2010 for emissions, 2015 for population) diverges from the reference year chosen (2017) for the
other impacts.

3.2 Calculating sectoral adjustment facs

We have used the SHERPA tool to calculate sectoral adjustment {(#}tthat are applied to the
calculations presented in Part B of this report. Indeed, this tool makes it possible to apply emission
reductions over a particular sector (at SNAP ldyeinstead of assuming homogeneous reductions over

all sectors, as is the case in EMEP SRMs (Source Receptor Matrices). The estimation of adjustment factors
relies on the calculation of sector SRRs (Source Receptor Relationships) and on the asses$ment of
deviation between the SRRs from different sectors. Correction factors reflect the normalised impact of an
emission reduction over one sector compared to the norsalimpact of a homogeneous reduction over

all sectors. A factor higher than one imgliéhat control measures will be more efficient in terms of
reduction in exposure for this targeted sector than calculated with the average SRM. By construction, the
correction values for the different sectors are interdependent (correction factor valuasot@xceed 1

for all sectors, there must be one or more sector with factors below one).

(19) https://ghsl.jrc.ec.europa.eu/ghs _pop2019.php
(%% EEA (2014) chose the terminologyatrection factom = ¢ KdzyAda S |t ® 6nwnmy o NBTFSNI G2 (GKS
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The calculated SHERPA SRRs relate gridded emission changes to gridded concentration changes simulated
by the CTM. This feature is not exempt from assumptions as theala€TM sensitivity simulations
underlying SHERPA do not explicitly isolate each activity sector. This means that when reproducing gridded
concentration changes due to a reduction in an industrial sector, SHERPA estimates the response of
CHIMERE to an aaged reduction applied over the mean vertical profile of all sectors (at the ground and

at the height of the industrial source if included on the grid), and not to the specific height of the industrial
sources targeted. This assumption has been addressé#e recent update of EMEBPHERPA (Pisoni et

al., 2019) which includes sectoral validation tests (albeit only for relative changes and not for absolute
deltas). Validation is however not complete as no tests of the ability of SHERPA to capture the model
sensitivity country by country, and for both sectors and precursors, have been performed. Nevertheless,
this particularity can be used to construct updated sector adjustment factors, accounting for sectoral
adjustments for each of the 31 European courgr@mvered in SHERPA (EU27 + UK, Switzerland, Norway
and Montenegro).

SHERPA relies on the sector nomenclature $§APhe same nomenclature was used to calculate sector
correction factors in the EURODELTA Il study, from which correction factordappi&A (2014) were
derived.

EPRTR emissions are reported according to their own specific nomenclature. An attempt was made in the
current project to create a mapping betweerPRTR and SNAP activity codes. The result is presented in
Annex 8.

For sectos for which a ondo-one mapping was possible, adjustment factors were calculated for the
individual SNAP sectors:

1 SNAP 01 (Combustion in the production and transformation of energy)
SNAP 03 (Industrial combustion plants)

SNAP 04 (Industrial processes withcombustion)

SNAP 05 (Extraction and distribution of fossil fuels and geothermal energy)
SNAP 06 (Use of solvents and other products)

SNAP 09 (Waste treatment and disposal)

=A =4 =4 4 =4

However, various PRTR activity classes refer to a combination of two or nsNAP sectors. Where
unambiguous matching between-ARTR and SNAP activities has not been possible, we calculated
aggregated adjustments factors over several SNAP classesnisee 7 and 8 for more details).

On this basis, adjustment factors were calcethin order to correct the impact of changes in emissions of
precursor pollutants (NQ SQ, PM, NMVOC and NjHon PM s and the impact on N&xue to changes in
emissions of the precursor pollutant MOThe resulting adjustment factors are multiplied hwithe
marginal damage costs for the respective precursor pollutant and the emissions of each facility. The
adjustment factors are presented iAnnex 7. No adjustment factors were calculated for correcting
marginal damage costs for ozone precursors. Ozeepollutant with a long lifetime that can be created

far from the zones where its precursors are emitted, and it shows regional patterns. Therefore, the
exposure of the population to Lwill not be impacted much by the localisation of the sectors that emits
the precursors.

It is the first time that adjustment factors are calculated for each country and sector, so this is a real
advancement compared to earlier work.Annex 7 the adjustrant factors are presented in detail and the
impact they have on the calculated externalities in Part B of this report is discussed.

(21 Selected Nomenclature fdAir Pollution http://en.eustat.eus/documentos/elem_13173/definicion.html
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3.3 Quantification and valuation of health impacts from £4O; and NQ

The overall approach for thguantification is the same as in earlier EEA reports. The SRMs from EMEP for
PMs and Q precursors and the SRRs developed with SHERPA foprd€ursors, combined with
population data, provide information about the reduction in the exposure te@ i@ and NO due to a
15%reduction in each of the precursor emissions. Based on expeasspmonse functions, the associated
reduction in health impacts and health costs can then be calculated. By dividing the avoided health costs
by the quantity of precursoemissions reduced, a countspecific external cost per tonne of pollutant is
estimated. It should be noted that current response functions are developed to link outdoor
concentrations to sanitary effects, even if the population spends part of the timmomd herefore, the
method is limited to outdoor exposure responses to emission reductions.

3.3.1 Quantification of health impacts from main air pollutants

The HRAPIE (Health Risks of Air Pollution In Europe) study led lhEW®S{ie in 2013 (WHO, 2013)
remains he most recent comprehensive review of air pollution epidemiology in Europe, covering both
response functions for mortality and morbidity for a range of pollutants {R¥Mo, NQ and ozone).

Since HRAPIE was completed, however, there has been a didistapansion of literature in the field.

The following summarises key findings since HRAPIE was published, first for mortality and then morbidity.

The WHO Systematic Review forBChen and Hoek, 2020) carried out as part of the review of the WHO
Air Quality Guidelines, and Pope et al. (2020) indicate that the HRAPIE function for mortality effects of
longterm exposure to PMs is conservative. This is particularly important as the effect of S
mortality dominates most economic analyses notyofdr impacts associated with direct emissions of
PM s but also for emissions of NHIO«xand S@through the formation of secondary PNwhich is formed

in reactions between pollutants in the atmosphere. Some increase above the best estimate of the
response function from HRAPIE of a relative risk (RR) for mortality of 1.062 / 1®B§4m is warranted

given that new peereviewed analyses all give best estimates of response that are higher. However, there
is significant variation between analyses dredween the regions considered in those analysis for the RR
per unit concentration of Piv:

1 1.07 / 10ug.m3 estimate of Chen and Hoek (2020) from 5 European studies included in their
review

I 1.08/ 10ug.m3 estimate from Chen and Hoek (2020) for all 1Qidigts included in their review

1.08 / 10ug.m3 estimate of Pope et al. (2020) for 33 selected studies included in their review

1 1.12 / 10ug.m3 estimate from Pope et al. (2020) for 10 European studies included in their

review(*?

