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1 Annex 1: Update of the model framework 

1.1 Update the GAINS calculations  

1.1.1 Recent changes in national emission inventories 

Between 2017 and 2019, Member States have revised their national emission inventories for the years 
2005, 2010 and 2015, in response to  

 updated methods and emission factors provided in the 2013 and 2016 EMEP/EEA Emission 
Inventory Guidebooks (EEA, 2016),  

 updates of the national and the pan-European COPERT emission factor models,  
 changes in national methods and emission factors, 
 updated statistics on activity data, and 
 recommendations emerging from the emission inventory reviews under the National Emission 

reduction Commitment directive (NECD). 

For the second Clean Air Outlook, Umweltbundesamt Vienna, Austria analysed the differences 
between the emission inventories for the years 2005, 2010 and 2015 that were submitted by Member 
States in 2017 (the last year on which the first Clean Air Outlook could be based), 2018 and 2019 under 
the NECD. The analysis addressed the five pollutants for which the NEC directive establishes emission 
reduction commitments, i.e., nitrogen oxide (NOX), non-methane volatile organic compounds 
(NMVOC), sulphur dioxide (SO2), ammonia (NH3), fine particulate matter (PM2.5) as well as black carbon 
(BC). 

All Member States submitted complete data in each of the three submissions. Compared to 2017, the 
2019 submissions contain 11% more number value entries, following the updated methods provided 
in the EMEP/EEA Guidebook 2016 (e.g., for NH3, NMVOC, NOx and PM2.5 from agricultural sources). 
About one third of all numeric values changed by more than ±10% (Table 1.1). In most cases, 
appropriate explanations for recalculations are provided in the Informative Inventory Reports (IIRs). 

Recalculations occurred in many categories, mainly due to the use of higher tier methods (i.e., more 
accurate methods) provided in the EMEP/EEA Guidebook 2016, updates of the COPERT transport 
model, and implementation of the recommendations of the NECD inventory reviews of the 2018 and 
2019 submissions.  

The updated methods of the EMEP/EEA Guidebook 2016 had largest impact on emission estimates for 
the residential (NFR 1A4bi) and agriculture sectors (NFR 3). For road transport, largest differences 
arise from the new emission factors for diesel vehicles provided in the EMEP/EEA Guidebook 2016, 
the latest COPERT model, or in other national emission factor assessments (e.g., HBEFA, VERSIT, 
LIIPASTO, etc.).  
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Table 1.1: Overview of comparison between 2019 and 2017 emission inventories submissions with 
regard to categories compared, differences found, flagged and explained 

Pollutant Year Submitted 
values  
in 2019 

Changes  
> 10 % 

New 
sources 

Total 
flagged 
values 

% flagged 
values 

Explained 
in IIR 

Small 
value 

SO2 
2005 1017 229 102 331 33% 247 35 
2010 1026 246 99 345 34% 265 36 
2015 1022 310 110 420 41% 308 63 

NOX 
2005 1388 396 169 565 41% 466 32 
2010 1393 410 164 574 41% 485 34 
2015 1387 459 168 627 45% 508 60 

PM2.5 
2005 1612 511 197 708 44% 546 84 
2010 1611 532 191 723 45% 558 86 
2015 1615 604 190 794 49% 605 120 

NH3 
2005 1154 354 151 505 44% 404 32 
2010 1175 375 148 523 45% 419 38 
2015 1186 417 163 580 49% 441 53 

NMVOC 
2005 1738 493 177 670 39% 591 34 
2010 1741 499 173 672 39% 593 39 
2015 1734 578 181 759 44% 647 70 

BC 
2005 902 251 132 383 42% 282 47 
2010 901 270 131 401 45% 300 53 
2015 910 329 139 468 51% 328 72 

Sub 
totals 

2005 7811 2234 928 3162 40% 2536 264 
2010 7847 2332 906 3238 41% 2620 286 
2015 7854 2697 951 3648 46% 2837 438 

Total  23512 7263 2785 10048 43% 7993 988 
 

Despite the large number of modified estimates, the impact on national total emissions is limited. 
(Table 1.2). For the EU-27 as a whole,  

 changes remain below typically 5% for all pollutants and years.  
 the largest change occurs for NMVOC emissions (6% higher in 2005) 
 changes (between +3.8 and +5.3%) occur for NMVOC (higher estimates for the agricultural 

sector, lower for solvents use) and for NOx (between +2.4 to +3.5%), mainly from updates in 
the transport and agricultural sectors. The large difference in 2010 SO2 emissions (-168 kt) is 
mainly caused by a revision of Spain for oil refineries. 
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Table 1.2: Total EU-27 emissions and changes in reported emissions between the 2017 and the 2019 
submissions  

Pollutant Year 2017 
submission 

(kt) 

2018 
submission 

(kt) 

2019 
submission 

(kt) 

Diff to 2019 
submission 

(kt) 

Change 2017 
to 2019 

submission 
(%) 

SO2 
2005 6 945 6 866 6 866 -79 -1.1% 
2010 3 908 3 721 3 713 -194 -5.0% 
2015 2 510 2 521 2 501 -9 -0.4% 

NOX 
2005 10 286 10 415 10 426 139 1.4% 
2010 8 179 8 285 8 292 114 1.4% 
2015 6 780 6 922 6 952 172 2.5% 

PM2.5 
2005 1 532 1 568 1 538 7 0.4% 
2010 1 434 1 463 1 430 -4 -0.3% 
2015 1 211 1 243 1 203 -8 -0.7% 

NH3 
2005 3 825 3 782 3 837 13 0.3% 
2010 3 633 3 577 3 606 -27 -0.7% 
2015 3 709 3 607 3 643 -67 -1.8% 

NMVOC 
2005 7 986 8 192 8 468 481 6.0% 
2010 6 751 6 932 7 145 395 5.8% 
2015 5 818 5 981 6 088 270 4.6% 

BC 
2005 290 299 291 1 0.3% 
2010 251 260 252 1 0.3% 
2015 193 201 193 -1 -0.3% 

Sub 
totals 

2005 6 945 6 866 6 866 -79 -1.1% 
2010 3 908 3 721 3 713 -194 -5.0% 
2015 2 510 2 521 2 501 -9 -0.4% 

Total  10 286 10 415 10 426 139 1.4% 
 

Detailed results of the comparison (emissions values, recalculation differences, explanations provided 
in the IIRs) are available in an Excel file consisting of 18 worksheets for each of the six pollutants 
analysed and the three years 2005, 2010 and 2015. 

1.1.1.1 SO2 inventories 

Even after a 40-years focus on SO2 emissions in Europe, the recent updates of historic SO2 emission 
inventories result in surprisingly large changes in many Member States. Differences in national total 
SO2 emissions between the 2017 and 2019 submissions exceed 10% in one third of the Member States 
(Figure 1.1). The following main reasons have been identified:  

 Denmark (2015): Updated emission factors for stationary combustion. Structural revision of 
navigation. Revised activity data for waste. 

 Estonia (2015): Updates for oil shale-fired power plants. 

 Spain (2010): Update of activity data and switch to the new EMEP/EEA Guidebook 2016 for 
stationary combustion in manufacturing industries. 

 Greece (2015): Updated estimates for power plants. Improved sectoral split for stationary 
combustion in manufacturing industries. Elimination of double counting (flaring) for oil 
refining. 

 Ireland (2015): Use of E-PRTR data for oil refineries. Elimination of double counting (flaring) 
for oil refining. 

 Lithuania (2010, 2015): Revision for the small combustion sector. 
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 Malta (2015): Revised activity data for the power plant sector. 

 Portugal (2005, 2010, 2015): Revision of activity data and switch to new EMEP/EEA Guidebook 
2016 for national navigation. Switch to new EMEP/EEA Guidebook 2016 for the residential 
sector. Switch to the CONCAWE method for oil refining (flaring). 

 

 
Figure 1.1: Differences between the 2017 and 2019 reports of national SO2 emission inventories for 
2005, 2010 and 2015. 

 

1.1.1.2 NOx inventories 

Numerous Member States have revised their NOx emission inventories between the 2017 and 2019 
submissions (Figure 1.2). The main differences in reported emissions occurred for the following 
sectors/sources:  

 Transport: Many countries updated emission factors, notably to account for consequences of 
inferior emission performance of diesel light duty vehicles. Such changes are already reflected 
in the latest versions of the EMEP/EEA Guidebook and the COPERT emission factor model. 
However, the assessment is on-going with respect to the various stages of the new EURO 6/VI 
emission control level as well as for soft- and hardware retrofits of existing vehicles. Other 
updates affected activity data, in particular the distribution of diesel fuel among vehicle 
categories. Some Member States incorporated new data on fleet composition (by age) and 
their annual mileage. For mobile machinery, countries provided recalculations for updated 
activity data, and applied Tier 2/3 calculation methods.  

 Agriculture: Many Member States updated emissions from category 3D (agricultural soils) by 
implementing revised methodologies and emission factors based on the EMEP/EEA 
Guidebook 2016. Several Member States report NOx emissions for the various subcategories 
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of 3B (manure management) and 3D, for which they had reported “not applicable” or “not 
estimated” in earlier submissions. 

 

Changes in reported national total emissions of more than 10 % were found in:  

 Ireland (2005, 2010, 2015): Emissions increased mainly in agriculture. 

 Malta (2015): Emissions increased mainly in the transport sector. 

 Netherlands (2005, 2010, 2015): Emissions increased mainly in the transport, mobile 
machinery and agriculture sectors. 

 Portugal (2010, 2015): Lower emissions from agriculture and mobile machinery, higher 
emissions from road transport. 

 Slovakia (2010, 2015): Lower emissions mainly in industry and the residential sector, partly 
compensated by increased emissions for road transport. 

 

 

Figure 1.2 : Differences between the 2017 and 2019 reports of national NOx emission inventories for 
2005, 2010 and 2015. 

 

1.1.1.3 PM2.5  inventories 

For PM2.5, recalculations occurred in a wide range of categories due to the following reasons: 
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emission factors were used, or updates based on new information in the EMEP/EEA 
Guidebook 2016.  

 Road transport: Updated diesel fuel consumption has direct impact on emissions of primary 
particles. In addition, several countries reported changes to the way they calculate non-
exhaust emissions.  

 Agriculture: Updated emission factors based on the EMEP/EEA Guidebook 2016.  

 Waste incineration and product use: Revision of small-scale waste incineration and estimation 
of accidental fires, fireworks and tobacco smoking, based on the EMEP/EEA Guidebook 2016. 

For the following Member States, changes in national total emissions exceed 10% (Figure 1.3): 

 Cyprus (2005, 2015): Revised estimates for the power plant sector (NECD inventory review 
recommendation). More complete estimate for stationary combustion in manufacturing 
industries. New estimate for road abrasion. Switch to the EMEP/EEA Guidebook 2016 
methods for the agriculture sector. 

 Czech Republic (2005, 2010, 2015): Switch to the EMEP/EEA Guidebook 2016 methods for the 
residential and agriculture sectors.  

 Spain (2005, 2010, 2015): Switch to the EMEP/EEA Guidebook 2016 methods for stationary 
combustion in manufacturing industries, chemicals industries process emissions and the 
agriculture sector. Revised activity data for open burning of agricultural residues. 

 Finland (2005, 2010, 2015): Revised estimate for road abrasion (NECD inventory review 
recommendation). Revised biomass consumption in the residential sector. Switch to the 
EMEP/EEA Guidebook 2016 methods for the agriculture sector. 

 Greece (2005, 2010, 2015): Update of the preliminary estimates for power plants. Improved 
sectoral split for stationary combustion in manufacturing industries. New estimates for road 
abrasion, brake and tyre wear. Switch to higher tier methods and error corrections for fugitive 
emissions. Switch to the EMEP/EEA Guidebook 2016 methods for the agriculture sector. 

 Lithuania (2005, 2010, 2015): Revision for the residential sector. Switch to higher tier methods 
for fugitive emissions from mining. Switch to the EMEP/EEA Guidebook 2016 methods for the 
agriculture sector. 

 Luxembourg (2005, 2010, 2015): Update of activity data and switch to the EMEP/EEA 
Guidebook 2016 methods for stationary combustion. Update of transport model. Switch to 
the EMEP/EEA Guidebook 2016 methods for the agriculture sector. 

 Malta (2005, 2010, 2015): Revised activity data for the power plant sector. Use of EUROSTAT 
data for national navigation. Switch to the EMEP/EEA Guidebook 2016 methods for the 
agriculture sector. 

 Netherlands (2005, 2010, 2015): Revision of stationary combustion categories (activity data, 
emission factors). Revision of fugitive emissions from mineral products handling and other 
product use. New estimates from open burning of waste and car fires. 

 Portugal (2005, 2010): Switch to the new COPERT emission factor model. Switch to the 
EMEP/EEA Guidebook 2016 methods for the residential and agriculture sectors. Inclusion of 
chemical processes. 

 Sweden (2005, 2010): Revised emission factors and activity data for stationary combustion 
(especially residential sector).  
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 Slovakia (2010, 2015): Switch to the EMEP/EEA Guidebook 2016 methods for the residential 
sector. Older fleet than assumed previously results in a higher emission rate.  

 

 

Figure 1.3: Differences between the 2017 and 2019 reports of national PM2.5 emission inventories for 
2005, 2010 and 2015 

 

1.1.1.4 NH3 inventories 

Main differences in reported emissions emerge for agriculture and, to a lesser extent, for the 
residential sector:   

 Manure management: Emission factors and/or models were updated to the EMEP/EEA 
Guidebook 2016 methods. Activity data were updated in some cases. 

