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Abstract

The ecosystem area in the 28 states of the Eurdpeian (EU28) for which eutrophication
critical loads are exceeded is investigated urfueerévised National Emission Ceiling
Directive (NECD) and under alternative scenariogmeby reduction efforts are shared
equitably among Member States. The focus is ooggin oxide (NG and ammonia (NkJ
emission reduction policies that ensure that tked #0U28 emission reduction target for 2030
under the NECD is achieved, but by equity-basedsion reductions for each Member State.
A gradual reduction of emissions of nitrogen in 428 is assessed by imposing ever lower
common maximum densities for emissions (a) peranei& of a country (areal-equity) (b) per
capita of a country’s population (per capita-eguiand (c) per euro (€) of a country’s GDP
(GDP-equity). The NECD aims at a reduction of El@2@ssions of NQand NH of 63%

and 19%, respectively in 2030, compared to base3@ab. Under these reductions, about
67% of EU28 ecosystem area remains at risk of adweffects of nitrogen deposition. We
demonstrate that reducing N emissions subject tB-@§uity among EU28 Member States
could have reduced that area at risk to about @1#é.application of areal and per capita-
equity does not lead to significantly different sgstem areas at risk when compared to
NECD.

Keywords:Air pollution; Critical loads; EU28 Ecosystems; Eapihication; NEC Directive;
Nitrogen deposition.

1. Introduction

The search for mechanisms to share the cost ofuresat abate emissions of air
pollutants has a long history in the developmennitigation policies. Cap-and-trade
policies were instrumental in the Acid Rain Prograftowing the 1990 amendment
to the USA Clean Air Act (see US-EPA, 1990). Ibaled for the selling and trading
of sulphur dioxide emission allowances of powenfganationwide, subject to a
regionally set emission cap. Following its relatseecess, cap-and-trade policies are
also being put in place in support of greenhouseegaission mitigation, such as the
European Union (EU) Emission Trading Scheme (E©Q320n cap-and-trade

policies, emission regulation addresses the allmeatf (best) available technology,
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related emission reduction costs and emission periviejearet al. (2015) elaborate
— in the context of climate change — how allocatugies can be derived from equity
principles pointing out that these are a mattadistiributing costs (Ringiuet al., 2002
cited in Mejearet al.,2015) and commonly referred to as burden shaAngexample
of applying equity in the early days of air polaricontrol was the 1985 protocol to
the 1979 Convention on Long-range TransboundaryPAllution (LRTAP
Convention) on the reduction of sulphur emissiasiNECE, 1985) that was based on
the concept of a flat 30% reduction of sulphur diexemissions by the Parties to the
LRTAP Convention.

A common characteristic of applying burden shadagcepts, irrespective of
whether they address climate change or air poliyi®that the risks to environmental
and health impacts are not a target for, but retmynsequence of emission
reductions. Burden sharing turns out to imply “tight to emit” as Averchenkowet
al. (2014) put it with respect to the 2030 mitigatmadges for the 2015 Climate
Conference (UNFCCC, 2015). Therefore, the resudthairing the burden of the
mitigation of air pollution sources between couggris that it does not necessarily also
lead to sharing the impacts. Successive air pohiudibatement policies under the
LRTAP Convention (UNECE, 1994; UNECE, 1999; UNEQ@H12) were focused on
setting emission ceilings taking risks for the eanment and public health into
account (Reisst al., 2012). Burden sharing in these agreements was agtbby
model assessments aiming at the minimization af tearopean mitigation costs
subject to protection targets for environmental pablic health.

Based on this concept under the LRTAP Conventi@iméar approach was
conducted in the European Union (EC, 2001). Thérenmental and health targets of
the 2001 National Emission Ceiling Directive (NEQBJerred to 8 Environmental
Action Programme of the EU, aiming at compliancthwie critical loads for
acidification and eutrophication and with critibavels for ground-level ozone (see
Hettelinghet al., 2013). However, the political agreement on erorsseilings
implied an unequal distribution of emission redoict and ecosystems protection over
EU28 Member States.