The Systematic Reviesarried out on mortality impacts of N@xposure for WHO (Huangfu and Atkinson,
2020) assessed 41 studies. The analysis indicates a lower mortality response per unit exposure with a
relative risk of 1.02/ 10ug.rhcompared to 1.055/10ug.rfunder HRAPIEHowever, Huangfu and Atkinson
found no evidence for nofinearity down to low concentrations, drawing on observations down to a few
ug.m?, whereas HRAPIE had recommended apaint for analysis of 20ug.f with quantification only
applied to higher cocentrations, reflecting the lack of evidence at lower concentrations in the literature
at the time. The two components of the conclusions of Huangfu and Atkinson (2020) have different
consequences: the reduction in RR clearly reduces effects, whilstotidusion of linearity to lower
concentrations increases effects amongst those exposed to concentrations below Z0uhmindication

that there should be no cenff point for analysis is a significant and useful simplification for analysis at the
European scale, removing one step in the analysis, the quantification of the number of people exposed
over the cutoff point. Huangfu and Atkinson found no evidence of a response tet&ngexposure to
ozong?).

=

(39 It is understood that the relative risk of 1.12 from the Pope et al. (2020) review of the European studies is likehdtabd re
following further review of the studies included in the estimate.
(?®) This is inconsistent with Turner et al. (2016). Themeffurther work is needed.
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A third paper from the WHO Systematic Revié@gellano et al., 2020) considered mortality impacts of
shortterm exposure to pollutants. Their findings indicate an increase in the RR for ozone, from the
1.0029/10ug.n¥ from HRAPIE, to 1.0043/10ug®m

Turning to morbidity, numerous studies publishedce HRAPIE indicate significant association between
pollutants and additional impacts, for example on asthma (e.g. Jacquemin et al., 2015; Khreis e¥gl., 201
coronary heart disease (e.g. Cesaroni et al., 2014), dementia (Wang et al., 2020)esgokeheers et

al., 2015) and diabetes (e.g. Eze et al., 2015) that could add significantly to the benefits quantified under
HRAPIE. Analysis in the UK (Ricard®(;2Defra, 2020) goes so far as to indicate that the inclusion of a
range of morbidityeffects with longterm consequences would exceed mortality impacts when impacts
are monetised. Some other European analyses have shown potential for additional morbidity impacts to
add significantly to overall damage, but not to exceed damage relatedottatity (Amann et al., 2020).
Some others, however, indicate that additions to overall economic damage may be modest (e.g. Van de
Vel and Buekers, 2020).

Analysis in a number of countries continues to use the HRAPIE functions to a large extent ifralt enti

(e.g. Denmark: DCE, 2018; Finland: Savolahti et al., 2018; France: Schucht et al., 2015; and Germany: UBA,
HAMYZ HAM®DL P WS@ASs Ay | aiddzReé dzy RSNIiI 1Sy G2 Ay
2020) found no consensus across healthdegtpassessment and economic studies in Europe and North
America regarding which additional effects should be included and what precise response function should

be adopted. For the present analysis, the following positions are adopted:

1 That the HRAPIE fuien set remains in use for the core estimates. This is acknowledged as a
conservative position, biased to underestimation of health impacts. There is one exception to this:

f Use of the relative risk of 1.02 per 10ug/from Huangfu and Atkinson (2020) for
mortality impacts from chronic exposure to N@pplied without cut point at 20ug/f
but reduced to 1.008 per 10ugfto account for double counting of impact with the
function used for Pis mortality (reflecting thediscussion on double counting in COMEAP
(2018) and Ricardo (2020)).

1 Supplementary analysis is used to provide an indication of possible levels of underestimation of
impacts by using the HRAPIE functions. The supplementary analysis applied here includes:

1 An increased estimate of PM related mortality, using the relative risk of 1.08 per
10pg/m? overall estimate from Chen and Hoek (2020), compared to 1.062 per 10° ug/m
from HRAPIE. This is applied in the supplementary analysis rather than core because of
variability in estimates from the Chen and Hoek (2020) and Pope et al. (2020) studies. The
overall estimate from Chen and Hoek is preferred to their estimate based on European
studies only, given the much larger number of studies included in the former.

1 Use of the relative risk of 1.02 per 10ug/from Huangfu and Atkinson (2020), applied
without cut point at 20ug/m.

9 Adoption of additional response functions for stroke and cardiovascular disease via
incidence of norfatal myocardial infarction linked tBM, s exposure.

Inclusion of additional response functions for childhood asthma and diabetes was considered and rejected
as these effects were only included in UK analysis (Ricar@0, P@fra, 2020). Inclusion of lung cancer
morbidity was rejected althagh it was included in a few studies, because associated estimates of
economic damage were insignificant.

Table9 summarised the response functions used in the core analysis.
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Table9:

Response functions used in the core analysis

END POINT IMPACT  POLLUTANT1 RELATIVE RISKS SOURCE FOR RESPOMN
FUNCTION

Acute Mortality (All Premature 03] 1.0029, 95%CI 1.0014 to 1.004: Katsouyanni et al., 2009

ages) deaths per 10 pg.m3

Respiratory hospital Cases 1.0044, 95%Cl 1.0007 to 1.008:

admissions (>64) per 10 pg.m3

Cardiovascular Cases 1.0089, 95%CI 1.0050 to 1.012

hospital admissions per 10 pg.m3

(>64)

Minor Restricted Days 1.0154, 95%CI 1.0060 to 1.024! Ostro and Rothschild,

Activity Days (MRADs per 10 pg.m3 1989

all ages)

Chronic Mortality (All Life years PMs 1.062, 95%CI 1.040 to 1.083 pe Hoek et al., 2013

ages (*)) YOLL lost 10 pg.m3

Chronic Mortality Premature PMs 1.062, 95%CI 1.040 to 1.083 pe

(30yr +) deaths deaths 10 pg.m3

Infant Mortality (1 Premature PMio 1.04, 95%CI 1.02 to 1.07 per 1( Woodruff et al., 1997

month-1yr) deaths pg.m3

Chronic Bronchitis Cases PMo 1.117, 95%CI 1.040 to 1.189 pe Abbey et al., 19953, b,

(27yr +) 10 pg.m3 Schindler et al., 2009

Bronchitis in children Added PMo 1.08, 95%CI 0.98 to 1.19 per 1( Hoek et al., 2012

aged 6 to 12 cases pg.m3

Respiratory Hospital Cases PMs 1.019, 95%CI 0.9982 to 1.040z APED study, 2062009

Admissions (All ages) per 10 pg.m3 (**)

CardiacHospital Cases PM s 1.0091. 95%CI 1.0017 to 1.016

Admissions All ages) per 10 pg.m3

Restricted Activity Days PMs 1.047, 95%CI 1.042 to 1.053 pe Ostro, 1987

Days (all ages) 10 pg.m3

Asthma symptom Days PMuo 1.028, 95%Cl.006 to 1.051 per Weinmayr et al., 2010

days (children &19yr) 10 pg.m3

Lost working days Days PMs 1.046, 95%CI 1.039 to 1.053 pe Ostro, 1987

(1564 years) 10 pg.m3

Bronchitis in children Added NG 1.021. 95%CI 0.99 to 1.06% per McConnell et al., 2003

aged 5to 14 cases pg.m3

Respiratory Hospital Cases 1.018, 95%CI 1.0115 to 1.0245 APED study, 2062009

Admissions (All ages) per 10 pg.m3 (***)

Chronic Mortality (All Life years 1.02, 95%CI 1.01 to 1.04 per 1( Huangfu andAtkinson

ages) YOLL lost pg.m3 (2020), COMEAP (2018)

Chronic Mortality Premature 1.008 95%CI 1.004 to 1.016 pe and Ricardo (2020)

(30yr +) deaths deaths 10pg/m (**)

(*) The YOLL calculation is based on analysis that considered the over 30 years population oelypessed the
result as the change in YOLL per ugBmspread across the whole population. (**) Reduced to 1.008 per 10py/m
from 1.02, 95%CI 1.01 to 1.04 per 10 p§imaccount for double counting of impact with the function used for

PM.s mortality. (*** ) Reference to APED refers to a series of European studies reporting between 2000 and Z
(Amann et al., 2020): further details are provided in the HRAPIE report (WHO, 2013).