 Inorganic N-fertilizers: Emission factors and/or models were updated to the EMEP/EEA 
Guidebook 2016 methods. 

 Biomass combustion in the residential sector: Estimates were completed by using the 
EMEP/EEA Guidebook 2016 methods. 

11 Member States revised their NH3 emission inventories by more than 10% (see Figure 1.4): 

 Belgium (2005): Switch to the EMEP/EEA Guidebook 2016 methods for the agriculture sector. 
Removed estimate for wastewater treatment. 

 Cyprus (2010, 2015): Switch to the EMEP/EEA Guidebook 2016 methods for the agriculture 
sector. 

 Estonia (2015): Switch to the EMEP/EEA Guidebook 2016 methods for the agriculture sector. 
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 France (2015): New estimate for biomass combustion in the residential sector. Switch to the 
EMEP/EEA Guidebook 2016 methods for the agriculture sector. 

 Greece (2005, 2010): New estimate for biomass combustion in the residential sector. Switch 
to the EMEP/EEA Guidebook 2016 methods for the agriculture sector. 

 Croatia (2005, 2010, 2015): Switch to the EMEP/EEA Guidebook 2016 methods for the 
agriculture sector. 

 Hungary (2005, 2010, 2015): Switch to the EMEP/EEA Guidebook 2016 methods for the 
agriculture sector. New estimates from the waste and wastewater treatment sector. 

 Latvia (2015): Reallocation of diesel oil from stationary combustion to mobile machinery. 
Switch to the EMEP/EEA Guidebook 2016 methods for the agriculture sector. 

 Malta (2010, 2015): Switch to the EMEP/EEA Guidebook 2016 methods for the agriculture 
sector. 

 Sweden (2015): Switch to the EMEP/EEA Guidebook 2016 methods for the agriculture sector. 
Revised estimate of wastewater treatment. 

 Slovakia (2005): New estimation from biomass combustion in the residential sector. Switch to 
the EMEP/EEA Guidebook 2016 methods for the agriculture sector. Error correction of waste 
and wastewater treatment. 

 

 

Figure 1.4: Differences between the 2017 and 2019 reports of national NH3 emission inventories for 
2005, 2010 and 2015 
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1.1.1.5 NMVOC inventories 

Most Member States have significantly revised their NMVOC emission inventories between the 2017 
and 2019 (Figure 1.5). The main differences in reported emissions occurred for the following 
sectors/sources:  

 Stationary combustion: Many Member States updated emission factors to the EMEP/EEA 
Guidebook 2016, especially for the residential sector.  

 Fugitive emissions: Several Member States updated their methods and emission factors, 
especially for flaring. 

 Solvents: Changes relate to different methods and emission factors and to re-allocations 
between categories, following the conversion from the NFR09 to the NFR14 system. 

 Agriculture: Several Member States updated the methods and emission factors for manure 
management to the methods and emission factors provided in the EMEP/EEA Guidebook 
2016.  

Differences in reported national total emissions of more than 10% have been found in:  

 Austria (2005, 2010): The increase in the national total emissions emerges mainly from the 
EMEP/EEA Guidebook 2016 methods for the agriculture sector. Increases are partly 
compensated by lower estimates for the solvents use sector. 

 Bulgaria (2010, 2015): The decrease is mainly due to corrections of agriculture category 3Da1 
(Inorganic N-fertilizers), 3F (Field burning) and the residential sector (1A4bi), which 
outnumber the strong increase in the fugitive sector (1B). 

 Cyprus (2005, 2010, 2015): Revised emission factors for solvent use, implementation of NECD 
inventory review-recommendation for the solvent use sector (completeness of estimates). 

 Czech Republic (2005, 2010, 2015): Use of the EMEP/EEA Guidebook 2016 methods for the 
residential sector.  

 Finland (2010): Updated fuel wood consumption statistics and a revised emission model for 
the residential sector. 

 Greece (2010, 2015): Use of higher tier methods for the solvent use sector. 

 Croatia (2005, 2010, 2015): Use of EMEP/EEA Guidebook 2016 tier 2 method for the solvent 
use sector. 

 Italy (2010): Switch to the new COPERT transport model version. Implementation of NECD 
inventory review recommendations for the agriculture sector. 

 Lithuania (2005, 2010, 2015): Revised solvent use model. Revised estimates for agriculture. 

 Luxemburg (2005, 2010, 2015): Revised activity data and emission factors for the solvent use 
sector. Updated activity data and error corrections in the agriculture sector. 

 Malta (2005, 2010, 2015): Revised estimates for road transport and solvent use. First estimate 
of NMVOC emissions from agricultural sources. 

 Netherlands (2005, 2010, 2015): Revision of fugitive emissions from fuel. Improved estimates 
for solvent use. First estimate of NMVOC emissions from agricultural sources. 

 Poland (2005, 2010, 2015): Revised energy balances for stationary combustion. Use of the new 
COPERT transport model. Implementation of the 2018 NECD review recommendations for 
fugitive emissions from fuels and the solvent use sector. First estimate of NMVOC emissions 
from agricultural sources. 
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 Portugal (2015): Switch to the new version of the COPERT transport model. Reallocation of 
diesel consumption from stationary to mobile machinery. Use of the CONCAWE method for 
fugitive emissions from fuels. Revision of the solvent use sector. Use of the EMEP/EEA 
Guidebook 2016 methods for the agriculture sector. 

 Romania (2005, 2010, 2015): New sector split for stationary combustion. Switch to tier 2 
method of the EMEP/EEA Guidebook 2016 for fugitive emissions from fuels. 

 Slovakia (2005, 2010): Revised estimates for industry stationary combustion. Use of the 
EMEP/EEA Guidebook 2016 methods for the residential sector. Revised solvent use model. 
Revised estimates for agriculture. Correction for the waste disposal sector.  

 

 

Figure 1.5: Differences between the 2017 and 2019 reports of national VO emission inventories for 
2005, 2010 and 2015. 
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consistent with the inventory guidelines and reflect the emission limit values of relevant European 
and national emission control legislation.  

For the first Clean Air Outlook the GAINS emission database for 2005 was adjusted to the inventories 
reported by Member States in 2017. However, as discussed in the section above, numerous updates 
of the inventories for historic years occurred in the national submissions of 2018 and 2019.  

These changes have been introduced into the GAINS databases so that the new dataset reproduces 
nationally reported data as far as possible, and remaining discrepancies are explained and justified. 
With the new data and after appropriate adjustments, an acceptable agreement between reported 
and modelled estimates of SO2, NOx, PM2.5 and NMVOC emissions has been reached at the GNFR 
(Nomenclature For Reporting of emission inventories to EMEP/EEA) sector level, and for NH3 for each 
animal category. Consequently, with a few justified exceptions, estimates of total national emissions 
differ now by less than5% for SO2, NOx and NMVOC, and less than 10% for PM2.5 (Table 1.4).  

1.1.2.2 Frequent reasons for inconsistencies 

1.1.2.2.1 Statistical data of emission generating activities 

Activity data that have been used by Member States to compute their air pollutant emissions are often 
different from what has been reported to EUROSTAT by Member States. Often, discrepancies relate 
to the following issues:  

 While EUROSTAT statistics provide the sold volumes of fuel for (road) transport, a different 
amount of fuel is used within the country. GAINS follows the EUROSTAT practices and 
allocates emissions based on fuel sold, while in several cases national emission calculations 
consider only fuel used within the country. However, GAINS disaggregates fuel to the different 
vehicle categories according to the shares provided in the national inventory reports.  

 Different sectoral allocation of fuel consumption. This typically affects the allocation of diesel 
fuel across different vehicle categories (with different average emission factors), as well as the 
split of fuel consumption into non-road mobile machinery, industrial use and residential 
combustion. In general, GAINS uses the total fuel amount consumed in the different sectors 
as reported to EUROSTAT. However, in cases when the Informative Inventory Reports (IIRs) 
provide transparent documentation, the shares reported in the IIRs are used instead. 

 Livestock statistics do not always follow the same accounting/reporting methods, with 
differences in the time of the year when the count is performed or how young animals are 
included. As this is typically not a problem for cattle and pigs, GAINS relies on EUROSTAT 
statistics for these animals, considering the division into different manure management 
systems based on the information provided in the national inventories or in the tables in the 
inventories of the United Nations Framework Convention on Climate Change (UNFCCC). 
Discrepancies can be larger for sheep and goats. These are analysed separately with 
appropriate emission factors reflecting the count. Finally, some data like fur animals, rabbits, 
reindeers are not provided by the EUROSTAT data, so that GAINS employs national statistics 
or information from the Food and Agriculture Organization (FAO) of the United Nations. 

The use of solid biomass (wood logs, wood chips, pellets) for heating in the residential sector is 
important in many countries. While there are no indications of declining overall trends, the types of 
fuelwood in use (e.g., increasing use of pellets) shifts fuel use to different types of installations. For 
instance, wood log stoves are replaced by pellet stoves, which have very different emission 
characteristics. However, information about the volumes of fuel wood consumption as well as the 
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understanding of the structure of installations is rather poor in most Member States. Such statistics 
are difficult to obtain as fuelwood (especially logs) often originates from non-commercial sources 
which are not always included in economic statistics. Consequently, the use of fuelwood has been 
notoriously underestimated, despite attempts to improve data at national (using census data, 
dedicated campaigns for smaller regions, e.g., done in northern Italy, Austria, Sweden, Finland, 
Estonia, Denmark) and international levels ((Denier van der Gon et al., 2015; FAO & ECE, 2018). 
Uncertainties remain, as seen in the continuing changes of assumptions used for the national 
reporting of national emissions. Even less information is available on the structure of installations. A 
number of national assessments (e.g., Denmark, Italy, Finland and recently Slovakia, Estonia) and 
academic studies (e.g., (Klimont et al., 2002, 2017)) attempted to apportion fuelwood use across 
different types of stoves and boilers. These assumptions have profound impact on emission 
inventories, emission projections, and on the assessment of cost-effective mitigation opportunities. 
GAINS uses the national assessments of fuel use and structure of installations, provided they are well 
documented. For other countries, the dedicated fuelwood production and consumption studies from 
FAO (FAO and ECE, 2018) and statistics embedded in the PRIMES model are used. Where data on the 
structure of installations and their turnover is missing, GAINS data are based on national and academic 
studies to derive default assumptions which are considered representative for similar countries (e.g., 
in terms of access to woody biomass, share of rural population, etc.). 

1.1.2.2.2 Reporting of the condensable fraction of particles 

Emissions of particulate matter can be sampled and measured in various ways representing either 
mostly solid particles or also accounting for condensable particles. The importance of condensable 
particles differs between sources, with combustion of biomass and coal in residential stoves and 
boilers being the likely major contributor.  

Consequently, reported national emissions often refer to different particle definitions and thus are 
not directly comparable. Many countries specify sampling and measurement techniques to certify and 
compare installations in national laws. For example, in Germany and Austria filter measurements are 
standard, which leads to a systematic underrepresentation of condensable particles in reported 
emissions. In contrast, Norway and Denmark require dilution tunnels to capture also condensable 
organics (or semi-volatile organics), although measurement protocols vary (type of filter, sampling 
temperature, dilution ratio, inclusion of the start-up and smouldering phase, etc.). Emission factors 
for the same stove can be rather different, depending on the measurement technique (e.g., (Denier 
van der Gon et al., 2015; Nussbaumer, 2010)). 

For the EMEP/EEA Emission Inventory Guidebook, experts have reviewed the literature, reported 
some of the numbers and made initial suggestions for international harmonization. However, this 
analysis is not yet complete, and finalization will take some time. Discussion continues on how to 
harmonize reporting, how to compare existing emission factors, and how to agree on a reference 
method.  The scientific community prefers unified methods for calculating emissions across Europe 
with well-documented emission factors that consider the impacts of key local characteristics such as 
operating practices, types of wood, and meteorology (Denier van der Gon et al., 2015). The 
unavailability of reliable statistics on fuel use including non-commercial wood introduces additional 
uncertainty (Klimont et al., 2017). 

As an international assessment, the GAINS approach has to strike a balance between international 
consistency on the one hand, and the reproduction of nationally reported inventory numbers in order 
to achieve acceptance by Member States. Necessarily, this requires compromises leading to a mixed 
approach. This is especially problematic for residential combustion, since measurement and reporting 
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approaches for large stationary combustion and mobile sources are better harmonized. The varying 
importance of condensable particles for different source sectors has potentially important 
implications for future compliance with the emission reduction requirements of the NEC directive 
2016/2284. If condensable particles have not been considered when setting the emission reduction 
commitments (ERCs) and if condensable particles would then be included in future emission reporting, 
measures for sources that have a high share of condensable particles will make larger contributions 
to the achievement of the ERCs than originally envisaged, and vice versa.  

During the consultations between IIASA and national experts that have been conducted for the review 
of the old NEC directive prior to the 2016 adoption of the new NEC Directive and for the preparation 
of the first Clean Air Outlook, the inclusion of condensable particulate matter in national inventories 
has been discussed with all Member States. Unless IIASA was made aware that a long-standing process 
and well documented methods were behind current national reporting, IIASA recommended to refer 
to the TNO assessment of PM emissions in Europe (Denier van der Gon et al., 2015) which includes 
condensable particles, and to consider whether the suggested method could be used to update the 
national inventories. This process has also been supported by the UNECE Task Force on Emission 
Inventories and Projection (TFEIP) and the revision of the EMEP/EEA Guidebook. As a consequence, 
there is now good alignment of the GAINS, TNO and national estimates for a number of Member States 
(e.g., for Bulgaria and Romania). For countries where a long tradition and good documentation of 
filter-based methods exists (e.g., Austria, Germany, France), GAINS estimates are close to the national 
inventories, significantly lower than the recent TNO assessment. Figure 1.6 shows a comparison of 
2010 PM2.5 emission estimates for the residential sector for two TNO model estimates, national 
reporting data from 2017 and 2019 as processed for the Copernicus Atmospheric Modelling Service 
(CAMS), and the GAINS model estimates derived for this report.  