Finally, the latest revision of the NECD (EU, 20¥8}ablishes for each Member
State emission reduction requirements for fivgpaltutants (S@ NOy, VOC, NH;
and PM2.5) for 2030 relative to the base year 20, the aim to reduce harmful
impacts of air pollution on human health and vegata’"Member States should
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implement this Directive in a way that contribuégtectively to achieving the Union's
long-term objective on air quality, as supportedhmsy guidelines of the World Health
Organisation, and the Union's biodiversity and gstesn protection objectives by
reducing the levels and deposition of acidifyingtrephying and ozone air pollution
below critical loads and levels as set out by tRIFAP Convention” (EU, 2016, pp.
L344-2, para. 8). This reference is interestingalnse critical load exceedances within
a country are caused by both national as wellaashboundary emission sources. As a
consequence, the answer to questions addressiity efjourden sharing becomes
particularly complex.

With the focus on eutrophication, we investigatéhis paper the effect on the
protection of EU28 ecosystems by applying (evectsi) equity of NQ and NH
emissions in Member States. This affects the 8istion of emissions reductions of
these pollutants, leading to (ever lower) ecosysieras in the EU28 for which
eutrophication critical loads (CLeutN) are exceed¥e also compare these emission
reductions to those under the NEC Directive. Irtipalar, the paper examines equity
of emissions (a) per unit area of a country, (lv)gagita of a country’s population, and
(c) per € of a country’s GDP. We also compare #seilting areas at risk against those
resulting from the NEC Directive, and conclude vathassessment of the efficiency
of applying equity principles in terms of the riskeutrophication in the EU28

Member States.

2. Method for assessing exceedances under equitable emissions

Here we describe the emissions of NfDd NH; (section 2.1), their atmospheric
dispersion (section 2.2), critical loads for eutrigation and their exceedances
(section 2.3) and, finally, the application of N&hd NH emission densities to
establish alternative risks of eutrophication coreddo those under the NECD
(section 2.4).

2.1. Emission and density data
Emission data for NOand NH of EU28 Member States for 2005 and their NECD

projections for 2030 are obtained from Amann e{2018) as a basis to compute

emission densities whereby emissions for each BENI@&ber State are normalized



115 using its geographical area, population and grossedtic product (GDP). More

116 specifically, emission densities (a) per unit avea country (areal-equity), (b) per
117 capita of a country’s population (per capita-equignd (c) per € of a country’s GDP
118 (GDP-equity) are based on capita and GDP datan&oNECD base year 2005 (EU,
119 2016b, Annex 1), while the areas of Member State® lbeen obtained from the
120 Fischer Weltalmanach (2018). Emission densitie2@5 are summarized here
121 (Table 1), whereas isolines of total nitrogen emiss as function of these densities
122 can be found in the Supplementary Material (Figb®

123

124  Tablel: Areal (in tN/knf), per capita (in kgN/cap) and per GDP-€ (in gN#g)ission
125 densities for N@N and NH-N emissions in 2005 in the EU28 countries