Information on the incidence of morbidity (hospital admissions, rates forrebrbronchitis, etc.) were
taken from an earlier review by Holland (2014a). Data on population, mortality and life expectancy are
taken from the UN World Population Prospects 2399medium variant.

(24 https://population.un.org/wpp/.
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3.3.2 Monetisation of health impacts from main air pollutants

With respect to valuation, the development of recommendations for updating the unit values is not
straightforward, given a lack of consistency in the literature and the diversity of health metrics (values per
case of new incidence, per prevalent case, ga&y, etc.) covering different effects. A review has been
carried out (Amann et al., 2020) covering European and international valuation studies to identify best
estimates for valuations of each health impact covered by the impact assessment. Thesesardqst in
Tablel0, updated to 2019 values (Amann et al. cite values in 2015 prices).

Table1l0: Values adoptedfoK S £ 6§ K AYLI OG @l tdzZ A2y deX Hnmdp DI €

Effect Updated figures Main source(s)
Effects included by HRAPIE
Mortality ¢ value of statistical life € oddn YA Basedon OECD (2012)
(VSL)
Mortality ¢ value of a life year € Mn MZXZnH Previougnedian estimate increased in proportion to th
(VOLY) increase in mean VSL to reflect OECD (2012)
Infant Mortality (per death) € pdy c YA BasedonOECD (2012) (factor 1.5 higher than averag
adults)
Chronic Bronchitis in adults (pe € cy XZoy o Maca(®d1l), Holland (2014b) with concerns over sevel
case) of air pollution related bronchitis
Bronchitis in children (per event) eoyn Hunt et al. (2016)
Respiratory Hospital Admission: € pXmno Broadly midrange from estimates and similar to D(
(per case) (2018)
Cardiac Hospital Admissions (pe € cZoT ¢ Broadly midrange from estimates and similar to D(
case) (2018)
Restricted Activity Days (per day) €Mn N Hunt et al. (2016)
Minor restricted activity days (per EPM Hunt et al. (2016)
day)
Work lossdays (per day(f®) €EMCC Amann et al. (2017)
Asthma  symptoms, asthmatic €epn Holland (2014), \& EPA (2011)

children (per day)

Additional effects for supplementary analysis

Stroke (per case) € pnHIcc Average of Astrom (2019) and Ricardo2@0
Nonfatal myocardial infarction € p®ddc o Average of Astrom (2019) and Ricardo2@0
(per case)

As the table indicates, two alternative approaches are used for valuing mortality: the value of a life year
(VOLY), and the value of a statistical (WSL). VSL is an estimate of damage costs based on how much
people are willing to pay for a reduction in their risk of dying from adverse health conditions. VOLY is an
estimate of damage costs based upon the loss of life expectancy (expressed as ppeamsiaf life lost).

This measure takes into account the age at which deaths derctire following, when presenting marginal
damage costs (Part A) and externalities of industrial facilities (Part B), it will always be indicated whether
the underlying helth damage relies on mortality valuation using VOLY or VSL. The lower estimate is the
one using VOLY, the higher the one using VSL.

(35 The European Chemicals Agency (ECHA) has adopted an approach to valuing the social cost of unemployment
(https://echa.europa.eu/documents/10162/13555/seac_unemployment_evaluation_en.pdf/af3a65&6549bb-84a3

2c1bchc35d2pbthat includes aspects, such as theueabf productivity loss, that are also relevant in the valuation of work loss
RFead 9/1!1Qa ¢2N] aKz2dAZ R 06S aasSaaSR FT2NJ I LlaaroftsS AyOf daa:
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3.4 Quantification and valuation of impacts on crops and forests fram O

In the quantification of ozone impacts on crops, tBEA (2014) analysis used the concentration based
AOT40 (Accumulated Ozone exposure over a Threshold of 4@%istalicator. Over the last years, various
studies have used the more recent stomatal ozone flux indicator (PODy) to assess damage from ozone to
crops and forests (Mills & Harmens, 2011; Anav et al.62€f1 also Castell & Le Thiec, 2016, Holland et

al., 2015a & b, Schucht et al., 2@1%or an overview of recent studies). The floased approach is the

one currently supported by science asiibg@uces results that coincide better with observations of ozone
damage on vegetation than the results of the metric AOT40 (Hayes et al., 2007). The choice of the metric
can also matter when it comes to assessing policy effectiveness. An Eionet repotte(€béd., 2018)

found that using the AOT40, ozone detrimental impacts on crops would decrease frofifh8.990 to
10.2%in 2010, whereas using the PODy, no substantial improvement is found (change frofrtb4.9
13.3%in the same period), using theusie original information in terms of ozone concentrations.

However, currently no PODy SRMs are available. For the time being, the calculation of impacts of ozone
on crops and forests hence needs to continue using the AOT40 indicator.

Impacts of ozone orrops and forests are estimated by the ICP Vegetation of the Air Convention (CLRTAP).
The methodologies for crop impact assessment and desponse functions for Europe are published in

the CLRTAP mapping manual (CLRTAP, 20Bfter 3 and the Scientifisackground document A (ICP
Vegetation, 2018).

3.4.1 Crop assessment

EMEP SRMs linking reductions inkd@d NMVOC emissions to changes irc@centrations (expressed
in the AOT40 indicator) are available for the EEA38+UK emitter countries and quantify dhnaozmse
for the same countries.

Doseresponse functions link the impact on the relative yield of a crop to the exposure to ozone. Whereas
response functions in ICP Vegetation (2018) are expressed with a positive intercept, Van Dingenen et al.
(2009) sca these into functions with a zero intercept at zero ozone, thus allowing to calculate the impact
on crop yield (the relative yield loss, RYL) by multiplying the AOT40 with the response function.

Y®O 00 tYm |
with RYL: relative yield loss

This is done for four crops: wheat, maize, rice, soy.

Tablell: The/ coefficients for the exposwresponse equations

Wheat Rice Soy Maize
) 0.0163 0.00415 0.0113 0.00356
Source: Van Dingenen et §2009)

In the present study, response functions for other crops are estimated by scaling with the relative
sensitivities of crops presented in ICP Vegetation (2010/4)I€12).