 

 

Figure 1.6: Comparison of PM2.5 emission estimates for the residential sector for 2010 
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1.1.2.2.3 Vehicle fleet, age structures and annual mileage  

Emission characteristics of vehicles and mobile machinery are bounded by the emission regulations 
that were in place when a vehicle was put into service. GAINS clusters vehicles and machinery 
according to their EURO certification standards. Resulting fleet average emission factors are 
determined by the weight of the vehicle emission classes, considering the number of vehicles per class 
and their usage shares. Typically, older vehicles/machines have below average usage, while the use is 
higher for younger vehicles/machines. However, this concept introduces some uncertainty about the 
exact composition of the vehicle fleet. National reports rarely document complete details on the age 
structures and use intensities, and often use fleet average emission rates that emerge as aggregate 
proxies (‘implied emission factors’). The age mixes and use intensities in the GAINS database have 
been adjusted – within plausible ranges – to the fleet average emission rates provided in the national 
reports.  

1.1.2.2.4 Municipal waste burning 

Recently, GAINS has introduced a new methodology for calculating greenhouse gases and air pollutant 
emissions from municipal waste management in a coherent way (Gómez-Sanabria et al., 2018). While 
consistent with the method of the Intergovernmental Panel on Climate Change (IPCC) for calculating 
methane emissions, the method considers more technological details based on national and regional 
data, allowing an improved representation of national management systems.  

At the same time, the methods used by individual countries for emission reporting are frequently not 
described in sufficient detail. In many cases, GAINS estimates are lower than what is reported in 
emission inventories. Also, a number of countries started to report emissions from accidentally burned 
cars and houses within the ‘waste’ category, which leads to larger numbers. Where reported, the 
GAINS analysis for this report includes such emissions and keeps them constant for the future. 

1.1.2.2.5 Open burning of agricultural residues 

In all EU countries open burning of agricultural waste is prohibited unless special permissions are 
issued. Several Member States are not reporting emissions from this source in their national 
submissions. However, satellite observations demonstrate that burning of agricultural residues is a 
rather common practice in some countries, causing considerable emissions of several air pollutant 
species. For estimating these emissions, GAINS uses the results from satellite observations for all 
countries, drawing on several sources including national and international studies assessing 
frequency, fire radiative power, and the extent of burning as well as associated emissions. It has been 
shown that remote sensing products such as the Global Fire Emissions Database GFED (Randerson et 
al., 2015), the FINN - Fire Inventory of NCAR (Wiedinmyer et al., 2011), or the Global Fire Assimilation 
System (GFAS) underestimate the volumes of burned biomass during agricultural fires and therefore 
need to be supplemented with bottom-up studies. Thus, GAINS estimates are often higher than what 
is provided in national inventories.  

The issue of agricultural burning has been addressed in more detail in the report to the Commission 
on agricultural measures (Amann et al., 2017). Since that time, several countries improved 
quantifications of these emissions and compiled supporting data, often in direct contact with IIASA. 
Information obtained during these consultations has been incorporated into GAINS together with 
latest interpretations of remote sensing products on fire frequency and intensities. For several 
countries, a declining trend has been observed, at least until 2010. 
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1.1.2.2.6 Impact of diesel vehicle emission deficiencies and updates  

Over the last years, evidence about higher than expected on-road NOx emissions of diesel cars and 
light commercial vehicles has come under the spotlight, and by now there is much better 
understanding of the real-life emissions of vehicles. Also, attempts have been made to reduce on-road 
emissions through additional soft- and hardware retrofits. However, the latest emission factors of the 
COPERT model (https://www.emisia.com/utilities/copert/documentation/) and the EMEP/EEA 
Emission Inventory Guidebook 2016 do not yet fully reflect these recent insights, e.g., about higher 
emissions due to so-called ‘thermal windows’ outside the laboratory testing temperature. The GAINS 
analyses for the second Clean Air Outlook presented in this paper are based on emission factors of 
HBEFA ‘Handbook of Emission Factors’ version 4.1 (HBEFA 4.1, 2019), which are in line with the 
national road transport emission models in Austria, France, Germany, and Sweden.  

1.1.2.2.7 Inclusion of emission sources in the inventory 

While Member States report emissions from a wide range of sectors and sources, not all sources are 
accounted for in the Emission Reduction Commitments (ERCs) of the NECD. In order to enable 
consistent comparisons of emission inventories, the tables presented in this report employ a uniform 
set of source categories that corresponds to the requirements of the NECD. In particular, the following 
adjustments have been made: 

 Following Article 4(3)(d) of the NECD, an increasing number of countries are now reporting 
NOx emissions from agricultural soils (NFR 3D). However, these emissions are not accounted 
for compliance with the ERCs and are therefore omitted from the comparisons in this report 
(although GAINS estimates these emissions as well).   

 Several countries are now reporting NMVOC emissions from agriculture, e.g., from livestock 
manures and crops, sometimes accounting for a large part of total national NMVOC emissions. 
As these sources are not included in the NEC ERCs and are not yet addressed in GAINS, they 
are excluded from the comparison here as well. 

 The Danish inventory reports NH3 emissions from crops, although this category of ammonia is 
not included in the NEC directive for compliance checking. It is also not included in GAINS. 

 Germany started to report emissions of NH3 from the biological treatment of waste (anaerobic 
digestion facilities). Such emissions emerge from the application of digestate on land (as 
fertilizer) and could potentially grow in the future. At the time when the NECD was developed, 
this source was insignificant, and was not considered in the GAINS model. 

 

1.1.3 Comparison of nationally reported data for 2005 and 2015 with the GAINS estimates 

The inclusion of the information provided in the national emission inventories together with the 
adjustments in activity statistics resulted in a rather good match between the GAINS emission 
estimates and the national inventories for the years 2005 and 2015. For the total EU-27, estimates of 
SO2, emissions differ by not more than 2%, for NOx by less than 4%, and for NH3 and NMVOC by 1%, 
respectively. Largest discrepancies occur for PM2.5 emissions, where GAINS estimate 8% higher 
emissions mainly due to the consideration of condensable particles (Table 1.3 and Table 1.4). 
Obviously, there are larger differences for some individual Member States, but in most cases they 
remain below 10%. 
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Table 1.3: Comparison of the national emission inventories and GAINS estimates for 2005 and 2015 for SO2 , NOx and PM2.5 (kilotons) 

 SO2 NOx PM2.5  
 2005 2015 2005 2015 2005 2015 
 National 
inventory 

GAINS 
estimate 

Diff. National 
inventory 

GAINS 
estimate 

Diff. National 
inventory 

GAINS 
estimate 

Diff. National 
inventory 

GAINS 
estimate 

Diff. National 
inventory 

GAINS 
estimate 

Diff. National 
inventory 

GAINS 
estimate 

Diff. 

AT 25.5 26.2 3% 14.0 13.3 -5% 227.8 233.5 2% 145.4 152.2 5% 21.7 21.8 0% 21.7 21.8 0% 
BE 142.5 141.1 -1% 40.7 39.8 -2% 303.9 292.7 -4% 184.7 184.6 0% 35 33.5 -4% 35 33.5 -4% 
BG 779.2 758.3 -3% 142.6 140.8 -1% 186.8 171.6 -8% 135.0 125.9 -7% 30.9 38.3 24% 30.9 38.3 24% 
HR 58.7 56.8 -3% 15.8 15.1 -4% 80.3 75.6 -6% 51.8 53.4 3% 41 41.6 2% 41 41.6 2% 
CY 37.9 36.4 -4% 12.9 13.8 7% 20.9 22.9 9% 14.6 13.8 -5% 2.2 2.4 10% 2.2 2.4 10% 
CZ 208.5 212.5 2% 129.4 124.8 -4% 277.9 262.0 -6% 177.5 183.7 4% 43 45.6 6% 43 45.6 6% 
DK 26.2 26.0 -1% 9.7 9.8 1% 188.3 187.3 -1% 97.2 104.0 7% 25.6 26.8 5% 25.6 26.8 5% 
EE 76.3 75.8 -1% 36.1 36.7 2% 40.5 39.0 -4% 30.7 28.1 -8% 14.2 14.0 -2% 14.2 14.0 -2% 
FI 69.5 71.0 2% 40.8 41.2 1% 197.7 187.1 -5% 128.9 136.3 6% 25.2 28.5 13% 25.2 28.5 13% 
FR 460.2 431.7 -6% 162.9 158.3 -3% 1417 1347.5 -5% 881.3 911.0 3% 259.8 261.1 0% 259.8 261.1 0% 
DE 471.8 478.2 1% 343.2 342.3 0% 1465 1423.7 -3% 1117.1 1116.9 0% 138.9 129.1 -7% 138.9 129.1 -7% 
GR 549.3 542.1 -1% 83.6 86.4 3% 451 428.7 -5% 247.6 240.1 -3% 49.5 53.5 8% 49.5 53.5 8% 
HU 43 41.6 -3% 24.3 25.4 5% 162.2 155.7 -4% 105.8 103.3 -2% 40.1 42.5 6% 40.1 42.5 6% 
IE 72.9 72.0 -1% 15.2 15.8 4% 138.3 139.4 1% 80.9 84.6 5% 19.4 19.9 2% 19.4 19.9 2% 
IT 409.1 386.0 -6% 124.3 129.1 4% 1219.6 1200.2 -2% 724.0 799.1 10% 174.7 166.9 -4% 174.7 166.9 -4% 
LV 8.5 8.5 -1% 3.6 3.7 2% 39.9 40.4 1% 34.1 35.2 3% 23 23.2 1% 23 23.2 1% 
LT 28 29.3 5% 15.2 14.3 -6% 53.3 49.3 -8% 45.6 41.0 -10% 12.4 19.2 55% 12.4 19.2 55% 
LU 2.4 2.3 -4% 1.3 1.4 4% 53.6 55.3 3% 21.4 30.9 44% 2.4 2.8 16% 2.4 2.8 16% 
MT 12 12.1 1% 2.0 2.2 8% 9 9.9 10% 4.9 4.6 -6% 0.7 0.7 2% 0.7 0.7 2% 
NL 67.2 68.2 1% 30.8 31.9 4% 373.7 356.1 -5% 239.7 246.5 3% 24 23.4 -2% 24 23.4 -2% 
PL 1171.6 1181.9 1% 711.5 691.2 -3% 816.2 771.7 -5% 668.8 709.2 6% 160.4 252.6 57% 160.4 252.6 57% 
PT 189.5 190.0 0% 46.1 46.2 0% 266.2 279.7 5% 159.6 168.8 6% 66.6 64.9 -3% 66.6 64.9 -3% 
RO 605.6 599.6 -1% 156.8 147.9 -6% 315.1 286.9 -9% 212.4 213.2 0% 120.1 123.0 2% 120.1 123.0 2% 
SK 86 88.3 3% 66.8 67.6 1% 99 99.3 0% 67.0 69.9 4% 34.3 34.8 1% 34.3 34.8 1% 
SI 40.4 40.2 0% 5.4 5.8 7% 52.9 50.2 -5% 32.7 34.1 4% 13.3 13.2 -1% 13.3 13.2 -1% 
ES 1205.4 1189.8 -1% 259.7 251.1 -3% 1314.3 1306.0 -1% 729.0 785.8 8% 131.6 147.2 12% 131.6 147.2 12% 
SE 35.7 37.1 4% 17.6 17.8 1% 171.5 201.7 18% 119.1 130.1 9% 30.8 34.3 11% 30.8 34.3 11% 
EU-27 6882.9 6803.0 -1% 2512.3 2473.4 -2% 9941.9 9673.3 -3% 6456.8 6706.3 4% 1540.8 1664.8 8% 1540.8 1664.8 8% 
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Table 1.4: Comparison of the national emission inventories and GAINS estimates for 2005 and 2015 for NH3 and NMVOC (kilotons) 

 NH3 VOC 
 2005 2015 2005 2015 
 National 
inventory 

GAINS 
estimate 

Diff. National 
inventory 

GAINS 
estimate 

Diff. National 
inventory 

GAINS 
estimate 

Diff. National 
inventory 

GAINS 
estimate 

Diff. 