tN/km? kgN/cap gN/E

NO,-N NHzN NO,N NHzN NO,-N NHzN
Austria 0.83 0.65 8.5 6.63 0.28 0.22
Belgium 3.03 1.87 8.87 5.47 0.29 0.18
Bulgaria 0.49 0.3 6.97 4.26 1.82 1.11
Croatia 0.43 0.56 5.61 7.35 0.59 0.77
Cyprus 1.22 0.95 8.95 6.95 0.45 0.35
Czech Republic 1.07 0.88 8.3 6.78 0.68 0.56
Denmark 1.27 1.47 10.1  11.69 0.24 0.28
Estonia 0.27 0.18 9.07 5.92 0.9 0.59
Finland 0.16 0.09 10.63 6.07 0.34 0.2
France 0.77 1.14 7.04 10.38 0.24 0.35
Germany 1.22 1.55 5.28 6.7 0.2 0.25
Greece 0.93 0.36 11.08 4.32 0.59 0.23
Hungary 0.51 0.7 4.69 6.46 0.52 0.71
Ireland 0.61 1.22 10.32 20.69 0.29 0.57
Italy 1.2 1.18 6.27 6.17 0.24 0.24
Latvia 0.19 0.22 5.52 6.19 0.7 0.79
Lithuania 0.23 0.42 4.57 8.11 0.62 1.1
Luxembourg 6.59 1.86 36.95 104 0.5 0.14
Malta 8.53 4.46 6.7 3.5 0.5 0.26
Netherlands 2.63 3.02 6.7 7.68 0.21 0.24
Poland 0.76 0.83 6.25 6.77 0.9 0.97
Portugal 0.81 0.47 7.11 4.15 0.47 0.27
Romania 0.43 0.67 4.74 7.47 0.98 1.55
Slovakia 0.55 0.54 5 4.96 0.54 0.54
Slovenia 0.75 0.82 7.62 8.32 0.5 0.54
Spain 0.88 0.81 10.32 9.51 0.47 0.44
Sweden 0.13 0.12 6.59 5.8 0.19 0.17
United Kingdom 1.89 1.04 7.79 4.29 0.29 0.16
EU28 0.79 0.79 7.07 7.08 0.31 0.31

126
127 Countries that have already applied stringent éomsgductions before the base

128 year 2005 can be expected to have relatively lowsion densities in 2005 depending

129 on the size of the area, population or GDP. Minirmareal, per capita and GDP
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equities for NQ emissions in 2005 are obtained in Sweden (0.1@Y/ Lithuania
(4.57 kgN/cap) and Sweden (0.19 gN/€) (see Tableetpectively. Maximum values
for these three densities are computed for Mal&3(&\/knf), Luxemburg (36.95
kgN/cap) and Bulgaria (1.82 gN/€), respectivelyt Rél;, minimum densities are
computed for Finland (0.09 tN/Ki Malta (3.50 kgN/cap) and United Kingdom (0.16
gN/€), respectively, and maximum NlEmission densities are obtained for Malta
(4.46 tN/knf), Ireland (20.69 kgN/cap) and Romania (1.55 gNWighing these
emission densities with their corresponding 200&nty emissions and scaling to
100% gives the cumulative distribution function®3) shown in Figure 1. The
CDFs of the three densities illustrate that the iaretbr each of the NOemission
densities are 0.93 tN/Kimn7.04 kgN/cap and 0.29 gN/€, and for NH14 tN/knf, 6.77
kgN/cap and 0.35 gN/€, respectively.

100
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emission density ftN.-'kfnzj emission density (kgMN/cap) emission density (gN/GDP-euro)

Fig. 1. Cumulative distributions of EU28 countries’ 208ission densities per area (left), per
capita (centre), and per GDP-£€ (right) weighedh®jrtrespective 2005 emission (see Table I;
green=NQ-N, blue=NH-N; 100%=total EU28 2005 emissions).

2.2 Dispersion modelling

The Meteorological Synthesizing Centre West (MSCéiMhe Co-operative
programme for monitoring and evaluation of the lwagge transmission of air
pollutants in Europe (EMEP) modeister alia, the depositions of NCand NH on a
0.50°x%0.25° longitude-latitude grid from Europeational emissions (Simpson et al.,
2012). Note that also sulphur emissions are netdedmpute nitrogen deposition due
to their chemical interactions. In this paper, \wswame sulphur emissions for all
Member States equal to those agreed under NECD-FHMBP also derives so-called
source-receptor matrices (SRMs) by conducting i@sef model runs for five
‘typical’ meteorological years and three aggregdaed use classes (forests, semi-
natural vegetation and open land/surface watets).derived SRMs can then be used

to quickly compute depositions for any given seg¢miissions by matrix
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multiplications (Amann et gl2011). In this paper the SRMs generated in 2042 a
used to compute depositions from any set of W@ NH country emissions for
assessing areas where eutrophication critical laeglexceeded.