(2% The sum of the differences between hourly ozone concentration4thgpb for each hour when the concentration exceeds
40 ppb during a relevant growing season, e.g. for forest and crops.
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Tablel2: Grouping of crops by relative sensitivity score (in brackets)

Sensitive Moderately sensitive Tolerant
Peas and beans (including Alfalfa (0.86) Strawberry (0.99)
peanut) (0.70) Water melon (0.86) Qat (1.00)
Sweet potato (0.72) Tomato (0.87) Broccoli (1.05)
Orange (0.73) Qlive (0.87)
Onion (0.77) Field mustard (0.88)
Turnip (0.78) Sugar beet (0.89)
Plum (0.78) Oilseed rape (0.89)
Lettuce (0.81) Maize (0.90)
Wheat (0.82) Rice (0.91)
Soybean (0.82) Potato (0.91)

Barley (0.94)

Grape (0.95)

The response function for potatoes, as an example, is calculated as

Yo TBIp gop TWOPI P TG

This is the approach applied in ECLAIRE (Holland et al., 2015 a & b). We chose wheat as reference because
there is far more European literature on wheat than on rice, soy or maize. For crops not explicitly stated
inthistablewe alsofof 26 GKS F LIIINRIF OK | LILJX ASR Ay 9/[!'Lw9> O
are regarded like oat as being tolerant, and legumes generally are regarded like peas and beans as being
highly sensitive. Other crops not covered by the functions deriveedas are taken to have similar
aSyardAagaide G2 3AINFLIS:T GKS tSrad aSyaradaosS 2F GKS
¢KS 23420 F2N) R2LIWIAY3T GKS TFdzyOlAzy F2NJ GKS S|
experimenation tends to focus on species and cultivars for which a significant response has been observed

at some time. A lack of data for a crop might therefore suggest that it is unlikely to be highly sensitive, and
hence that it is either tolerant or moderategensitive. The sensitivity of grape is thus taken as indicative

2F (GKS ONBI1l LRAYUG 0SG6SSy GKS Gg2 aSyardagarie Of

Multiplying the response functions with AOT40 data gives a relative yield loss in percent. This needs to be
combined with crop datani order to assess the value of the crop yield lost due to ozone exposure. The
response functions indicate a linear relationship between the selected metric of ozone exposure and yield.
Further following the ECLAIRE approach we assume that the valuedoogelover the range of possible
changes in 0zone exposure is also linear. This makes it possible to use the change in economic production
directly(®).

We use European crop production data for 2016 (2017 was not available) from the UN Food and
Agriculture Organizatio(FAGF®) expressed as Gross Production Value in 000 $int (constant Z008).

We converted from US Dollar to 20@006 Euro using the PPP exchange (fgtécf. Annex 3) of 0.8416
(average over the three years) and correctedfoy Tt I G A 2y F 2.NJusing tBe HIAPIR(EF.G S G 2
Annex 3) correction factor 1.2755 for EU28 (using the average for-2008). Production value data for

each crop at country level was thus obtained for about 120 crop specie&nfuéx 2). Production data
summed over all crops at country level are givemablel3.

(2" A more detailed assessment, leaving possibility for the value of crops varying idiag@rfashion with yield over the range
of interest, would go first through a calculation of the change in yield and then to valuation.

(38) http:/lwww.fao.org/faostat/en/#data/QV.

(2°) OECDhttps://data.oecd.org/conversion/purchasinpower-parities-ppp.htm.

(39 EUROSTAIttps://ec.europa.eu/eupstat/web/hicp/data/database
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Table1l3: Crop production 20163 2 G | f

a

0¢e

Oaydzy G NB O0AY nnn

ISO: COUNTRY NAME: TOTALS BY COUNTRY
AL Albania 921 556
AT Austria 1749 969
BA Bosnia and Herzegovina 832 890
BE Belgium 2513 345
BG Bulgaria 2942961
BY Belarus 3579731
CH Switzerland 665 030
CY Cyprus 125 748
cz Czechia 2381501
DE Germany 14 682 998
DK Denmark 2088 782
EE Estonia 245 167
ES Spain 24 041 507
FI Finland 748 231
FR France 21 319 604
GB United Kingdom 6 790 553
GR Greece 6 878 750
HR Croatia 1597 955
HU Hungary 4 326 048
IE Ireland 645 786
IS Iceland 4211

IT Italy 21 736 958
LI Liechtenstein 132

LT Lithuania 1439 235
LU Luxembourg 37 268
LV Latvia 724 707
MD Republic of Moldova 1577 964
ME Montenegro 53778
MK North Macedonia 782 260
MT Malta 34178
NL Netherlands 4147 199
NO Norway 332123
PL Poland 12 729 648
PT Portugal 2 664 664
RO Romania 7276 036
RS Serbia 3610 803
SE Sweden 1376 410
Sl Slovenia 283979
SK Slovakia 1180 955
TR Turkey 32994 017

Source: FAttp://www.fao.org/faostat/en/#data/QV/metadata
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With crop data available only at national level (not at grid level), the grid level ozone concentration data
was aggregated at national level. Based on this data, the economic value of crop loss wateddimula

each crop at the national scale. Crop loss was then aggregated over all crops at country level. In more
detail, for each emitter country, the crop loss value in the emitter country and in all other countries, due
to a 15 % emission reduction of edcozone precursor (NQ NMVOCS) in the emitter country, was
calculated. In this way, the crop loss value resulting in the emitter country and the damage resulting in
EEA38+UK was calculated.

Dividing finally the production loss value by the quantity incprgor emissions corresponding to %&of
GKS SYAGOSNI O2dzyiNEQa wnamT SYAadarazya &AStRa GKS

3.4.2 Forest assessment

The approach applied to forests follows that of crops. Desponse functions for a limited number of

tree species (birch, beech; oak; Norway spruce, Scots pine) are available in ICP Vegetation (2018). They
present the relationship between AOT40 exposure and percentage reduction in total and-gioovel

biomass production. We assume that coniferous trees carepeesented by the doseesponse function

for Norway spruce (0.00154) and deciduous trees by the function for beech and birch (0.00732).

Following the ECLAIRE approach (Holland et al., 2015 a & b), we use forest production data for 2017 and
associated d@ on the gross value added (GVA) of forestry and logging activity, both taken from Eurostat.
DNRaa @FfdzS RRSR 2F (GKS T2 NB &diy MEBEUA7YURYZIVE dodverth & | D1
0 KSa$S Ribtiirdughi@adustment for inflation (correction factor of 1.03393, cf. HICP daariex3,

using the values for EU28).

Tablel4 DNR &a @I tdzS FTRRSR 2F (KS T2NBailNBugA YRdza i NBE A

COUNTRY ISO 2017
Albania AL

Austria AT 1108
Bosnia and Herzegovina BA 521
Belgium BE 86
Bulgaria BG 241
Switzerland CH 341
Cyprus CY 4
Czechia cz 1241
Germany DE 3294
Denmark DK 306
Estonia EE 258
Spain ES 1029
Finland Fl 3912
France FR 3435
United Kingdom GB 663
Greece GR 68
Croatia HR 202
Hungary HU 257
Ireland IE 55
Iceland IS

(31 https://ec.europa.eu/eurostat/databrowser/view/tag00058/default/table?lang=en
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COUNTRY ISO 2017
Italy IT 2231
Liechtenstein LI

Lithuania LT 219
Luxembourg LU 33
Latvia LV 406
Montenegro ME

North Macedonia MK

Malta MT 0
Netherlands NL 146
Norway NO 666
Poland PL 1970
Portugal PT 901
Romania RO 1352
Serbia RS

Sweden SE 3642
Slovenia Sl 276
Slovakia SK 440
Turkey TR

Kosovo XK

No damage costs were calculated for the countries missifi@gidel4. For the others, needing to divide
GVA data between coniferous and deciduous tspecies, we use Eurostat data on coniferous and non
coniferous productiof? under bark in 2017 in 1000 incalculate the ratio of coniferous and non
coniferous production in the sum of the two, and apply this ratio to the total roundwood G\281in,
assuming that the GVA for total roundwood production is proportional to the share of the productions of
coniferous and noftoniferous species.