AT 62.7 65.3 4% 67.4 69.8 4% 116.2 122.8 6% 86.5 90.7 5% 
BE 75.2 72.0 -4% 68.3 72.4 6% 146.3 141.9 -3% 85.5 87.6 3% 
BG 51.7 46.7 -10% 49.8 48.4 -3% 86.5 96.7 12% 73.6 73.2 0% 
HR 47.6 47.6 0% 39.0 39.5 1% 109.6 104.8 -4% 61.8 55.0 -11% 
CY 7.5 7.0 -7% 6.2 5.8 -6% 21.4 11.1 -48% 11.4 6.7 -42% 
CZ 77.2 75.5 -2% 72.1 69.5 -4% 257.4 261.5 2% 215.8 205.6 -5% 
DK 88.5 76.6 -13% 74.9 67.0 -11% 107.4 117.3 9% 69.0 75.1 9% 
EE 10.3 9.7 -5% 10.1 11.3 11% 29 27.8 -4% 17.8 17.1 -4% 
FI 37.3 37.6 1% 32.2 33.2 3% 127.9 121.2 -5% 72.8 73.3 1% 
FR 604.8 621.7 3% 607.6 610.9 1% 1176.3 1184.9 1% 633.7 633.1 0% 
DE 639.6 627.2 -2% 689.2 637.1 -8% 1146.5 1158.7 1% 835.2 851.6 2% 
GR 64.7 73.0 13% 57.5 61.6 7% 296 295.1 0% 200.3 182.5 -9% 
HU 86 79.0 -8% 86.8 75.7 -13% 147.4 146.2 -1% 119.0 106.3 -11% 
IE 113.3 103.0 -9% 110.7 104.1 -6% 76.9 78.1 2% 63.1 64.0 1% 
IT 426.9 433.0 1% 377.2 394.1 4% 1211.4 1216.7 0% 784.6 815.9 4% 
LV 15 15.3 2% 16.4 16.9 3% 43.2 41.9 -3% 34.2 31.4 -8% 
LT 31.2 33.1 6% 30.8 31.0 1% 52.2 49.2 -6% 36.9 33.2 -10% 
LU 5.9 5.7 -3% 5.6 6.0 7% 12.1 12.1 0% 8.1 8.5 5% 
MT 1.5 1.5 -2% 1.2 1.1 -7% 3.3 3.7 12% 2.6 2.7 3% 
NL 154.6 151.7 -2% 128.9 130.0 1% 199.2 193.1 -3% 160.4 158.8 -1% 
PL 324.3 325.0 0% 284.7 284.5 0% 626 642.4 3% 550.6 547.4 -1% 
PT 62.7 54.2 -13% 57.0 53.9 -5% 197.2 198.6 1% 158.3 145.6 -8% 
RO 206.1 189.5 -8% 171.6 165.6 -3% 306 296.3 -3% 224.0 207.9 -7% 
SK 37.9 38.8 2% 32.2 34.1 6% 143.5 139.2 -3% 91.0 82.3 -10% 
SI 20.4 20.2 -1% 18.7 17.7 -5% 39.6 40.9 3% 24.2 26.0 8% 
ES 521.9 520.5 0% 489.9 496.0 1% 694.6 701.6 1% 508.0 487.4 -4% 
SE 57.9 59.5 3% 54.3 53.2 -2% 176.2 178.6 1% 122.3 121.6 -1% 
EU-27 3832.7 3790.0 -1% 3640.3 3590.3 -1% 7549.3 7582.1 0% 5250.7 5190.5 -1% 
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1.1.4 Other changes in the GAINS model 

In order to maintain comparability with the first Clean Air Outlook and the preceding analyses for the 
NECD, all methodologies of the GAINS model (e.g., atmospheric dispersion calculations, health impact 
assessment methods, ecosystems indicators, etc.), were maintained unchanged. The only 
modification applies to an updated base year of the currency for cost calculations, from Euro of 2005 
to Euro 2015, for which an inflator of 16.124% was used. 

 

1.1.5 Summary of changes in the modelling set-up compared to the first Clean Air Outlook  

 The CAO2 baseline emission projections for 2030 that have been developed for this report 
for the second Clean Air Outlook are consistently lower than the projections of the first Clean 
Air Outlook in 2017. A number of contributing factors can be identified: 

 First, EU climate and energy policies have led to substantial new developments in the last 
years, which have an important impact on energy-related emissions of air pollutants.  

o In particular, the baseline scenario of the first Clean Air Outlook used the 2016 
Reference energy projection developed with the PRIMES model. Essentially this 
scenario considered policies and measures adopted at EU level and in the Member 
States by December 2014. Thereby, for the EU-28 a decline of total GHG emissions of 
30% was foreseen between 2005 and 2030, a consequence of the reduction in total 
energy consumption of 16%, including a 40% lower coal use.  

o The sensitivity analysis conducted for the first Clean Air Outlook explored the 
implications of the Climate and Energy Package proposed by the European 
Commission in 2016. For 2030, the ‘EUCO 30’ scenario variant of the underlying study 
resulted for the EU-28 in 36% lower GHG emissions, with almost 40% lower energy-
related CO2 emissions (compared to 2005). For 2030, total energy consumption was 
28% lower than in 2005, and coal use declined by 48%. 

o In contrast, the baseline scenario of the second Clean Air Outlook adopts the activity 
projections of the ‘EUCO 32 32.5’ scenario developed with the PRIMES model. This 
scenario was used to support the Commission’s June 2019 assessment of the draft 
national energy and climate plans (NECPs), submitted by Member States. In 
particular, the scenario assumes, for 2030, the achievement of the EU energy 
efficiency target of 32.5% and a renewable energy target of 32% as agreed in the 
‘Clean energy for all Europeans’ package, and implementation of the current policies 
on non-CO2 GHG emissions. For the EU-28, total GHG emissions decline between 
2005 and 2030 by 41%, and energy-related CO2 emission by 48%. Total energy use is 
27% below the 2005 level, and coal use is cut by 58%. 

 Second, the CAO2 baseline scenario incorporate recent changes in emission control 
legislation. 

o Importantly, this includes EU wide regulations (e.g., on mobile sources and in 
particular on the recent agreements on Euro-6 standards for diesel vehicles).  

o Also, the NAPCP scenario also includes the new policies and measures announced by 
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Member States as selected for adoption in their NAPCPs. The latter information has 
significant implications for the projection of NH3 emissions, as numerous countries 
have announced the selection for adoption of policies and measures in response to 
the NECD emission reduction commitments for NH3. 

 

Table 1.5: Comparison of key features of the first and second Clean Air Outlooks 

 1st Clean Air Outlook 2018 2nd Clean Air Outlook 2020 

 CAO1 baseline Climate 
and Energy 

Policy 
scenario 

CAO2 baseline scenario 

 2030 2030 2030 2050 

 Energy and air quality policies 

Energy and climate 
policies up to 2030  

Policies and measures  
in place in 2014 

36% 
reduction 

in GHGs by 
2030 

32% target for RES and  
32.5% for EE in 2030 

Air pollution 
legislation 

EU legislation  
as of 2017 

EU legislation as of 2020 plus already 
adopted national measures  

Energy consumption relative to 2005 

Total energy 
consumption 

-26% -35% -40% -58% 

Coal use -39% -48% -58% -93% 

GHG emissions relative to 2005 

Total greenhouse 
gases  

-30% -36% -41% -68% 

Energy related  
CO2 emissions  

-31% -39% -46% -78% 

Air pollutant emissions relative to 2005 

SO2  -78% -80% -85% -90% 
NOx  -63% -66% -70% -80% 

PM2.5  -51% -54% -60% -71% 

NH3 -5% -5% -8% -9% 

VOC -42% -43% -48% -52% 

 

As a consequence, compared to the analyses for the first Clean Air Outlook, the new CAO2 baseline 
comes much closer to the NECD commitments, partly due to the inclusion of recent EU climate policy 
measures, and partly due to additional pollution control policies and measures that have been 
adopted since then.  
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1.2 Update of the health impact assessment method in ALPHA-RISKPOLL 

This Annex considers updates to the health impact assessment of the benefits assessment method in 
the ALPHA-Riskpoll model that is used alongside the GAINS model of IIASA, to provide cost-benefit 
analysis.  This concerns both the response functions used and the range of health impacts for which 
quantification is carried out.  

 

List of acronyms 

AIRQ+ Air pollution health impact assessment model of WHO 
ALPHA-Riskpoll Atmospheric Long-range Pollution Health Assessment model  
ALRI Acute lower respiratory infection 
APED Air Pollution Epidemiology Database 
BenMAP Environmental Benefits Mapping and Analysis Program of USEPA 
CAFE Clean Air For Europe programme of the EU 
CBA Cost-Benefit Analysis 
CHD Coronary Heart Disease 
CO Carbon monoxide 
COMEAP (UK) Committee on the Medical Effects of Air Pollutants 
COPD Chronic Obstructive Pulmonary Disease 
DCE Danish Centre for Environment and Energy 
EC4MACS European Consortium for Modelling of Air Pollution and Climate Strategies (LIFE+ 

Project) 
EEA European Environment Agency 
ELAPSE Effects of Low level Air Pollution: A Study in Europe 
EVA Economic Valuation of Air Pollution model (Danish) 
GAINS Greenhouse gas-Air pollution Interactions and Synergies model of IIASA 
GBD Global Burden of Disease study 
GRADE Grading of Recommendations Assessment, Development and Evaluation 
HRAPIE Health Response to Air Pollutants In Europe (WHO study) 
IER Integrated Exposure Response function 
IHKU Air Pollution Damage Cost model (Finland) 
IIASA International Institute for Applied Systems Analysis 
INERIS Institut national de l'environnement industriel et des risques (French National Institute 

for Industrial Environment and Risks) 
ISA Integrated Science Assessment 
ISTE Health Impacts of Air Pollution Tool of the Finnish Institute for Health and Welfare 
MAPLE Mortality-Air Pollution Associations in Low Exposure Environments 
NEEDS New Energy Externalities Developments for Sustainability 
NGO Non-Governmental Organisation 
NMVOC Non-Methane Volatile Organic Compound 
NO2 Nitrogen dioxide 
OECD Organisation for Economic Cooperation and Development 
PM2.5, PM10 Particulate Matter less than 2.5 / 10 microns in diameter 
SO2 Sulphur dioxide 
THL Finnish Institute for Health and Welfare 
UBA Umweltbundesamt (Germany) 
UNEP United Nations Environment Programme 
USEPA United States Environmental Protection Agency 
VOLY Value of a Life Year 
WHO World Health Organization 
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1.2.1 Introduction 

1.2.1.1 Key questions 

The existing set of response functions is drawn from the 2013 HRAPIE (Health Response to Air 
Pollution in Europe) study coordinated by WHO-Europe on behalf of the European Commission.  Since 
HRAPIE was published, a very large number of air pollution epidemiology studies have been carried 
out.  Reflecting this, it is noted that alternative response functions are used by some authors, and 
additional effects are under investigation, for example concerning stroke, myocardial infarction, birth 
outcomes (premature birth and low/very low birth weight), diabetes and dementia.  Some of these 
impacts have long-term and serious impacts on sufferers, and could add significantly to the benefits 
of controlling air pollution. 

This Annex considers practice in other economic studies of air pollution.  Whilst some new 
epidemiological literature is referred to, the paper does not provide a systematic appraisal of that 
area of research since 2013.  Some work of that nature has recently been peformed as part of the 
review of the WHO Air Quality Guidelines. 

Key questions relevant to an update of the existing ALPHA-Riskpoll methods are as follows: 

 How relevant is new research to Europe?  With this question in mind there is some deliberate 
bias in the literature selected to European studies, as there is a clear need for the Commission 
to understand the methods and possible inconsistencies across this user group. 

 Do differences in approach reflect knowledge gained since HRAPIE was completed or do they 
draw on literature that existed prior to 2013? 

 Do differences in approach accurately reflect the literature from which they are drawn? 
 Is there consistency in the introduction of additional effects to the economic studies? 
 Is there consistency in changes made to the response-functions that were included in HRAPIE, 

such as effects of PM2.5, NO2 and ozone on mortality? 

1.2.1.2 The ALPHA_Riskpoll model 

The ALPHA Riskpoll model has been developed since the late 1990s for quantification of the health 
benefits of international air pollution policies primarily in Europe (e.g. Holland and King, 1999; Holland 
et al, 2005; Holland, 2014a).  It contains information on population, including projections to 2100, 
response functions for the quantification of health impacts, data on the incidence of health conditions 
such as mortality rates, hospital admission data and the incidence of respiratory and cardiovascular 
disease, and valuation data. 

The principal inputs to the model are data on population exposure generated by GAINS, for PM2.5 and 
ozone.  The model calculates the change in health impacts under different pollution scenarios, and 
quantifies total damage in monetary terms and benefits, usually relative to a business-as-usual 
scenario. Results are provided separately for most European countries1. 

Both GAINS and ALPHA-Riskpoll provide results for mortality, though on a different basis. GAINS 
quantifies mortality as an indicator used in optimisation of scenarios of alternative policies.  It applies 
changes in pollution to the population of 2010, and provides a measure of how different scenarios will 
affect the risk of dying prematurely from exposure to PM2.5 and ozone. If GAINS accounted for 

 
1 Exceptions are the European microstates of: Andorra, Liechtenstein, Monaco, San Marino and the Vatican City; 
and Iceland, which is outside of the modelled domain. 
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population changes, the reduction in risk from reducing pollution levels would be obscured over time 
as the population grows and ages. ALPHA-Riskpoll, in contrast, adjusts population for future years in 
line with projections from the UN’s World Population Prospects2 to derive estimates of mortality that 
allow costs and benefits to be compared on a consistent basis (given that emission scenarios account 
for population changes in their modelling of future demand for polluting services).   

The last major reviews of ALPHA-Riskpoll were carried out in 2013/2014 under the EC4MACS study 
(Holland et al, 2013) and then by Holland (2014b), the latter following publication of the HRAPIE 
(Health Risks of Air Pollution in Europe) recommendations on concentration-response functions 
developed by an international group of experts convened by WHO-Europe (WHO, 2013). Further 
review was also undertaken for the work reported by Cofala et al (2018). 

ALPHA-Riskpoll has recently been included in a comparison of tools available in the Nordic countries 
(Lehtomäki et al, 2020), the other models being EVA (Brandt et al, 2013a, b), the health impacts of air 
pollution tool (ISTE) under development at the Finnish Institute for Health and Welfare (THL) and 
AIRQ+ developed by WHO-Europe (WHO, 2020).  The model performed well in the comparison, 
providing estimates of mortality that were broadly central to the estimates made by the other models. 
Some discrepancies were noted in population data, which has now been updated. 