2.3 Critical loads for eutrophication and exceedances

The concept of a critical load is defined as “argitative estimate of an exposure
to one or more pollutants below which significaatrhful effects on specified
sensitive elements of the environment do not oacuording to present knowledge”
(Nilsson and Grennfelt, 1988). Details on the catiload concept and its applications
can be found in De Vries et al. (2015). The contestbeen applied to support effect-
based European air pollution abatement agreemsess €.9., Hettelingh et al., 2013;
2015; Reiss et al., 2012). The most recent estsradteritical loads (see Hettelingh et
al., 2017) for eutrophication were used for theeassient described in this paper.
These include data from twelve EU28 Member Staiedifferent European
ecosystems (Table S1). Critical loads for the remgi Member States were taken
from the so-called European background databasdahéhe Coordination Centre for
Effects under the LRTAP Convention (see Posch asidd?, 2017).

Exceedances of critical loads are calculated fpodition patterns that result from
the emissions in 2005 and 2030, the target yetreo2016 NECD (EU, 2016). The
exceedance in each deposition grid cell is compageitie so-called Average
Accumulated Exceedances (AAE: see Posch et all;Zm5) in each grid cell,
computed as the ecosystem area-weighted sum difteeences, in each grid cell,
between ecosystem-specific nitrogen depositioncaitidal load for eutrophication,
expressed in equivalents, or moles of charge, rgex @nd year (note that in the case of
nitrate and ammonium, equivalents are the sameoéssirand that, e.g., kg of N can
be obtained by multiplying with 0.014). The AAE calso be computed for any
geographical area, e.g., the Member States indalliggand for the EU28 as a whole;
and results for 2005 and 2030 are given in Tabkdure 2 shows the gridded AAE
for eutrophication in Europe in 2005 and 2030.
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Fig. 2. Average Accumulated Exceedances (AAE) of thécatitoads for eutrophication in
the EU28 countries in 2005 (left) and under the BEXD30 emissions (EU, 2016) (right).

The computed area at risk of eutrophication, ileene the AAE exceeds zero, both
in 2005 and 2030 turns out to cover large sharélseoEU28 ecosystem area (all non-
grey areas in Figure 2). High AAE, i.e. higher tf@® eq hda®, in 2005 (orange and
red shadings in Figure 2, left) occur in the boraea of the Netherlands, Germany
and Belgium and in France, Spain, southern Germaadynorthern Italy. In 2030, the
magnitude and coverage of the area at risk is esti(feigure 2, right) compared to
2005, but eutrophication continues to be a ristheawhole of the EU28 including
areas with very high critical load exceedancesherbbrder between the Netherlands
and Germany and the north of Italy in particular.

The three highest national AAEs in 2005 (Tabler2)ia The Netherlands (958 eq
ha'a?), Luxemburg (887 eq Haa'), and Germany (769 eq ha*), which values are
relatively high compared to 413 eqtad, the average for the EU28. The area at risk
of eutrophication in 2005 is computed to cover 8h%mne ecosystem area of the
EU28. Under NECD emissions for 2030 (NECD-20303t ftercentage is reduced to
67 %, implying that, compared to 2005, an additid4a% of the EU ecosystem area
is protected under NECD-2030.



218 Table2: Ecosystem area (in 1000 Rnat risk (%) in the EU28 in 2005 and 2030 under
219 NECD, i.e. ecosystem area where the critical Idadsutrophication (CLeutN) have a
220 positive exceedance (computed as AAE in etahp

Country Ecosystem Risk of eutrophication in:
area
2005 NECD-2030
1000 ki % AAE % AAE