Tablel5: Coniferous and neooniferous roundwood production in 2017 tfiousand cubic metres)

COUNTRY COUNTRY ISO CONIFEROUS NONCONIFEROUS
Albania AL

Austria AT 14595 3052
Belgium BE : :
Bulgaria BG 2998 3200
Switzerland CH 2924 1559
Cyprus CcYy 14 1
Czechia Ccz 17735 1652
Germany DE 40895 12596
Denmark DK : :
Estonia EE 5773 4175
Spain ES 9211 8354
Finland FI 50206 13074
France FR 19301 31899

GdTKS G SNY
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COUNTRY COUNTRY ISO CONIFEROUS NONCONIFEROUS

United Kingdom GB 10289 645
Greece GR : :
Croatia HR 875 4433
Hungary HU 951 4738
Ireland IE 3119 102
Iceland IS : :
Italy IT 2500 10552
Liechtenstein LI 5.84 2.77
Lithuania LT 3747 3000
Luxembourg LU 252 181
Latvia LV

Montenegro ME

North Macedonia MK : :
Malta MT 0 0
Netherlands NL 957 2194
Norway NO 10863 1355
Poland PL 34947 10402
Portugal PT 3980 9553
Romania RO 5278 9213
Serbia RS : :
Sweden SE 65880 7000
Slovenia Sl 2905 1604
Slovakia SK 5518 3843
Turkey TR

For countries for which data are missingTiable15, the share between coniferous and noaniferous
roundwood production was estimated as indicatedable16. No data was found for Malta.

Tablel6: Gap filling data and sources for countries missing in the previous table

ASSUMPTION ABOUT RELATIVE SHARES OF CONIFEROUSZENNDAEBIOUS IN TOTAL FOREST BIOMASS

PRODUCTION
Country Coniferous Nor- Source
coniferous

Belgium 0.44 0.56 https://www.cnc-
nkc.be/sites/default/files/report/file/national_forest_accounting_plan_
_belgium.pdf

Denmark 0.54 0.46 http://docs.gip-ecofor.org/public/echoes/EchoeBenmarkRepokt
February2010.pdf

Greece 0.43 0.57 https://ypef.weebly.com/greece.html

Latvia 0.46 0.54 https://ypef.weebly.com/latvia.html
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As was the case for crops, forest data is available omgtainal level (not at grid level). Grid level ozone
data, therefore, were aggregated at national level. Based on the AOT40 data corresponding % a 15
emission reduction of ozone precursors (NAMVOCSs) in each emitter country and based on the dose
response functions, the economic value of forest production loss in the emitter country and in all EU27+UK
countries was calculated. Dividing finally the production loss value by the quantity in precursor emissions
correspondingto 1862 ¥ (1 KS S Y s 201 BemilsdibAsdaglds kiE @amage per tonne of pollutant
(MDC) result.

Note that ozone impacts on forests cannot be calculated for the complete EEA38 +UK country list as is the
case for health impacts from fine particulate matter, ozone, toxic metalsoaganic pollutants, but only
for EU27+UK.

3.5 Quantification and valuation of impacts on ecosystems from eutrophication

Ecosystems impacts are also included for the first time in the calculation of MDCs. Although uncertainty in
guantifying ecosystems and biegirsity impacts is still high, it was decided to calculate biodiversity effects
from exceedances of critical loads for eutrophication in Natura 2000 areas. In this we follow the approach
of the ECLAIRE study (Holland et al., 2005 a & b). The reasonsawdaycillation of ecosystems effects is
limited to Natura 2000 sites are the following. A willingness to pay estimate is used for monetisation, from

I addzReé FaaSaaiay3da NBalLkRyaS (2 GKS ! YQa 0A2RAOSNA
of whether willingness to pay will be similar when sites are not restored, and Member States are legally
responsible for preserving Natura 2000 sites. The assessment here is limited to eutrophication because
exceedances of critical loads for acidificateme currently much less important than for eutrophication.

The rationale is that including impacts from acidification would not have an important impact on overall
results. Even though the monetised impacts are low compared to health impacts, the potijcatance

of biodiversity, and the extent of critical loads exceedances for nitrogen, are high.

Impacts accounted for are exceedances of critical loads for eutrophication in Natura 2000 areas from total
deposition of nitrogen (dry and wet, ox@id and reduced nitrogen). The reference scenario and the EMEP
SRMs representing changes in the deposition of oxidised, reduced and total nitrogen for the precursors
NO«and NH(*) were provided to the Coordination Centre for Effects under the LRTAP Comyémnigied

by the Umweltbundesamt (UBA) in Germany, who develops and maintains the critical loads data base.
Critical loads represent an estimate of an exposure to one or more pollutants below which significant
harmful effects on specified sensitive elemsndf the environment do not occur according to present
knowledge. On behalf of the ETC/ATNI the CCE carried out the calculation of the changes in exceedances
of critical loads for eutrophication due to changes in oxidised and reduced nitrogen represgnthd b

EMEP SRMs.

The CCE based their calculations on the most recent European critical loads dataset (as described in
Hettelingh et al. 2017) and the provided deposition data (including the reference and reduction
scenarios). The exceedance was calcdldite every available critical load value and later aggregated on

the basis of the deposition grids. The delivered results contain information about the share of the receptor
area with critical load exceedance within each analysis grid and the total mcaga.

The gridded results were then matched with the localisation of Natura 2000 areas
(https://lwww.eea.europaeu/dataand-maps/data/naturall) from which lakes are subtracted
(https://www.eea.europa.eu/dataandmaps/data/wiselargeriversand-largelake§ and the surface
area of the Natura 2000 areas calculated, for which critical loads are exceeded.

A limitation for the calculation of ecosystems damage is that the EMEPageidslatively big and Natura
2000 areas sometimes only concern part of the grid. Several assumptions had to be made for matching
grid area with critical loads exceedances to Natura 2000 areas in a given grid.

(33 We also calculated the impact of emission reductions of the other precursors faputation (PMo, NMVOC and SPon
the N deposition but these turned out to be negligible and were those excluded from the assessment.
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A first assumptions was made when matchimigimation on CL exceedances with Natura 2000 areas per
grid: If exceedances exist in a grid and if the grid contains a Natura 2000 area, we assume that the
exceedance is situated in the Natura 2000 area (these are sensitive areas). There may therabeasmer

for which we made the following assumptions:

1 The exceedance in a given grid concerns an area of the same size as, or larger than, the Natura
2000 area in the same grid => we calculate the damage for the whole Natura 2000 surface in the
grid,

1 The xceedance in a given grid concerns an area smaller than the Natura 2000 area in the same
grid => we calculate the damage for the area with the exceedance (i.e. for the part of the Natura
2000 that corresponds to the area size with exceedance).

The differerce in area exceedances between the reference and the two reduction scenarios yields the
damage avoided due to 1% emission reductions of NGand NH. Dividing them by the quantity of
emissions corresponding to the Y%reduction yields damage per tonne@ission estimates. The caveat

of this approach is that benefits are only accounted for where area goes from exceedance-to non
exceedance and that no benefit is attached to other reductions in deposition.

With respect to the monetisation of damage to egstems, the current report follows also the approach
developed in the ECLAIRE project, by basing valuation on Christie et al. (2012). ECLAIRE (Holland et al.,
2015 a & b) compared the results obtained with this willingness to pay study to results obtsited
alternative approaches (repair costs and regulatory revealed preference) and found that the different
methods generated estimates of a similar order of magnitude. These authors considered the Christie et al.
(2012) approach as the most robust, evdroiigh it does not account for differences in preference
between countries (given that studies similar to Christie et al. have not been performed elsewhere).