 

1.2.1.3 Literature reviewed 

As noted above, attention in this paper has been paid mainly to work for the European Union and its 
institutions, and work for EU Member States.  Work by other notable organisations including WHO 
and USEPA is also considered. The following sources have been reviewed:  

 WHO’s original HRAPIE study (WHO, 2013) 

 A series of systematic reviews being undertaken in the context of review of WHO’s Air Quality 
Guidelines 

 Global Burden of Disease (GBD, 2018; Burnett et al, 2014, 2018) 

 AirQ+(WHO, 2020) 

 European Environment Agency (EEA, 2019) 

 DG MOVE (2019) 

 DG ENER (work in progress) 

 DG ENV (work in progress) 

 Belgium (van de Vel and Bueker, personal communication, 2020) 

 Denmark (Brandt et al, 2013a, b; DCE, 2018) 

 Finland (Savolahti et al, 2018) 

 France (Schucht et al, 2015; Pascal, 2016; Lelieveld, 2019) 

 Germany (UBA, 2018, 2019) 

 Ireland (Envecon, 2015) 

 Netherlands (CE, 2018a, b) 

 Sweden (Åstrom, personal communication, 2020) 

 
2 The 2019 iteration of World Population Prospects is available at: https://population.un.org/wpp/.  
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 UK (Ricardo, 2019, Defra, 2020) 

 Health Canada (2019) 

 US Environmental Protection Agency (USEPA, 2011, 2019) 

 Studies for OECD (OECD, 2014, 2016) 

 UNEP LCIA indicators (UNEP, 2016) 

 
The papers considered for individual countries include a mix of official national positions and positions 
of individual groups of researchers. 

This paper is not a detailed review of the recent epidemiological literature, but a review of current 
practice for air pollution – health impact assessment in various countries and by various institutions, 
particularly in Europe. 

 

1.2.2 Review of the health-response function sets  

1.2.2.1 WHO, and Global Burden of Disease 

WHO (2013a): HRAPIE 

The HRAPIE study brought together experts from across Europe and North America to evaluate the 
evidence for health effects of different pollutants and to make recommendations for response 
functions to be used in analysis supporting the development of European policy. These 
recommendations, so far as they were identified for use in cost-benefit analysis are reproduced in 
Table 1.6 and provide the starting point for the current review. 

Some of the response functions included in the HRAPIE list are derived from very dated research, 
particularly the studies of Ostro (1987) and Ostro and Rothschild (1989) dealing with (minor) restricted 
activity days and lost working days.  There is a wider literature relevant to these endpoints, particularly 
information dealing with school absence, supporting inclusion of these effects (reviewed in Amann et 
al, 2017). However, there is a lack of consistency across the studies with respect to pollutant and 
impact metrics that prevents meta-analysis of results and development of a unified response function 
drawing on a significant number of studies.  The results of the Ostro studies appear of a broadly similar 
magnitude to other studies dealing with similar effects.  There is additional evidence of presenteeism 
(under-performance at work by sick individuals) linked to air pollution that goes beyond the HRAPIE 
quantification of ‘working days lost’ (e.g. Chang et al, 2016). 

Consideration of the effects included in the table suggests that there could be some underestimation 
in impacts on morbidity through a lack of studies investigating the effects of long-term exposure on 
cardiovascular disease and respiratory disease with the exception of bronchitis.  Hospital admissions 
linked to both forms of disease are included, linked to short-term exposures, but not any associated 
increase in disease. 
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Table 1.6: HRAPIE recommendations for air pollution – health response functions to be used in CBA 
(WHO, 2013). Those effects in bold font were rated as having the highest confidence. 

Effect Population 
group 

Relative Risk 
(95%Confidence Interval)  

per 10 ug.m-3 

Range of 
concentration 

Source for 
response 
function 

PM2.5 annual mean, long term exposure  
All-cause mortality 
(natural) 

30 years + 1.062 
(1.040 – 1.083) 

All Hoek et al, 
2013 

All-cause infant mortality 1 – 12 months 1.04 
(1.02 – 1.07) 

All Woodruff et 
al, 1997 

Bronchitis Ages 6 – 12 years 
(or 6 – 18 years) 

1.08 
(0.98 – 1.19) 

All 
 

Hoek et al, 
2012 

Bronchitis 18 years + 1.117 
(1.040 – 1.189) 

All Abbey et al, 
1995a, b, 

Schindler et 
al, 2009 

PM2.5 daily mean, short term exposure  
Cardiovascular hospital 
admissions (including 
stroke) 

All ages 1.0091 
(1.0017 – 1.0166) 

All APED study, 
2000-2009 1 

Respiratory hospital 
admissions  

All ages 1.019 
(1.9982 – 1.0402) 

All APED study, 
2000-2009 1 

Restricted activity days All ages 1.047 
(1.042 – 1.053) 

All Ostro, 1987 

Work-days lost 20 – 65 years 1.046 
(1.039 – 1.053) 

All Ostro, 1987 

Incidence of asthma 
symptoms 

5 – 19 years 1.028 
(1.006 – 1.051) 

All Weinmayr et 
al, 2010 

O3 daily mean, short term exposure  
Mortality All ages 1.0029 

(1.0014 – 1.0043) 
>35ppb Katsouyanni 

et al, 2009 
Cardiovascular hospital 
admissions (excluding 
stroke) 

65 years + 1.0089 
(1.0050 – 1.0127) 

>35 ppb Katsouyanni 
et al, 2009 

Respiratory hospital 
admissions  

65 years + 1.0044 
(1.0007 – 1.0083) 

>35 ppb Katsouyanni 
et al, 2009 

Minor restricted activity 
days 

All ages 1.0154 
(1.0060 – 1.0249) 

>35ppb Ostro and 
Rothschild, 

1989 
NO2 annual mean, long term exposure  
All-cause mortality 
(natural) 

30 years + 1.055  2 

(1.031 – 1.080) 
>20 ug.m-3 Hoek et al, 

2013 
Prevalence of bronchitic 
symptoms 

5 – 14 years 1.021 
(0.990 – 1.060) 

All McConnell et 
al, 2003 

NO2 daily mean, short term exposure  
Respiratory hospital 
admissions 

All ages 1.0180 
(1.0115 – 1.0245) 

All APED study, 
2000-2009 1 

Notes: 1) Reference to APED refers to a series of European studies reporting between 2000 and 2009: further 
details are provided in the HRAPIE report (WHO, 2013). 2) HRAPIE notes potential for ‘up to 30%’ of the mortality 
impact of long-term exposure to NO2 to be double counted with quantification for PM2.5. 
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For the purpose of comparing approaches between authors for the purposes of CBA, it is useful to 
consider the relative importance of each effect (deaths, hospital admissions, etc.) in terms of total 
health damage, to understand which effects are most significant.  To do this, it is necessary to express 
effects using a common metric, monetisation being used here.  Results for the HRAPIE functions for 
PM2.5 are shown in Figure 1.7, where each effect is expressed relative to chronic mortality, with values 
reflecting those used in earlier studies for DG ENV (Holland, 2014a).  Similar figures are presented 
below where there are differences in approach to HRAPIE, for Denmark, Sweden, the UK and USA for 
the purpose of comparison, to evaluate the extent to which additional effects or alternative response 
functions may make a difference to the results.  Figure 1.7 indicates that under the HRAPIE 
recommendations for PM2.5, and valuations as applied by e.g. Holland (2014), mortality dominates the 
analysis and there are significant contributions also from chronic bronchitis in adults, restricted 
activity days and lost working days. Overall, mortality accounts for 75% of the total health impact, and 
morbidity, 25%. 

 

 

Figure 1.7. Health effects of PM2.5 relative to chronic mortality, using the HRAPIE recommendations 
and values of Holland (2014). 

 

Systematic reviews in the context of WHO’s Air Quality Guidelines 

WHO commissioned a series of systematic reviews in the context of the review of the WHO Air Quality 
Guidelines.  A consistent method and approach to reporting is applied in all cases.  The reviews of 
most relevance here are:   

 Orellano et al (2020) addressing short-term exposure to PM2.5, PM10, NO2, NOx and O3 and 
all-cause and cause-specific mortality.  

 Chen, J. and Hoek, G. (2020) addressing long-term exposure to PM and all-cause and cause-
specific mortality.  

0%

20%

40%

60%

80%

100%

120%

Chron
ic 

M
or

tal
ity

Infan
t M

ort
ality

Chron
ic 

Bro
nch

itis

Bro
nch

itis
 in

 ch
ild

re
n

Res
pira

to
ry 

Hos
pita

l A
dmiss

ion
s

Card
iac

 H
osp

ita
l A

dmiss
ion

s

Res
tri

cte
d Acti

vit
y D

ay
s

Asth
m

a s
ym

ptom
 da

ys 
(ch

i ld
re

n)

Lo
st 

work
ing

 da
ys



31 

 

 Huangfu and Atkinson (2020) addressing long-term exposure to nitrogen dioxide and ozone 
and all-cause and respiratory mortality.  

Comparison of the content of these reviews with the coverage of HRAPIE (Table 1.6) shows that they 
will not provide review of all effects that may be relevant in the context of CBA. The reviews are 
instead more closely linked to risk assessment, where the key concern is not an overall assessment of 
damage, but consideration of what levels of pollution generate a ‘significant’ (however defined) level 
of impact.  Risk assessment tends to focus on effects that are both important at the level of the 
individual (mortality being the prime example) and for which the evidence base is most extensive.  
CBA includes more effects because it is necessary to understand whether the benefits of a given policy 
will exceed costs: unnecessary restriction of impacts and a willingness to accept effects into the 
analysis (even where evidence is weak) will both bias the outcome of the CBA. 

Orellano et al (2020) selected 196 articles after screening against agreed criteria to assess evidence 
for effects of short term exposure to PM10, PM2.5, NO2 and O3 on all-cause and cause-specific mortality.  
Evidence for a positive association between these pollutants and mortality was found, as shown in 
Table 1.7.  The level of evidence was rated high for all but one pollutant-effect combination, based on 
analysis using an adjusted version of the GRADE (Grading of Recommendations Assessment, 
Development and Evaluation) Framework.  In addition to providing 95% confidence intervals around 
best estimates, the study (like the other Systematic Reviews in the series) provides 80% prediction 
intervals that seek to account for heterogeneity in observations3 . 

  

 
3 Heterogeneity is an indicator of the extent to which variation between study estimates is too great to be 
explained by chance.  Chen and Hoek state that the medium to high level of heterogeneity that they observe in 
the PM studies is likely due to a combination of differences in methodology, concentration and composition of 
PM, population, geographical location and time period. 
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Table 1.7. Results of Orellano et al (2020) for effects of short term exposure to PM10, PM2.5, NO2 and 
O3 on all-cause mortality. 

Pollutant, duration Effect Relative risk: 
Mean 

(95% CI) 
[80% prediction interval] 

GRADE 
certainty 

PM10, 24 hour average All-cause mortality 1.0041 / 10ug.m-3 
(1.0034-1.0049) 
[1.0013-1.0070] 

High 

PM2.5, 24 hour average All-cause mortality 1.0065 / 10ug.m-3 
(1.0044-1.0086) 
[1.0017-1.0114] 

High 

NO2, 24 hour average All-cause mortality 1.0072 / 10ug.m-3 
(1.0059-1.0085) 
[1.0031-1.0113] 

High 

NO2, 1 hour max All-cause mortality 1.0024 / 10ug.m-3 
(0.9995-1.0053) 
[0.9985-1.0064] 

Moderate 

O3, 24 hour average All-cause mortality 1.0043 / 10ug.m-3 
(1.0034-1.0052) 
[1.0013-1.0073] 

High 

 

Chen and Hoek (2020) investigated long-term exposure to PM and all-cause and cause-specific 
mortality.  107 predominantly cohort studies were included after screening more than 3,000 abstracts, 
with most studies being from North America (62) and Europe (25), and more using PM2.5 (71) rather 
than PM10 (42).  Roughly 60% of the studies included in the analysis were published after the cut-off 
date for HRAPIE.  PM2.5 was associated with all causes of death considered.  Meta analysis included 
assessment of low mean PM2.5 concentrations and found no evidence of threshold, but some 
indication of supra-linearity in response (i.e. increased response at low concentrations, per unit 
exposure).  The GRADE (Grading of Recommendations Assessment, Development and Evaluation) 
Assessment concluded high certainty of evidence for PM2.5 for all assessed endpoints except 
respiratory mortality for which a moderate rating was given. Evidence was considered less certain for 
PM10 and cause specific mortality. 

Limited consideration was possible of the effect of adjustment of response functions for other 
pollutants.Relative risks were stable after adjustment for coarse particles and ozone, but were 
sensitive to adjustment for NO2 with a significant decline in the response function for PM2.5, though 
this latter observation was based on a small subset of papers (5).  The authors note that two pollutant 
models can be difficult to interpret when the correlation between pollutants is high or exposure for 
pollutants is assessed with different methods or at a different spatial resolution. 

Results for PM2.5 are shown in the following table.  The review also provides results for PM10, but these 
are less significant than for PM2.5, and hence response functions based on the finer fraction are 
preferred here. 
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Table 1.8. Results of Chen and Hoek, 2020, systematic review of long term exposure to PM and 
mortality. 