Austria 51 75 285 32 61
Belgium 6 11 22 1 2
Bulgaria 51 100 355 93 166
Croatia 34 97 528 83 233
Cyprus 2 100 280 100 228
Czech Republic 6 100 648 96 162
Denmark 6 100 761 99 388
Estonia 27 83 112 30 17
Finland 41 10 5 1 0
France 177 89 493 73 201
Germany 107 82 769 65 319
Greece 67 100 339 95 207
Hungary 28 100 653 79 289
Ireland 18 8 12 3 3
Italy 106 77 391 42 147
Latvia 37 97 243 84 102
Lithuania 22 100 428 97 241
Luxembourg 1 100 887 100 442
Malta <1 100 436 99 270
Netherlands 5 76 958 69 442
Poland 97 77 401 51 121
Portugal 35 100 329 99 147
Romania 105 100 488 93 248
Slovakia 24 100 549 89 231
Slovenia 13 100 663 87 270
Spain 231 100 520 97 317
Sweden 59 14 29 11 9
United Kingdom 73 22 59 6 7
EU28 1,431 81 413 67 188

221

222 2.4 Modeling areas at risk under equal emission densities

223

224 The ecosystem area in the EU28 for which eutropioicaritical loads are

225 exceeded is investigated under simulated emissiductions that gradually reduce
226 emissions of NQand NH in the EU28 by imposing ever lower common (i.e. 28U
227 wide) maxima for areal, per capita and GDP derssig&arting from 2005 emissions.
228 We assume that a country is not allowed to increasamissions compared to the
229 2005 level, i.e. in this procedure, the emissiomsitg of a country is only reduced

230 when the value is lower than the 2005 density shiowirable 1. This implies that in
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no Member State emissions in 2030 can be higherttigse in 2005 (Table S2),
irrespective of whether emission reductions aral#ished under NECD-2030, areal-,
per capita or GDP-equity. However, compared to simmsreductions committed
under NECD-2030, a rich country can have highessions under GDP-equity in
2030 than relatively poor countries, while a coyntith a small area may have to

reduce more under areal-equity.

3. Reaults

EU28 emissions are shown in Figure 3 as functiaihefespective maximal
emission density, i.e. as function@f min{x, X200}, Wherex is the prescribed
maximum emission density amghosk the 2005 emission density of counkry
(100%-=total EU28 2005 emissions).
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Fig. 3. EU28 2005 emissions as function of the maximalldtett), per capita (centre), and
per GDP-£€ (right) emission density (100%=total E2B®5 emissions; green=N®,
blue=NH;-N).

Figure 3 illustrates that the percentage shardJd&&otals of NQ and NH
emissions, is similar for each of the three egsiitieor example, 50% of the NO
emissions (i.e. an equitable reduction in EU28 Mengtates of 2005 N@missions
by 50%) can be obtained by applying a maximum a@omssensity of approximately
0.47 tN/knf, 3.54 kgN/cap or 0.16 gN/€. Very similar maximumission densities
also hold when applied to obtain 50% of 2005 EU2& Emissions. However, if the
lowest NQ emission densities (see section 2.1 and Tablesfg applied to all EU28
countries, Figure 3 reveals that about 16% (at INII&n?, in Sweden), 65% (at 4.57
kgN/cap, in Lithuania) and 61% (at 0.19 gN/€, iné8len) can be obtained by
applying the three equities, respectively, on t8@05 NQ emissions of the EU28,;
implying respective reductions of 2005 Némissions by about 84%, 35% and 39%.
Similarly, applying the lowest Niemission densities would lead to approximately
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89%, 51% and 55% ammonia emission reductions iEth28, respectively. These
reductions, in turn, lead to a decreasing areslabf eutrophication and lower AAEs
compared to area at risk and AAE for 2005. Thilustrated in Figures 4 and 5
showing isolines of the percentage of the ecosystera for which the critical loads
for eutrophication are exceeded within the EU28 MenStates as function of
applying to all Member States maximum emission diess(Figure 4) and of
percentage emission reductions induced by maxinmissgon densities (Figure 5).