.FaSR 2y (KA dlddzRes 9/ [!'Lw9 OF t QefolpiofededUK sie® y S G I N
FGd NARal® ¢KA O2NNBalLRyRa G2 I NI v%3®). Asyas e casdzS & (¢
in ECLAIRE, we apply the lower value to exceedances of critical loads in protected sites at risk in all
countries. No consideration isvgn to unprotected sites, recognising that the Christie et al. (2012) work

gl & LISNF2NYSR F3aFAyad GKS oFO13aNRBdzyR 2F GKS ! YQa

Damage costs for ecosystems effects are not included in the externality assessment in Part B afrthis rep
as the MDCs became available too late for inclusion in the calculations.

a
a

3.6 Quantification and valuation of impacts on building materials for &0 NG

There has been no significant development of the methods and response functiomsaiatification of
materials damage, or the inventories of stock at risk (describing the quantities of sensitive materials such
as stone, mortar and metal exposed to the atmosphere) since the previous report (EEA, 2014). The
methods for calculating impactsn building materials, and in particular the response functions, are
described in ExternE (2005).

Values for materials damage per tonne emission of&@ SQare taken from earlier results of the CASES
study, using methods described in ExternE (200%) BEEDS (2008), updated for inflation using the
O2NNBOGAZ2Y T Ol 2N msbind 1 IIINFbR@ RO dd/ fep@deiit dahdhgk 1O Gtilitdrigh €
buildings only and take no account of damage to cultural heritage (monuments and fine buildings)

(3% Through multiplication with the factor 1.2758 from HICP (Eurostat) for EU28.
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4 Deriving marginal damage costs for toxic metals and organic pollutants

4.1 Dispersion and exposure modelling

For metals and organic compounds, a maigdia approach is necessary in order to model dispersion and

to quantify exposure, sinagot only inhalation is relevant for human exposure but also and predominantly

for several pollutants, ingestion through comsption of foods and drinks. Modelling heavy metals and

organic compounds therefore includes transfers in air, water and soil together with data related to
ingestion of food and drinks to account for all exposure routes. Chemistry of these pollutanteislye

f Sa4a O2YLX SE YR &AYLX SN WL 4aA0SQ Y2RSta OFy 68
WYFAYQ FAN LRffdzilt ydaed ¢KS S ERigaralazndbcovellinhdtation @and 6 S NI
ingestion ofcontaminated agricultural produce, fish and watéhe model used in the present study is the

uniform world model (Rabl, Spadaro & Holland, 2014; Spadaro and Rabl, 2004).

4.2 Quantification of health impacts

Many micropollutants emitted to air by industrial difities, including activities related to waste
management and from combustion of fossil fuels, are toxic to human health. Of major concern are public
and occupational exposure to the heavy metals: arsenic (inorganic), cadmium, mercury (through exposure
to methykmercury), lead, hexavalent chromium and nickel, and the organic compounds: 1,3 butadiene,
formaldehyde, benzene, polycyclic aromatic hydrocarbons PAH (particularly, benzo[a]pyrene and several
isomers in the family of dibenzopyrenes), and didiia substances (more precisely, polychlorinated
dibenzaep-dioxins, PCDD, and polychlorinated dibenzofurans, PCDF).

Both PAH and dioxins are a mixture of many components each one having a different human toxicity
potential. The most studied PAH substancecisam[a]pyrene (BaP), and the relative potency of other PAH
species is stated in terms of the benchmark BaP toxicity using toxic equivalency factors (TEF). The toxicity
of the PAH mixture is then assessed as the toxic equivalent quantity (TEQ) of Bafdghlying
assumption being that the health effects of individual components are additive). Similarly, for dioxin
compounds, the TEQ dose for the mixture is stated in terms of the most toxic species, namely; 2,3,7,8
tetracholorodipenzep-dioxin (TCDD). TEfactors are source dependent. For municipal solid waste
incineration, as an example, TCDD TEQ is roughly’ e total dioxin mass emitted to air.

Micropollutants enter the human body via inhalation, food and water consumption, and by dermal
contact,though not all pathways may be equally toxic, and the intake dose may not be fully absorbed by
the body. For hexavalent chromium and nickel, and the organic compounds, excluding dioxins, the
inhalation dose is of greatest concern as these substancestd@areshown to be carcinogenic to humans
(IARC 20124, b). Adverse health effects linked to ingestion dose is the main exposure pathway for inorganic
arsenic, cadmium, lead, mercury and dioxins. These substances contribute to premature death, excess
cancer isks, and various morbidity outcomes across the exposed population from chronic exposure
(Nedellec and Rabl, 2016a, b, TAblel7summarses the heal outcomes included in this study and those
considered in a previous analysis of marginal costs of air pollution in 20142(HBAM

Eionet Report ETC/ATNI 2/ 4 56



Tablel7: Health endpoints included in the economic assessment of damage from toxic metals and
organic pollutants

POLLUTANT CURRENT STUDY

Arsenic (inorganic)*

PREVIOUS ANALYSIS EEA (20:

Nonrcancer and Cancer mortality, Chron Cancer (fatal & noffiatal)
bronchitis, 1Q loss, diabetes

Cadmium* All-cause mortality, Noffatal cancers, Cancer (fatal & nofiatal) from
Osteoporosis (hip fractures) inhalation only

Cancer (fatal & nofatal) Cancer (fatal & noffatal)

Chromium (hexavalent, Vi

Lead* All-cause mortality, 1Q loss, Anaemia IQ loss

Mercury* Cardiovasculamortality, 1Q loss IQ loss

Nickeh Cancer (fatal & nofatal) Cancer (fatal & nofatal)
1,3 Butadienét Cancer (fatal & nosfatal) Cancer (fatal & nosfatal)
Benzenét Cancer (fatal & noifatal) Cancer (fatal & noifatal)
Dioxins/Furans (TCDequiv.)* Cancer (fatal & nosfatal) Cancer (fatal & nosfatal)
Formaldehydét Cancer (fatal & noifatal) Cancer (fatal & noifatal)

PAH (as BaP equi%)

Cancer (fatal & nosfatal)

Cancer (fatal & nosfatal)

Human exposure route: (*) Inhalationabhdy 3SaGA 2y T 6M0 LyKFIflF A2y 2yfeé

4.2.1 Calculating marginal damage costs of atmospheric emissions due to inhalation dose

The marginal damage cost (MDC) for pollutant emissions that impact human health via inhalation only are
quantlfled usmg the set of equatlor(s) through (4). The health endpoint is canc€al§le18), and the
RFYF3S 02ad A& adGFGSR d SdaNP&A € oOoHnamdp LINAROSaAUD L

0 [1]
6 -O0—=x
p m3Q
0 . =, .
O —D D £ [2]
p T
-~ _YYQ T TT [3]
0 we wQ+—H=00 -
X Tt 0
0006 pmO ~Qwooo ooYucoou ee@wo% C)p .
WOE W Wwe wQl p Q
where,
C Concentration in picogram per meter cubed (units: pgym
Q Pollutant emission rate (1 kg per year)
k Depletion velocity in cm/s (see Table 30)
s Multiplier (dimensionless)
) Populationtotal intake dose (pollutant intake in milligrams per day, mg/day)

Daily mean breathing rate (13.3%fday per person; based on U.S. EPA 2011)
Pop Population at risk (544 million persons for EU27 plus GB, LI, CH, NO, Balkans; based on Euroste
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URF Inhalation unit risk factor (excess number of cancers assuming a continuous exposure to a concel
2 ¥ ™ 3oved x7dyear lifetime)