Pollutant, duration Effect Relative risk: 
Mean 

(95% CI) 
[80% prediction 

interval] 

Range of mean 
concentrations * 

GRADE certainty 

PM2.5 long term All-cause mortality 1.08 / 10 ug.m-3 
(1.06 – 1.09) 
[1.05 – 1.11] 

4.1 – 54 ug.m-3 High 

PM2.5 long term Circulatory 
mortality 

1.11 / 10 ug.m-3 
(1.09 – 1.14) 
[1.06 – 1.17] 

4.1 – 54 ug.m-3 High 

PM2.5 long term IHD mortality 1.16 / 10 ug.m-3 
(1.10 – 1.21) 
[1.04 – 1.29] 

4.1 – 54 ug.m-3 High 

PM2.5 long term Stroke mortality 1.11 / 10 ug.m-3 
(1.04 – 1.18) 
[0.98 – 1.25] 

4.1 – 54 ug.m-3 High 

PM2.5 long term Respiratory 
mortality 

1.10 / 10 ug.m-3 
(1.03 – 1.18) 
[0.95 – 1.29] 

4.1 – 54 ug.m-3 Moderate 

PM2.5 long term COPD 1.11 / 10 ug.m-3 
(1.05 – 1.17) 
[1.02 – 1.21] 

4.1 – 54 ug.m-3 High 

PM2.5 long term ALRI 1.16 / 10 ug.m-3 
(1.01 – 1.34) 
[0.88 – 1.54] 

4.1 – 54 ug.m-3 High 

PM2.5 long term Lung cancer 1.12 / 10 ug.m-3 
(1.07 – 1.16) 
[1.05 – 1.18] 

4.1 – 54 ug.m-3 High 

Note: * Summary tables did not permit differentiation of concentration ranges for individual effects, hence only 
the overall range of mean PM2.5 concentrations across all studies is provided here. 

 

Chen and Hoek provide results specific to European studies for PM2.5 and all cause mortality. The result 
is a relative risk of 1.07 per 10 µg.m-3 (95% CI: 1.03-1.11), slightly smaller than the overall estimate of 
1.08.  This contrasts with the study of Pope et al (2020) that finds a significant increase in the estimate 
for Europe with a relative risk of 1.12 / 10 µg.m-3 compared to an overall average of 1.09.  The likely 
reason for this difference is that Chen and Hoek considered fewer European studies (5, compared to 
10 by Pope et al), despite Chen and Hoek having included more studies overall.  The fact that Pope et 
al have included more European studies in their European estimate does not necessarily make their 
estimate more robust: Chen and Hoek may have had good reason for limiting the studies considered.  
Further debate on this issue is certainly desirable. 

Huangfu and Atkinson (2020), investigating mortality impacts of long term exposure to NO2 and O3 
identified 46 studies meeting their inclusion criteria, 41 for NO2 and 20 for O3. Most of the studies 
were from Europe and the USA, with some also from Canada, China and Japan.  Results are reported 
for all-cause, respiratory, COPD (chronic obstructive pulmonary disease) and ALRI (acute lower 
respiratory infection) mortality for NO2 and all-cause and respiratory mortality for O3.  Roughly 60% 
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of accepted studies across all endpoints were published after the cut-off data used for HRAPIE, 
indicating a substantial amount of new literature.  The review found high levels of heterogeneity for 
all causes of death except NO2 and COPD. There was no evidence to suggest that response functions 
deviated from linearity across the range of concentrations considered, though the authors urge 
caution when considering linearity down to the lowest concentrations.  Results are shown in the 
following table. 

 

Table 1.9. Results of Huangfu and Atkinson, 2020, systematic review of long term exposure to NO2 and 
O3 and mortality. 

Pollutant, duration Effect Relative risk: 
Mean 

(95% CI) 
[80% prediction 

interval] 

Range of mean 
concentrations 

GRADE certainty 

NO2, long term All-cause mortality 1.02 / 10 ug.m3 
(1.01 – 1.04) 
[0.98 – 1.07] 

16.9 – 130 ug.m-3 Moderate 

NO2, long term Respiratory 
mortality 

1.03 / 10 ug.m3 
(1.00 – 1.05) 
[0.98 – 1.07] 

20.4 – 130 ug.m-3 Moderate 

NO2, long term COPD mortality 1.03 / 10 ug.m3 
(1.00 – 1.04) 
[1.01 – 1.05] 

21.8 – 104 ug.m-3 High 

NO2, long term ALRI mortality 1.06 / 10 ug.m3 
(1.02 – 1.10) 
[0.98 – 1.13] 

21.8 – 104 ug.m-3 Moderate 

O3, long term, 
annual metric 

All-cause mortality 0.97 / 10 ug.m3 
(0.93 – 1.02) 
[0.88 – 1.08] 

40.3 – 133 ug.m-3 Low 

O3, long term, peak 
metric 

All-cause mortality 0.99 / 10 ug.m3 
(0.89 – 1.11) 
[0.99 – 1.03] 

45 – 96 ug.m-3 Moderate 

O3, long term, 
annual metric 

Respiratory 
mortality 

1.01 / 10 ug.m3 
(1.00 – 1.02) 
[0.79 – 1.25] 

51.2 – 133 ug.m-3 Low 

O3, long term, peak 
metric 

Respiratory 
mortality 

1.02 / 10 ug.m3 
(0.99 – 1.05) 
[0.96 – 1.08] 

75 – 94.3 ug.m-3 Low 

 

Global Burden of Disease 

The latest version of the Global Burden of Disease (GBD) Project (GBD, 2018) quantifies mortality 
effects of PM2.5 on a cause-specific basis for: 

 Lower respiratory infections 

 Tracheal, bronchus and lung cancer 

 Ischaemic heart disease (differentiated by age class) 

 Stroke (differentiated by age class) 
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 Chronic Obstructive pulmonary disease (COPD) 

 Diabetes mellitus type 2 

 

Functions are not derived solely from epidemiological information on air pollution and mortality, but 
from other sources also (such as smoking and occupational exposures), particularly to enable 
extension of functions to the highest pollution levels.  This approach contrasts with the 
recommendation of HRAPIE to quantify against all-cause mortality, rather than cause-specific effects, 
and for ischaemic heart disease and stroke to differentiate against age also.  The HRAPIE functions are 
also applied as linear across all ages for those aged 30 and over, without explicit account being taken 
of either a threshold or cut-point for analysis. In practice, the HRAPIE function for PM2.5 has been 
applied in European policy analysis only for PM from anthropogenic sources. 

The 2013 version of GBD is used by both WHO-Europe in the AIRQ+ software (alongside HRAPIE 
functions) and by USEPA in the BenMAP software, though it is now somewhat outdated given 
subsequent analysis, for example the update by Burnett et al (2018).  The Integrated4 Response 
Functions (IERs) for that work are described by Burnett et al (2014).  Given that this approach would 
seem to be more detailed than the HRAPIE approach (breaking down analysis to different causes of 
death and different age groups), it might be thought that it would produce better quality results.   

The development of the IER functions for GBD was stimulated by a lack of epidemiological evidence 
for significant parts of the world, including China and India, where population and pollution levels are 
both high. In Europe and North America, however, epidemiological data covering the range of likely 
exposures have been available for some time and results over this period have been broadly 
consistent.  An advantage of the HRAPIE all-cause function is that it covers a broader range of causes 
of death than the cause-specific functions of GBD.The GBD approach, in contrast, has had to recognise 
that response functions developed in Europe and North America may not be robust when applied in 
other regions where there is substantial variation in: 

 Pollution exposures  

 Life expectancy 

 Population age structure 

 The prevalence of disease 

 The availability of affordable, high-quality health care. 

The continued preference expressed here for the HRAPIE position of quantifying against all-cause 
mortality should therefore not be regarded as criticism of the GBD approach: the scope of the present 
work is simply different to that of GBD. 

In a more recent iteration, Burnett et al (2018) construct risk functions based only on cohort studies 
of outdoor air pollution that covers the global exposure range, without needing to bring in data from 
other sources, such as occupational exposures or smoking to account for concentrations observed in 
countries such as China and India. These functions do not level off to the same degree as those used 
in the earlier GBD work, leading to significantly higher estimates of damage, and of benefit from 
reducing exposure.  Although linked to GBD (given their authorship) it is understood that these 
functions have yet to be adopted by GBD, though it seems likely to be only a matter of time until they 

 
4 ‘Integrated’ in the sense that they draw on evidence from a variety of sources, not only exposure to ambient 
air pollution. 
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are.  The Burnett et al (2018) functions are, however, being used by some analysts in Europe, for 
example Lelieveld et al (2019). 

Considering the criteria listed in Section 1.2.1.1, the GBD work and Burnett et al (2018) scores well as 
it deals with literature more recent than HRAPIE and has been widely reviewed.  It is relevant to 
Europe, but only to an extent, given reliance on information from other world regions.  The need to 
extend the response functions to very high concentrations, much higher than in Europe, could affect 
the shape of the response function at lower concentrations, with significant consequences for 
analysis.  The fact that the functions are cause-specific is also problematic, given that some causes of 
death linked to air pollution, such as dementia, are not included.  There may also be some variation 
in attribution of cause of death between countries that would introduce error to a European analysis.  
For these reasons, the position taken here is that they would need further specific validation against 
the European literature before adoption in GAINS or ALPHA-Riskpoll.  None of these factors is a 
criticism of the work of GBD or of Burnett et al (2018): both deal with the global rather than the 
European scale and need to provide an approach that is consistent at that scale and recognises 
extensive differences in health status between regions.   

 

WHO-Europe: AirQ+ 

The AIRQ+ tool contains default mortality functions for PM2.5 and O3 based on HRAPIE and GBD 2013, 
with the user free to choose between the options provided. Default morbidity functions are based on 
HRAPIE. Users can provide their own functions for analysis.  The morbidity functions used in the tool 
reflect the HRAPIE recommendations.  The same conclusions apply here as above. 

 

1.2.2.2 Assessments for EU institutions 

European Environment Agency 

EEA (2019) describes the methods used by the Agency to provide information on mortality risks of air 
pollution in Europe. The central estimates provided for PM2.5, O3 and NO2 exposure all follow the 
approach defined through the HRAPIE study (WHO, 2013a).  EEA does not provide estimates of 
morbidity impacts. 

 

European Commission (DG MOVE) 

DG MOVE (2019) published an updated Handbook on the external costs of transport in January 2019.  
The analysis was performed by CE Delft, who also undertook the analysis for the Netherlands 
described below.  It is incorrectly stated (p. 47 and again on p.189) that: “Since 2009 there has been 
no further development of NEEDS and neither of the rival model of CAFE-CBA”.  Whilst the NEEDS 
project ended in 20095, the ‘model of CAFE-CBA’ (the ALPHA, now ALPHA-Riskpoll model)  is kept 
under constant review, as for example in this paper (and also by Holland et al, 2012; Holland et al, 
2013; EEA, 2014; Holland, 2014b, Cofala et al, 2018). 

A review of the effects quantified for the DG MOVE Handbook is provided in Table 1.10.  There are 
several areas where there are differences between the approach used and the HRAPIE methods, for 
example through the retention of functions from the NEEDS study (2008) that predated HRAPIE.  To 

 
5 http://www.needs-project.org  
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the extent that these concern morbidity (effects of PM2.5 on hospital admissions and bronchitis in 
children) the consequences for damage costs per unit emission (€/kgpollutant) are minor: from discussion 
with one of the authors this has been done where changes to the modelling framework already in use 
were considered likely to make little difference to the final results (de Bruyn, personal 
communication).  The position taken in the present paper is that it is preferable to be fully consistent 
with agreed guidance where this is practicable and where an alternative and more recent consensus 
is lacking.  

It is understood that the Handbook’s treatment of mortality from O3 seeks to provide an 
approximation of the HRAPIE recommendations whilst addressing other modelling issues.  The model 
includes quantification using the chronic exposure function provided by HRAPIE although this is not 
recommended by HRAPIE for inclusion in CBA6. The rationale for this is that the dispersion modelling 
used did not include formation, and hence health impacts, of secondary organic aerosols from NMVOC 
emissions.  It has been argued that the inclusion of the function for chronic exposure to O3 provides a 
counterbalance, providing what the authors consider to be a more realistic but still conservative 
estimate of damage costs for NMVOC emissions (de Bruyn, personal communication).  Assessment of 
the validity of this approach, involving consideration of the potential of the NMVOCs released from 
the transport sector to form organic aerosol around Europe and the influence of ozone on formation 
of secondary inorganic aerosol, is outside the scope of this paper: the modelling framework for the 
present contract includes explicit account of the formation of secondary organic and inorganic 
aerosols. 

  

 
6 The description of the approach in the handbook also reports quantification against mortality from heart 
disease rather than respiratory disease as specified by HRAPIE.  It is unclear whether this accurately reflects 
what was done. 
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Table 1.10.  Comparison of methods used for health impact assessment in DG MOVE (2019) and the 
HRAPIE guidance of WHO (2013a). 

Poll. Effect Position relative to HRAPIE 

PM2.5 Mortality Consistent 
O3 Mortality Acute mortality estimate derived using NEEDS function 

multiplied by a factor 6 to account for chronic 
mortality effects, although the chronic effect is not 
recommended by HRAPIE for inclusion in cost-benefit 
analysis.  The method appears to quantify 
cardiovascular mortality, although HRAPIE discussion 
of chronic effects of ozone is focused on respiratory 
mortality.  It is understood that this deviation from 
HRAPIE was introduced to counterbalance a lack of 
direct account for secondary organic aerosol 
formation by NMVOCs. 