Also shown in Figure 4 as horizontal (blue linesjl &ertical lines (green lines) are
the maximum emission densities for an equitable2b5050, 75 and 90 % overall

emission reduction in NCand NH, respectively.
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Fig. 4. Isolines of EU28 ecosystem area exceedance pagenof eutrophication critical
loads, CLeutN, as a function of the maximum arked)( the maximum per capita (centre),
and the maximum per GDP-€ (right) emission dersitieNQ, and NH. The vertical green
and horizontal blue lines show the maximum emisdiemsities for an equitable 10, 25, 50
(solid line), 75 and 90 % overall emission reduciio the EU28 for NQ(right-to-left) and

NH3 (top-to-bottom), resp. The crosses show theitea of the EU28 countries (those within
the frame of the plot; see Table I).

As can be seen from Figure 4 that by reducing blédx and NH3 2005 emissions
in 2030 equitably by 50% (solid blue and green,lmespectively) leaves about 57% of
the ecosystem area unprotected when areal (Figueé)is pursued, 55% for per
capita-equity (Figure 4, centre), and about 50%hefarea remain unprotected for per
GDP-equity (Figure 4, right).

The axes of Figure 4 and Figure 5 are non-lineashnected via the graphs in
Figure 3. Hence Figure 5 shows eco-risk isolinas &ine derived from the application
of maximum emission densities to emissions ofld@d NH for each EU28 Member
State to achieve the percent emission reductisugamg NECD-2030 emissions for
sulphur in all countries). The blue dots in Figirehow the percentage area exceeded
if total emission reductions (compared to 2005)tfer EU28 under NECD-2030 were
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achieved by respective equitable maximum emissamsities in the EU Member
States. Emissions of each Member State in 20052030 under NECD and the
application of maximum emission densities to achithe same overall reductions are

given in Table S2.

I ~_ "
N

E \.
5 20 20
; &\’
&
40 40 .
3
5
5 60 &0 g,
ki I P P S, S N
=
E B0 30\\
100,155 1 & 100,55 Eh\\
Yod 8 80 40 20 o "Moo 80 81 40 20 B Y081 80 40 20 0
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Fig. 5. Isolines of European ecosystem area exceedancenpages of eutrophication critical
loads, CLeutN, as a function of the European taiksion reductions of N@nd NH
induced by maximum areal (left), maximum per cafitntre), and maximum per GDP-€
(right) emission densities. The vertical green hadzontal blue lines show the emission
reductions corresponding to (maximum) densitie8.f 0.3 (solid line) and 0.5 tN/Kr(left),
1, 2 (solid line) and 4 kgN/cap (centre), and 0.3,(solid line) and 0.5 gN/€ (right). For the
blue dots, see text.

However, Figures 4 and 5 underpin that the areislabf CLeutN exceedance can
be reduced to, or below, the percentage area ezdesdler NECD-2030, i.e. 67%
(Table 2). This is achieved by applying maximumssian densities without violating
the NECD-2030 emission reduction objectives for,M@d NH of 63% and 19%
respectively, shown in Figure 5 by blue dots. Taithe case in particular with the
application of GDP-equity leading to a smaller aaeask, i.e. 61% (Table 3) for the
EU28 and also to a lower AAE, i.e. 181 edtiaas compared to 188 eqta (Table
2). Table 3 also shows that the ecosystem aneskainder areal- and per capita
equity is not different from that under NECD-2086, 67%. However, the AAE
under areal-equity is higher (201 eq'ta) and equal under per-capita equity (188 eq

ha'a®).
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323 Table3: Ecosystem area at risk (%) and AAE (et &3 in 2030 caused by EU28 Member
324  State reductions of NN and NH-N emissions derived from applying areal, per @piid
325 GDP-equity such that the overall reduction of NAd NH emissions meet the objective
326 under NECD, i.e. 63% and 19%, respectively.