VSL Vale of a statistical life (based on the OECD 2012 VSL after adjustment for inflation and income
using Eurostat historical information)

VCM +Ffdz2§ 2F OF yOSNI Y 2oNIbdsddjori ECHA 208 mitemad)ystmert foranyfation
income gowth)

VG ValueofanofF I G £ OF y OS Mg baseb mroHofmafdhér et &l23020and Nedellec and F
2016a after adjustment for inflation and income growth, based on Eurostat data)

i@ Cancer latency period (time elapsed from exposure to disease diagngsiarin

E Real income growth rate applied during latency perio&u$ assumed)

Discount rate applied during latency perioddls assumed; ECHA 2016)
MDC MarginalR I Y 3 S ,f9ik] of podutant emitted to air)

Equation (1) is the pollutant spatially averaged air concentration estimate across the impact domain of
interest using the assessment methodology detailed in (Rabl, Spadaro & Holland, 2014, Qh&ptedér

to improve the estimate of the populatieweighted air concentration for countrgpecific calculations,
equation (2) is modified as indicated in equation (5):

0 ;Ln:f’ B¢ o—0 [5]

where,

European population density in persons per squared km (112 pefsibased on Eurostat data)

Effective population density, that is, the population living within a circular area of radius 1000 km ce
in the middle of thecountry (see Table 30)

—is a calibration factor with a typical range between 1 and 2. For this study, a value of 2 was assumed after
comparing (1) for nickel and BaP with data published by two EEA reports (EEA 2019; Guerreiro et al., 2015).
The depletbn velocity k Table30) accounts for atmospheric pollutant removal by dry and wet deposition
processes plus chemical transformation (e.g., hexavalent chromium is remarkably acidic). The VCM is the
willingness to pay to avoid a canamcurrence (ECHA 2016). It comprises the valuation in the change of
cancer risk plus the impact of illness on the quality of life. A cancer premium was not included, that is to
say there is no difference in the valuation of a cancer death compared tatl filemn any other risk factor.
Meanwhile, the norfatal cancer morbidityH/ ,, ¢ reflects the treatment cost, loss in productivity, and the
willingness to pay to account for pain and suffering. Deaths are valued using the VSL which is the
willingness to payo save an anonymous death. A nfatal cancer is an incidence with a survival prospect
greater than Syears. The number of neiatal cancers is calculated as the product of thgear survival
probability (%) times the number of excess cancers calcufatea doseresponse modelling in equation

(3). One minus the-gear survival probability times the number of excess cancers is the cancer mortality.
The latency period and other canegpecific input data are summarisedTiablel8.
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Tablel8: Pollutantspecific input data for inhalation dose modelling

POLLUTANT

CANCER INFORMATION

1,3 butadiengGHs)

Butadiene emissions are related primarily to the production of syntt
rubbers and polymers. Ambient apncentrations of 1,3 Butadiene i
Europe have decreased significantly since the 1990s. Urban concentr
are less than 1 ug/fwhile rural exposures are an order of magnitt
lower. Acute exposures to high concentrations of 1,3 butadiene can le
adverse effects to the central nervous system. IARC has classifie
butadiene as a carcinogen to humans (Group 1), targeting
lymphohematopoietic systenfelkaemiaand norHodgkin's lymphomas).

Type: Lymphohematopoietic
Latency period: 20 years
5-yearsurvival chance: 4%

URF: 3.x 105 cancers per 1 g/m3

BenzengGHs)

Benzene is a highly volatile substance. The main pathway of expos
benzene is inhalation. Benzene emissions to ambient air include cigi
smoke, combustion andevaporation of benzenreontaining petrol,
petrochemical industries, and combustion processes. Acute health e
include narcosis and skin/eye irritation. Chronic exposure to benze
associated with haematotoxicity, genotoxicity and carcinogenicit
human. The carcinogenicity of benzene in humans is well established
classification Group 1). Benzene is a multisite carcinogen (leukaemia
mammary gland and nasal cavity).

Type: Acute myeloid leukaemia
Latency period: 25 years
5-yearsurvival chance: %

URF: 6.6x 10% cancers per 1 g/m?

Formaldehyd€CHO)

The main pathway of exposure to Formaldehyde is inhalatiov (E@ose
is from ambient air exposure, while 8&s due to indoor air exposure, ar
25%from occupational expase). Cigarette smoking is a major source
exposure. For acute exposures around 0.1 Mghasal and throat irritatior
will occur. The typical ambient air concentration is 1 ddmrural areas
and 20 ug/m in urban environments. IARC classifies formaldehyde
substance that is carcinogenic to humans (Group 1) on the bas
epidemiological evidence that suggest a causal association between c
exposure and leukaemia and nasopharyngeal cancer risk.

Type: Nasopharynx & leukaemia
Latency period: 20 years

5-year survival chance: 46

URF: 6.x 10% cancers per $ g/m3

PAH(mixture of chemicals)

Polycyclic aromatic hydrocarbons is a group of chemicals produced ¢
incomplete combustion of organic ther (e.g., from the burning of foss
fuels and biomass, and vehicle exhaust; tobacco smoke and
preparation are major contributors to PAH exposure). There is conside
variability regarding human toxicity and carcinogenic potency of indiv
PAHcomponents. A large share of PAHs in ambient air are attacht
particles, while a small mass fraction of PAH exist as volatiles, and syn:
and antagonist interactions in the presence of other airborne specie:
likely to modify the toxicity of AH mixtures. The most studied P/
substance is Benzo[a]pyrene, which contributes to an elevated char
onset of lung cancer (IARC classification Group 1) and genotoxic effet

Inputs for BaP impact assessment
Type: Lung

Latency period: 13.6 years

5-year survival chance: %4

URF: 8.% 10?2 cancers per $ g/m3

Note: In this study, it is assumed the
the total BaP equivalent dose is 39
of the PAH mass emitted to air. Tt
value was calculated on the basis
typical literature speciation date
weighted by the TEF of eac
component in the mixture.
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POLLUTANT

CANCER INFORMATION

Hexavalent ChromiurfCrVI)

Emissions of chromium VI occur during industrial processes, incl
production of textile dyes, paints, corrosion inhibitors, wood preserva
and metalfinishing. Smoking releases chromium VI, which is a n
concern for indoor air quality. Human exposure to chromium VI is m
through inhalation and ingestion of contaminated drinking wa
Chromium intake from food consumption is primarily in theatent state
(which is considered an essential nutrient). Information on human h¢
effects comes from industityased cohort studies. The strongest evider
of adverse health effects following exposure to chromium VI compo
concern excess lung canc@éSRC classification Group 1).

Type: Lung

Latency period: 13.6 years
5-year survival chance: %4

URF: 4.x 102 cancers per 1 g/m3

Note: In this study, we have assume
that 20% of the total chromium
emitted to air is in the hexavaler
state (same proportion as in the EE
2014 impact assessment report).

Nickel

Nickel is ubiquitous in nature, being emitted into the environment natu
and as a consequence of anthropogenic #gtivUrban and rural ail
concentrations across Europe in 2017 were below 5 hgERA 2019)
although exposures in heavily industsatdi areas were sever&dld higher.
Human daily uptake via respiration represents only a tiny share @.:
Allergic skin reaction is a common side effects following exposure to |
compounds. IARC classifies nickel compounds as carcinogenic to h
(classification Group 1). Epidemiological evidence has identified exces
and nasal cancers.