NO2 Mortality Information from the study author indicates that 
results are consistent with a lower bound application 
of the approach of COMEAP (2018), rather than 
HRAPIE. 

PM2.5 Cardiac hospital admissions Slight overestimation compared to HRAPIE based on 
earlier NEEDS (2008) study 

PM2.5 Respiratory hospital admissions Likely that the method involves a slight overestimation 
compared to HRAPIE, though text is ambiguous. 

PM2.5 Restricted activity days Consistent 
PM2.5 Minor restricted activity days Consistent 
PM2.5 Working days lost Consistent 
PM2.5 Medication use and lower respiratory 

symptoms via asthma 
Consistent 

PM2.5 Chronic bronchitis and COPD for adults Consistent 
PM2.5 Bronchitis in children Not included, partly on the grounds that the effect is 

rated ‘B’ (lower confidence than those effects rated ‘A’ 
in HRAPIE), although HRAPIE recommends it for 
inclusion in CBA. 

O3 Cardiovascular hospital admissions Consistent 
O3 Respiratory hospital admissions Consistent 
O3 Minor restricted activity days Consistent 
O3 Medication use, lower respiratory 

symptoms and cough days 
Included in earlier DG MOVE handbook but now 
excluded (consistent with HRAPIE) 

NO2 Bronchitis in asthmatic children It is unclear whether the approach adopted is 
consistent with HRAPIE. 

NO2 Respiratory hospital admissions Consistent 
 

The Handbook’s description of the method used for quantification of NO2 mortality is hard to follow 
and hence to validate.  From separate discussion, the final position adopted seems to be derived from 
a series of adjustments to the HRAPIE recommendation, approximating the lower end of the range 
from COMEAP (2018) with a relative risk of 1.0076/10ug.m-3 NO2, than the figure recommended by 
HRAPIE of a relative risk of 1.055/10ug.m-3 NO2.  Some reduction from the latter figure is appropriate 
given that HRAPIE acknowledges the potential for double counting of impacts (by up to 33%) when 
basing response functions on epidemiological studies of PM2.5 and NO2 separately but combining 
results, and further adjustments could be made to account for the population fraction affected 
(though this should make little difference) and the recommendation by HRAPIE for a cut-point of 
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20ug.m-3.  Adjustment to the COMEAP position is broadly in line with the recent conclusions of the 
systematic review undertaken by Huangfu and Atkinson (2020). 

The text in the Handbook is unclear regarding application of a factor 3 relationship between the effects 
of NOx via secondary inorganic particles and effects via NO2. The relationship between the two will 
vary significantly (by more than an order of magnitude) according to the site of emission (Ricardo, 
2019).  This could introduce significant uncertainty to application of the recommendations in the 
Handbook but is of little importance to the current study as the method for characterising exposure 
to different pollutant fractions to be used here will account for differences in the site of release.  The 
bigger problem for the current study is in estimation of NO2 exposure. 

 

European Commission (DG ENER) 

DG Energy has commissioned a team led by Trinomics to undertake a study on energy costs, taxes and 
the impact of government interventions on investments in the energy sector7, due to report by June 
2020.  It is understood that the team undertaking this work will follow the DG MOVE Handbook just 
discussed.  The same questions of consistency therefore apply to this work as well. 

 

European Commission (DG ENV) 

Analysis for DG ENV using the ALPHA-Riskpoll and GAINS models has used the HRAPIE 
recommendations in line with the recommendations of WHO (2013a) since they were published, to 
provide a series of reports designed to inform policy development including: 

 The 2013 Clean Air Policy Package (Amann et al, 2014; Holland, 2014) 
 The Impact Assessment underpinning the Commission proposeal for the National Emission 

reduction Commitments Directive (IIASA, 2014) 
 Assessment of Emission Control Areas in EU waters with a focus on the Mediterranean Sea 

(Cofala et al, 2018) 

 The Impact Assessment underpinning the EU Clean Air Strategy (Amann et al, 2017). 

Separate to the work with the ALPHA-Riskpoll and GAINS model, DG ENV has commissioned a team, 
led by Trinomics (as is the case for DG ENER), to undertake a study on environmental taxation and 
budgetary reform and internalisation of external environmental costs8, due to report in December 
2020.  The study has the following three objectives: 

 Identify where market-based instruments (MBIs) could help in a cost-effective way to achieve 
improved implementation of environmental policy and legislation in the EU. The project team 
will propose a design for MBIs that could be introduced in each EU Member State to 
internalise those externalities, across a range of environmental themes (such as water stress, 
water quality, biodiversity, waste). 

 
7 https://trinomics.eu/project/study_energy_costs_taxes_and_impact_of_government_interventions_2019/ 
8 https://trinomics.eu/project/mapping_objectives_environmental_taxation/ 
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 Identify and attempt to quantify/monetise certain external environmental costs that are not 
yet being internalised, thereby triggering environmentally harmful behaviours, and identify 
which actors bear those costs. 

 Contribute to enabling civil society to engage more effectively in policy- and decision-making 
processes in relation to environmental reform. 

 

1.2.2.3 European countries 

Belgium: Brussels and Flemish Regions (van de Vel and Buekers, 2020) 

This study, investigating air quality improvements in the Brussels and Flanders regions of Belgium, has 
collated a set of response functions, based on HRAPIE, but adding a number of further effects, 
including asthma incidence, heart failure, hypertension, stroke, preterm birth, diabetes and 
Parkinson’s disease.  Consideration is also being given to using COMEAP (2018, a review carried out 
for UK government by its Committee on the Medical Effects of Air Pollutants) as the core source for 
the NO2 – mortality response function.  Decisions on the final list of impacts and response functions 
to be included in the analysis are yet to be made. However, the work currently demonstrates a 
willingness to continue to accept HRAPIE as far as it goes, but also to add further impacts. 

 

Denmark (DCE, 2018) 

DCE (2018) reports analysis for Denmark, based on use of the EVA model.  The individual health 
impacts in the EVA system are documented in Brandt et al. (2013a) though not in a form directly 
comparable with the reporting in HRAPIE and reviewed in Bønløkke et al (2011) and Anenberg et al 
(2015). The methods cover all of the endpoints identified for PM2.5 by HRAPIE, but excludes those 
identified for NO2 and covers only some of those identified in HRAPIE for O3. However, the Danish 
work goes beyond HRAPIE in including: direct effects of SO2 on mortality, congestive heart failure from 
PM2.5 and CO and lung cancer from PM2.5, although extensions are based around earlier work under 
the ExternE Project (ExternE, 1999) and the Clean Air For Europe (CAFE) Programme from 2005 (Hurley 
et al, 2005).  The need to include additional effects in the CBA is of course dependent in part on their 
contribution to total damage: where this is slight, additional effects can be ignored for the purpose of 
economic analysis, but if it appears significant then it may be appropriate to add them in either the 
main analysis or a supplementary analysis.  This is investigated here by seeing how additional effects 
compare to mortality following economic valuation.  Figure 1.8 indicates that none of the additional 
effects of PM2.5 considered by DCE (2018) make a significant contribution to damage relative to 
chronic mortality and as such are unlikely to change the outcome of the CBA.  In fact, of the effects 
that are quantified only mortality, chronic bronchitis and restricted activity days add significantly to 
overall damage.  Most of the effects quantified make such a small contribution to damage that they 
are invisible on the graph.  All morbidity effects combined are equivalent to 29% of the mortality 
damage, or 22% of total damage (with mortality valued using median VOLY).  The split between 
mortality and morbidity is very similar to that shown in Figure 1.7 for HRAPIE. 

 



41 

 

Table 1.11. Effects quantified in the Danish DCE (2018) analysis. 

Effect Function Included in 
HRAPIE? 

Chronic bronchitis:   PM2.5 8.2 10-5 cases/ug.m-3 Yes 
Restricted activity days:   PM2.5 ~7 10-4 days/ug.m-3 Yes 
Respiratory hospital admissions: PM2.5 
 SO2 

3.46 10-6 cases/ug.m-3 

2.04 10-6 cases/ug.m-3 
Yes  
No 

Cerebrovascular hospital admissions:   PM2.5 8.42 10-6 cases/ug.m-3 Yes 
Congestive heart failure:  PM2.5 
 CO 

3.09 10-5 cases/ug.m-3 

5.64 10-7 cases/ug.m-3 
No 
No 

Lung cancer:    PM2.5 1.26 10-5 cases/ug.m-3 No 
Bronchodilator use by children:    PM2.5 1.29 10-1 cases/ug.m-3 (Yes) 
Bronchodilator use by adults:    PM2.5 2.72 10-1 cases/ug.m-3 No 
Cough children: PM2.5 4.46 10-1 cases/ug.m-3 No 
Cough adults: PM2.5 2.8 10-1 cases/ug.m-3 No 
Lower respiratory symptoms children:  PM2.5 1.72 10-1 cases/ug.m-3 No 
Lower respiratory symptoms adults:    PM2.5 1.01 10-1 cases/ug.m-3 No 
Acute premature deaths: SO2 7.85 10-6 cases/ug.m-3 No 
Acute premature deaths:  O3 3.27 10-6 cases/ug.m-3, SOMO35 Yes 
Chronic deaths: PM2.5 As HRAPIE Yes 
Chronic YOLL: PM2.5 As HRAPIE Yes 
Infant (>9 months) mortality:  PM2.5 6.68 10-6 cases/ug.m-3 Yes 

 

 

Figure 1.8. Importance of PM2.5 morbidity impacts relative to chronic mortality for Danish analysis 
(based on DCE, 2018; Andersen and Brandt, 2014). Orange bars (which are barely visible here) = effects 
excluded from HRAPIE. Valuation of mortality approximated to ‘median VOLY’. Effects on productivity 
were included with ‘restricted activity days’. 
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Given that the extensions are based on studies that predate HRAPIE and that they make only a very 
small contribution to total damage, it is not recommended that they be included in future model runs 
using the ALPHA-Riskpoll model. 

 

Finland (Savolahti et al., 2018) 

An Air Pollution Damage Cost Model (IHKU) has also been developed for Finland, with results being 
described by Savolahti et al (2018).  The model provides analysis of effects of exposure to PM2.5 only, 
but otherwise is understood to follow the HRAPIE recommendations and is thus consistent with the 
current version of ALPHA-Riskpoll. 

 

France 

Modelling of PM2.5 mortality for France by INERIS has been carried out using the ALPHA-Riskpoll model 
(as used in the 1st Clean Air Outlook analysis for DG ENV) and is thus fully consistent with the HRAPIE 
recommendations (e.g. Schucht et al, 2015).  A number of other authors have undertaken analysis of 
air pollution damage in France, using various alternative assumptions (e.g. Pascal, 2016; Lelieveld, 
2019), though there does not appear to be consensus on alternatives.  The Lelieveld study applies 
functions from the global analysis by Burnett et al (2018) that show a higher level of impact than GBD, 
significantly so for the EU28. Pascal provides estimate that are broadly similar in magnitude to HRAPIE 
assumptions, though based on different response functions.  Taking into account discussion above, 
which concluded against adoption of the functions from Burnett et al for specifically European 
analysis, it is not considered that the French studies (to the extent that they adopt alternative 
assumptions) provide a basis for moving away from the HRAPIE recommendations at the present time. 

 

Germany (UBA 2018, 2019) 

The methods for the health impact assessment followed in the UBA studies reflect the 
recommendations of the HRAPIE work and are thus consistent with the current version of ALPHA-
Riskpoll. 

 

Ireland (Envecon, 2015) 

The theoretical base and relevant parameters for health impact assessment in the derivation of 
marginal damage costs per unit emission of pollutants (NOx, NH3, SO2, NMVOC and PM2.5) for Ireland 
has been drawn from HRAPIE and Holland (2014).  Envecon (2015) states that the methods and 
parameters that they have used draw upon the Institute of Occupational Medicine model based on 
life-tables that have been adjusted with Irish parameters and using Irish input. The same model 
underpins the interpretation of the mortality functions recommended in HRAPIE by Holland (2014).  It 
is thus concluded that the Irish analysis is consistent with the current version of ALPHA-Riskpoll. 

 

Netherlands (CE, 2018a, b) 

The Environmental Prices Handbook 2017 for the Netherlands (CE, 2018a) uses response functions for 
human health taken from the NEEDS study (NEEDS, 2008).  Later work by the same authors (CE, 
2018b), however, follows the recommendations of HRAPIE more closely, though there are differences 



43 

 

(see Section 1.2.2.2, which covers the DG MOVE Handbook produced by the same authors).  Given 
that the Dutch studies do not include new functions based on material published after HRAPIE was 
completed, they are not considered further. 

 

Sweden 

There is interest in expanding the range of response functions in Sweden and other Nordic countries, 
including particularly pre-term birth, stroke and myocardial infarction (S. Ästrom, personal 
communication).  Preliminary information suggests that other response functions are being held 
consistent with HRAPIE, though this may change.  Within the Nordic countries more generally, an 
ongoing study called Nordic Welfair9, scheduled for completion in 2020, is investigating these and 
other response functions in more detail. 

As noted above for Denmark, the need to include additional effects in the CBA is dependent in part 
on their contribution to total damage: where this is slight, additional effects can be ignored without 
having a significant impact on the balance of costs and benefits, but if they appear to make a 
significant contribution then it may be appropriate to add them in either to the main analysis or a 
supplementary analysis.  This is again investigated here by seeing how additional effects compare to 
mortality following economic valuation to make outputs comparable.  The Swedish analysis from 
Åstrom introduces three additional effects, stroke, myocardial infarction and pre-term birth. Of these, 
there is a significant additional burden from stroke, equivalent in the results to about 40% of the figure 
for chronic mortality, whilst myocardial infarction and pre-term birth add little to the total (Figure 
1.9). Of the other functions, significant contributions to total damage are from chronic bronchitis, 
restricted activity days and work loss days all of which are covered by the HRAPIE recommendations.  
All morbidity effects combined are equivalent to 78% of the mortality damage, or 44% of total damage 
of which stroke provides 22% of the total (calculations based on mortality valued using median VOLY).  
This shows a significant increase in morbidity as a fraction of total damage compared to the results 
shown in Figure 1.7 for HRAPIE. 