EU Member Eco Exceedance in 2030 under
State area
areal-equity  per capita- GDP-equity
equity
1000 % AAE % AAE % AAE
km?> area area area
Austria 51 36 66 40 94 42 107
Belgium 6 0 0 1 2 3 5
Bulgaria 51 98 218 94 181 54 65
Croatia 34 85 290 85 278 81 184
Cyprus 2 100 235 100 229 100 228
Czech Republic 6 95 194 100 260 79 149
Denmark 6 98 297 99 339 100 546
Estonia 27 39 21 30 16 11 10
Finland 41 1 1 1 0 1 0
France 177 70 173 58 112 79 262
Germany 107 58 221 70 439 74 516
Greece 67 97 219 95 201 92 177
Hungary 28 95 399 94 381 70 207
Ireland 18 1 1 0 0 0 0
Italy 106 37 120 51 208 54 221
Latvia 37 87 112 83 102 50 52
Lithuania 22 97 267 96 231 82 111
Luxembourg 1 98 260 100 380 100 594
Malta <1 97 240 100 298 100 300
Netherlands 5 27 45 70 509 74 749
Poland 97 52 138 54 142 23 22
Portugal 35 100 185 98 144 99 141
Romania 105 98 360 95 292 52 87
Slovakia 24 93 302 92 298 81 138
Slovenia 13 93 322 95 301 83 244
Spain 231 98 369 95 232 96 269
Sweden 59 12 9 12 11 12 13
United Kingdom 73 5 6 10 14 13 20
EU28 1431 67 201 67 188 61 181

327

328 The geographical pattern of exceedances (AAE) theesEU28 Member States is
329 shown in Figure 6.

330
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Fig. 6. Exceedance (AAE) of eutrophication critical lodioisdepositions due to NECD-2030
emissions (top left); and the AAE for depositiong do the same EU28 total emissions based
on maximum emission densities of N&nhd NH on a per area (top right), per capita (bottom
left) and per GDP-€ (bottom right) basis.

The application of GDP-equity results in exceedar{€&gure 6, bottom right) in,
e.g., the Baltic states, Poland, Romania and Bialghat are lower than 200 eq s
(blue shading), i.e. markedly lower than under NEZII30 (Figure 6, top left), where
maximum exceedances in these countries range he#@€e700 eq hia’ (yellow
shading). From Table S2 it can be seen that & NH emissions for these
countries is markedly lower under GDP-equity thagirtcommitments under NECD-
2030. The fact that these countries would havedoce their emissions more than
under NECD-2030 is because their GDP is relatil@lywithin the EU28. However,
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other countries have higher exceedances under @DBr¢han under NECD-2030.
This is especially apparent in Germany and the &&thds, where larger areas have
exceedances higher than 1200 edataunder GDP-equity than under NECD-2030.
Indeed, when inspecting the AAE for the entire coyrunder NECD-2030 the AAE
in the Netherlands and in Germany is 442 and 31",

respectively (Table 2), while under GDP-equity 8%Es are 749 and 516 eq taf,
respectively (Table 3). This is (largely) a consatee that the emissions of the
Netherlands and Germany are higher under GDP-ethatyunder NECD-2030
(Table S2).

The pattern of exceedances under per capita-eiguitypadly similar to that under
NECD-2030. However, under areal-equity the exceeelamthe Netherlands is
significantly reduced to a level of about 45 edfdva(Table 3) compared to 442 eq ha
'a (Table 2) under NECD-2030. To reach this ecosysiestection under areal-
equity the Dutch would have to reduce emissiond@f and NH more than under
NECD-2030, i.e. from 140 kt and 120 kt, respectiy& 45 and 46 kt (Table S2). The
reason is that areal emission densities are relgthigh for countries with small
geographical coverage, such as the Netherlandgneral, it should be noted that
imposing ever lower common maximum densities feahkr per capita- and GDP-
equities to 2005 emissions, imply that quite seimgemission reductions are
computed for Member States with high emission derssi