Type: Lung &asal

Latency period: 18.3 years
5-year survival chance: 26

URF: 3.& 10“cancers per $g/m3

Key input data sources: Allemani et al. (2018); European Cancer Information System (ECIS) database
(https://ecis.jrc.ec.europa.guCalifornia Office of Environmental Health Hazard Assessment (OEHHA),
https://oehha.ca.gov/chemicagldARC (2012a,b); Nadler et al. (2014); US EPA Integrated risk information sySgm (IRI

database littps://www.epa.gov/iri WHO (2000)

4.2.2 Calculating marginal damage costs of atmospheric emissions of arsenic, cadmium, lead
and mercury

The same health and economic impact assessmmathodology developed in Nedellec and Rabl
(2016a,b,c) was applied in this study, however, modelling assumptions were revised and input data were
updated to reflect typical European demographics and illrseific statistics on incidence and
treatment caosts, rather than relying on French population and other national data. The marginal damage
cost (MDC) is calculated with equation (6):

506 "y J0OL Y PERE 00 [6]

wE i

where,
SR Exposureresponse function slope forarticular pollutantoutcome pair, assuming a linear associati
(unit: annual excess cases per mg intake per year)
iF Intake fraction, that is, the pollutant intake by inhalation and ingestion in mg for a 1 kg pollutant emi
to ambient air (ng/kguir, or parts per million, ppjn
/E CN} OGAzy 2F SELR&dINBE AyONBYSyid o208 GKS
protection of human health (dimensionless)
Incidence / 2alG LISNJ OF &S dperkdsd)y Saa 2NJ RSI UK o€
cost
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Input daa for each of the four parameters in equation (6) are summarisécabiie19. Although there is

some evidence in the epidemiological literature for a fimearity in the population response to exposures

to heavy metals via ingestiofe.g., arsenic from drinking water), an average slope for the expesure
response function (SERF) was assumed in this study. Thus, over the range of exposures considered, the
risk change is proportional to the incremental exposure. For carcinogens, the &B8kmed linear, so the
incremental risk is independent of the background concentration. Future incidence costs are adjusted for
income growth (annual rate of %), and discounted to present value (year 2019) assuming a discount rate
of 4%applied over a 1§ear lag period, except for cancers in which case the costs of fatal anthtadn
events are evaluated considering the appropriate latency delay between exposure and health outcome
manifestation. For neurotoxic impacts, the cost perg@nt lost is the time series of the total future
income losses discounted to the time of birth.

The European population pollutaspecific intake fraction was calculated using a multimedia impact
pathway analysis based on the implementation of thieformworld modeldiscussed in (Rabl, Spadaro &
Holland, 2014Chapter 7) and applied in (Spadaro and Rabl, 2004). The total intake dose comprises two
pathways: direct human exposure to contaminated air (inhalation), and indirect contact from consumption
of cortaminated water and food (ingestion). The pollutant transport in water and soil was modelled using
the methodology developed by the U.S. EPA (2005). The environmental fate analysis begins with the
pollutant being emitted to air at a particular physical dtion, followed by atmospheric dispersion,
removal by dry and wet deposition onto land and water surfaces, accumulation and transport in water and
soil compartments, uptake by plants and animals, and finally dietary intake of contaminated agricultural
andanimal products, including fruits and vegetables, meats and mifkrgiucts, and consumption of tap
water. Bioavailability may extend for decades into the future until the pollutant is either fixed to soils or
ultimately settles in waterbed sediment. Atibgh atmospheric concentrations vary considerably with
distance from the source, the inhalation dose contribution is typically only a few percent of the population
total pollutant intake (Spadaro and Rabl, 2004). To adjust for the heterogeneous distitnftithe
inhalation dose due to concentration gradients and the geographical population density distribution an
FR2dzadYSyd FFOG2NJ 0' 0 ol a FLIWIXASR Ay Sldzr A2y 06
transportation to markets located far from theqduction site, the food concentration tends to be more
uniformly distributed over space. The uniform world model is predicated on the assumption that the
representative dietary intake is fairly uniformly distributed across consumers.

The unit cost of illass accounts for treatment cost, productivity loss, and the impact of illness on quality

of life due to pain and suffering. Mortality is morsetil using the value of a statistical life when counting
cancer deaths, while changes in life expectancy or yefife lost (YOLL) are costed using the value of a
statistical life year lost (VOLY). Life expectancy changes are calculated using life table methods (Miller and
Hurley, 2003).
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Tablel9: Input data for damage costalculations of arsenic, cadmium, lead and mercury

Pollutant Health outcome {owc LYOARSyOS
cases per mg intake €2010per case
NonOF yOSNJ Y2NIi I £ A 2.36x104 87,300

Arsenic (inorganic)

- Cancemortality

1 Bladdecfatal 1.82x10° 2.36 million

P 1 Bladdecnon-atal 2. 57x16 62,400
1 Kidneyfatal 2.32x1¢ 1.92 million
1 Kidneynon-fatal 2.51x1¢ 50,900
1 Lungfatal 4.43%x16° 3.29 million
1 Lung;non-fatal 5.55x168 87,200
1 Skirgfatal 5.49x1¢ 2.55 million
1 Skirgnon-fatal 1.34x16 67,500

Chronic bronchitis 1.52x16 58,800

1Q points lost 4.34x10¢ 16,100

Diabetes 1.52x16* 192,000

Cadmium a2NIFfAdGe o6, h[[ X 5.88x16? 87,300

— Non-fatal cancers 2.38x10P 72,300

P Nonfatal hip fractures 6.48x16 91,300

Lead a2NLFfAdGe o, h[[ X 1.21x16 87,300

3 — | IQ points lost 1.37x16 16,100

l< 1> Anaemia 7.24x100 324,000
Mercury The atmospheriaesidence time of mercury is long enough for the pollutant to be glob
I b dispersed. Hence, the burden is calculated using a different methodology than that used fi
> other heavy metals in this table. The mercury damage cost is calculated using teestapr(see

Rabl, Spadaro & Holland, 2014, Chapter 8):

0O& "Q ., v WET Q. ‘08 @QQQE O Q
doi 6o BT e DY Vgt a0

"Yis the comprehensive transfer factor (4.0¥193 2 F YSiG K&t YSNOdzNE

1 kgl/year of mercury released to air), and the world population is 7.5%pé&fsons. The other

variables are dependent on the outcome of interest.

Health outcome ) {owc LYOARSyO!
global birth rate caSa LISNJ = €2010P€Y Case
weighted by GDP MeHg intake

IQ points lost 0.002325 3.62x1@ 16,100

a2NIFfAGe 0.003266 3.99x1@ 87,300

W, bYedrs of Life Lost are calculated using life table methods (see Miller and Hurley, 2003).

4.2.3 Calculating marginal damage costs of atmospheric emissions of dioxins and furans

Dioxins arise as combustion -pyoducts formed in the presence of chlorine and organic matter, for
example, during steel and pesticide production, and released during wasteration. These compounds

are highly toxic, contributing to an increase in cancer risk in animals and endocrine disruption, and persist
in the environment for a very long time. Acute human exposure at high doses has been linked to skin
disease (chloracrneExposure is primarily through dietary consumption, which usually accounts in excess
of 96%o0f the total intake dose. The damage cost (health endpoint is liver cancer) per kg of dioxins/furans
(expressed as equivalent TCDD dose) is calculated withiegad?) through (9):
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