Finally, it can be noted from comparing the areasktbetween Table 3 and Table
2 that emission reductions under the applicatiopenfcapita-equity leads to less area
at risk than under NECD-2030 in France (58% ver8%), Ireland (0% versus 3%),
Latvia (83% versus 84%) and Spain (95% versus 9A%hatial view of the
distribution of areas at risk of exceedances of @Neas percentage of the total
ecosystem area in each grid cell, is provided gufg S2. The increased protection of
ecosystem area shown in Figure 6 is confirmedgurfé S2. The grid cells in the
Baltic states, Poland, Romania and Bulgaria witlertban 99% areal exceedance
under NECD-2030 (Figure S2, top left) are reducel@ss than 80% of the ecosystem
area at risk under emission reductions followingRe&quity (Figure S2, bottom
right).
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4. Summary and concluding remarks

Burden sharing concepts tend to address riskafiaranmental and health impacts
implicitly, i.e. as a consequence of, rather thaarget for, emission reductions,
irrespective of the environmental issue at stakehis paper the risk of impacts of
excessive nitrogen deposition in 2030 to the edesysin the EU28 is investigated
for the 2016 National Emission Ceiling Directivedahree alternative emission
reduction schemes. These alternatives are establlshimposing ever lower
maximum densities for emissions of N&nd NH on the basis of areal-equity, per
capita-equity and GDP-equity. These equity-baseidssam reductions are formulated
such that the reduction of total N@nd NH of the EU28 for 2030 does not violate the
objectives set under NECD-2030, i.e. a 63% and d&%action, respectively.

The emission reduction objectives under NECD-2@3@l lto 67% of the European
ecosystem area having an exceedance of eutrogmaattical loads. In this paper it is
demonstrated that the EU28 ecosystem area atarske reduced to 61% when
applying GDP-equity. The distribution over the EU#f&reas where critical loads are
exceeded also changes compared to NECD-2030, tetallass areas at risk and
lower exceedances in Member States including thtcEztates, Poland, Romania and
Bulgaria. An increased coverage of areas at riskhagher exceedances are identified
under GDP-equity in Member States such as the Natids and Germany. The
application of areal and per-capita equity doed teaa change of the EU28 area at
risk compared to NECD-2030.

It turns out that 10, 4 and 14 Member States halienanished percentage of the
area at risk under areal-, per capita- and GDPgqespectively, when compared to
the ecosystem protection in these countries un@&&M2030. The Member States
with the highest benefits under each of the thrpeties in terms of an increased
percentage ecosystem protection compared to NEGD-2fk the Netherlands (42%),
France (14%) and Romania (41%), respectively. @myilthe countries with the
highest percentage loss of ecosystem protectiohlangary, both under areal (-16%),
and per capita (-14%) equity, and Italy under GQ&ity (-12%). It turns out that
decreased areas at risk in Member States comehwgitier emission reduction
requirements compared to NECD-2030, while the oppbd®Ilds for Member States

with an increased percentage of area at risk. BHoofEe as a whole, the restriction is
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met that emission reductions under the equity apgrés equal to that agreed under
NECD 2030.

In this paper the benefit of applying GDP-equityetoission reductions set under
NECD-2030 for the EUZ28, is clearly establishedemis of the protection of
ecosystems against eutrophication critical loackesances in most Member States
and in the EU28 as a whole, both in terms of areteption as well as AAE
magnitude. However, it is noted that the magnitade distribution over Member
States of the emission reductions agreed under NEZ3D, and computed under our
equity approach, are not sufficient to protectalfopean ecosystems from nitrogen
deposition. It would be challenging to explore Wiee human health impacts, that
constituted an important target of emission reaunstiunder the NEC Directive, can
be included in equity-oriented assessments presamthis paper. For this, more work
is needed to establish the distribution of theso$emission reductions over Member
States to complete the knowledge on impacts ofdyustharing as addressed in this

paper.
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Highlights:

* 67% of EU28 ecosystems risk impacts of N emissiomtter the 2016 NEC Directive.
* Imposing common N emissions/GDP£ reduce impaosd % of EU28 ecosystems.
» Under this GDP-equity CL exceedances diminish paldily in the east of the EU28.
» Imposing common N-emission/area or /capita dessitées similar impacts as NEC.
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