 

 
9  https://www.ivl.se/english/startpage/pages/ongoing-research/research-projects/air/the-connection-
between-air-pollution-health-and-welfare.html  
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Figure 1.9. Importance of PM2.5 morbidity impacts relative to chronic mortality for Swedish analysis 
(based on Åstrom, personal communication). Orange bars = effects excluded from HRAPIE. Valuation 
of mortality approximated to ‘median VOLY’. 

The general consistency of the position taken by Åstrom with HRAPIE is noted. For the purpose of CBA, 
there may be a case for adding stroke as an effect given its significant contribution to total damage. 
For the purpose of communication, including preterm birth may also be appropriate for increasing 
awareness of the potential for air pollution to affect the youngest in society. 

 

UK (Defra, 2020; Ricardo, 2019) 

The effects considered in the work of Defra (2020) and Ricardo (2019), used to derive estimates of 
damage per tonne of pollutant, are shown in Table 1.12. The Defra approach is substantially more 
complex than those used by other authors with more explicit account being taken of uncertainties, 
both in terms of providing a range for the response functions, and low, central and high sensitivity 
cases.  Only those effects considered to be quantified with the highest confidence are included in 
‘Low’, and additional effects (of decreasing confidence) are included in ‘Central’ and then ‘High’. 
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Table 1.12. Effects quantified in the 2019 Defra analysis with response functions expressed as % 
change in rate of prevalence or incidence per 10 ug.m-3 of pollutant. Rows in italics show effect that 
were not considered by HRAPIE.   

Effect Population 
group 

% change 
per 10 ug.m-3 

(range in 
brackets) 

Range of 
concentration 

Sensitivity 
groups 1 

PM2.5 annual mean, long term exposure 
All-cause mortality (natural) 30 years + 6 (4 – 8) All LCH 
Bronchitis (adults) 18 years + 32 (2 – 71) All H 
Chronic heart disease  19 (1 – 42) All CH 
Stroke  12.8 (4.2 – 21.8) All CH 
Diabetes  10 (2 – 18) All H 
Lung cancer  9 (4 – 14) All H 
PM2.5 daily mean, short term exposure 
Cardiovascular hospital 
admissions (PM10) 

All ages 0.8 (no range) All LCH 

Respiratory hospital admissions 
(PM10) 

All ages 0.8 (no range) All LCH 

Productivity Working age See text All LCH 
Incidence of asthma symptoms Older children 48 (22 – 97) All CH 
O3 8-hour mean, short term exposure 
Mortality All ages 0.34  

(0.12 – 0.56) 
All LCH 

Cardiovascular hospital 
admissions  

65 years + 0.11 
(-0.06 – 0.27) 

All LCH 

Respiratory hospital admissions  65 years + 0.75 
(0.3 – 1.2) 

All LCH 

Productivity 20 – 65 years See text All LCH 
NO2 annual mean, long term exposure 
All-cause mortality (natural) 30 years + 2.3 (0.8 – 3.7) All LCH 
Diabetes  5 (2 – 7) All H 
Lung cancer  2 (0 – 3) All H 
Productivity 20 – 65 years See text All LCH 
NO2 daily mean, short term exposure 
Respiratory hospital admissions All ages 0.5  

(no range) 
All H 

Asthma Adults 4 (0 – 8) All H 
Asthma Small children 8 (1 – 12) All CH 
Asthma  Older children 3 (0 – 6) All CH 
SO2, daily mean, short term exposure 
All-cause mortality (natural)  0.6 (no range) All LCH 
Respiratory hospital admissions  0.5 (no range) All LCH 
Productivity 20 – 65 years See text All LCH 

Notes: 1) Functions were stratified into 3 groups for sensitivity analysis: L = Low damage cost sensitivity, C = 
Central, H = High. Hence the second row shows that bronchitis in adults was included only in the high sensitivity 
case. 

 

There is limited consistency between the HRAPIE function set and the effects considered by 
Defra/Ricardo, though a notable exception (given its importance in overall damage estimates) 
concerns PM2.5 and mortality, for which the functions used are almost identical. The following effects, 
included in the HRAPIE function set, are not included in the Defra/Ricardo list: 
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 PM2.5: Infant mortality 
 PM2.5: Bronchitis in children 
 NO2: Prevalence of bronchitis symptoms (5-14 years) 
 O3: Minor restricted activity days (all ages) 

Although not excluded entirely, chronic bronchitis in adults is relegated to the ‘High’ sensitivity case 
only, following recommendations of COMEAP (2016).  This position was adopted on the grounds that 
available evidence did not sufficiently establish causality.  Since the COMEAP report was published 
further evidence has been published (e.g. Dorion et al, 2019) that is more supportive of inclusion.  In 
HRAPIE, chronic bronichitis in adults makes a significant addition to the central case for PM2.5 (Figure 
1.7). 

The analysis of productivity used by Defra/Ricardo is based on an earlier report by Birchby et al (2014). 
That study extends beyond the HRAPIE recommendations to include effects of mortality on 
productivity (also via effects on consumption), effects of presenteeism (underperformance at work by 
those who attend, but are not fully well), and productivity losses outside the paid economy affecting 
carers and volunteers. In comparison to the analysis made using the HRAPIE recommendations, this 
broader approach generated an estimate about 4 times greater overall for productivity losses. 

The effect of the positions taken in the UK on morbidity relative to mortality for PM2.5 is illustrated in 
Figure 1.10 (which can be compared with Figure 1.7 for the HRAPIE position).  For the Low sensitivity 
case, mortality contributes 94% of total damage (compared to 75% for the HRAPIE position).  The only 
morbidity effect to make anything close to a significant contribution is productivity (4%).  However, 
the relative contribution of mortality to morbidity changes substantially for the Central and High 
sensitivity cases. For the Central case, mortality falls to 38% of the total damage, with other significant 
contributions from coronary heart disease (27%), stroke (10%) and childhood asthma (20%).  For the 
High case, mortality falls further, to 21% of the total damage, with significant contributions from 
coronary heart disease (25%), stroke (7%), childhood asthma (14%), chronic bronchitis (20%) and 
diabetes (8%).  The importance of additional effects increases from the Central to the High sensitivity 
case given the use of ranges for each impact that are proportionally broader than those for chronic 
mortality.  The UK assessment is the only example reviewed here where morbidity effects outweigh 
mortality. 
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Figure 1.10. Importance of PM2.5 morbidity impacts relative to chronic mortality for UK analysis (based 
on Ricardo, 2019; Defra, 2020). Valuation of mortality approximated to ‘median VOLY’. 

 Dark bars (chronic mortality, respiratory and cardiovascular hospital admissions, productivity 
and chronic bronchitis+ = effects included in HRAPIE 

 Light bars (coronary heart disease, stroke, lung cancer, asthma in children, diabetes) = effects 
excluded from HRAPIE.  

 Dark/light blue = effects included in the Low sensitivity case 
 Orange/light orange = effects included in the Central sensitivity case 
 Dark green/light green = effects included in the High sensitivity case. 

 

The Defra work takes a more simplified approach to the quantification of NO2 impacts on mortality 
than recommended to it by COMEAP (Committee on the Medical Effects of Air Pollutants) (2018).  The 
reason for this is that Defra wanted a standardised approach that can be used by non-experts working 
across government.  The original COMEAP recommendation was for separate approaches for dealing 
with traffic pollution and for dealing with interventions that primarily target NO2.  The difference in 
approach for these two situations reflects the problems in separating out the effects of NO2 from 
other pollutants, especially PM2.5, given that both arise from similar sources and coexist in the 
atmosphere.  Being produced later than HRAPIE, the COMEAP report had access to significantly more 
literature on NO2. Key recommendations were for a weaker relationship between NO2 and mortality 
than HRAPIE, but for no cut-point in analysis (HRAPIE recommended 20 ug.m-3).  These two 
recommendations pull in opposite directions, with COMEAP generating higher impacts below 
20 ug.m-3 but lower impacts above that figure. 
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Looking back to the questions raised in Section 1.2.1.1, the following observations are made.  The 
development of response functions for the Ricardo and Defra papers is based on UK, European and 
North American literature and so positions reached can be considered relevant to European analysis.  
The work reflects some development in epidemiological knowledge since HRAPIE was concluded, 
unlike many of the other papers reviewed.  Support for the Defra/Ricardo position elsewhere is 
limited: like HRAPIE, the work indicates that hospital admissions linked to PM2.5 will be of minor 
importance, but that effects on productivity will be more significant.  Defra/Ricardo is more sceptical 
of chronic bronchitis, but adopts a larger estimate when the effect is added in, and also brings in a 
series of further impacts, most notably coronary heart disease, asthma in children, stroke and 
diabetes.  Results for these effects are particularly sensitive to assumptions on severity of impact and 
duration of disease.  Most of the additional effects are not considered in the other papers reviewed, 
though the Swedish work reviewed above includes stroke. 

The difference in the morbidity assessment, resulting in part from drawing on more recent literature, 
highlights the need for further systematic review to inform future health impact assessment. This goes 
beyond the systematic reviews currently being carried out by WHO which are focussed on a smaller 
range of health effects. 

 

1.2.2.4 North America 

Health Canada (2019) 

The AQBAT (Air Quality Benefits Assessment Tool) of Health Canada includes the following impacts: 

 For PM2.5 
o Mortality (chronic exposure, adults >24 years) 
o Acute respiratory symptom days (adults and non-asthmatic children aged 5-19 years) 
o Adult chronic bronchitis cases (adults >24 years) 
o Asthma symptom days (asthmatic children aged 5-19 years) 
o Cardiac emergency room visits (all ages) 
o Cardiac hospital admissions (all ages) 
o Child acute bronchitis episodes (children aged 5-19 years) 
o Respiratory emergency room visits (all ages) 
o Respiratory hospital admissions (all ages) 
o Restricted activity days (adults and non-asthmatic children aged 5-19 years) 

 For O3 
o Mortality (chronic exposure, summer, deaths >24 years) 
o Mortality (acute exposure, deaths in all age groups) 
o Acute respiratory symptom days (summer, adults and non-asthmatic children aged 5-

19 years) 
o Asthma symptom days (summer, asthmatic children aged 5-19 years) 
o Minor restricted activity days (summer, adults and non-asthmatic children aged 5-19 

years) 
o Respiratory emergency room visits (summer, all ages) 
o Respiratory hospital admissions  (summer, all ages) 
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 For NO2 
o Mortality (acute exposure, deaths in all age groups) 

Results shown by Health Canada (2019) indicate that chronic and acute deaths linked to ozone 
exposure are counted as additive, which does not reflect European practice.  In general, the selection 
of health endpoints is broadly similar to HRAPIE. Comparison of assumptions and results is not directly 
possible here as functions are expressed differently in the paper to the HRAPIE report, and results are 
not given separately for each pollutant.  Similar to HRAPIE, the most significant morbidity effects for 
PM2.5 are chronic bronchitis in adults and restricted activity days.  The positions reached seem broadly 
supportive of the HRAPIE position. 

 

US Environmental Protection Agency (2011, 2019) 

US EPA has undertaken a number of studies assessing the costs and benefits of air quality strategies 
and measures (e.g. USEPA, 2011).  To facilitate these analyses the Agency has produced the BenMAP 
software, which enables quantification of the following effects10: 

For PM2.5 

 All-cause mortality (chronic exposure) 

 Post neonatal mortality 

 Acute non-fatal myocardial infarction (all ages) 

 Asthma hospital admissions (age options, 0 – 17, 0 - 64) 

 All cardiovascular hospital admissions (less myocardial infarction) (age options 18 – 64, >65) 

 All respiratory (ages >65) 

 Asthma emergency room visits (all ages) 

 Acute bronchitis (ages 8 – 12) 

 Work-days lost (ages 18 – 64) 

 Minor restricted activity days (ages 18 – 64) 

 Lower respiratory symptoms (ages 7 – 14) 

 Asthma related symptoms (cough, shortness of breath, wheeze in ages 6-18, and upper 
respiratory symptoms in ages 9-11) 

Additional health impact functions for PM2.5 cover lung cancer, chronic bronchitis, cardiovascular 
disease, congestive heart failure, dysrhythmia, ischaemic heart disease, chronic lung disease, 
pneumonia. 

For O3: 

 All-cause mortality (acute exposure, all ages) 

 Respiratory hospital admissions (ages >65) 

 Asthma emergency room visits (age options, all ages, 0 – 17, 18 – 99) 

 School loss days (ages 5 – 17) 

 
10 No attempt is made to tabulate these effects for direct comparison with the HRAPIE recommendations, as the 
format of the response functions is different. 
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 Minor restricted activity days (ages 18 – 64) 

 Asthma related symptoms: 

o Asthma exacerbation, one or more symptoms (ages 6 – 18) 

 

‘Additional health impact functions’ (outside of the core set) for O3 cover some specific causes of 
mortality, chronic exposure and mortality, hospital admissions linked to chronic lung disease, 
pneumonia, and emergency room visits linked to asthma. 

Figure 1.11 shows the relative importance of morbidity effects of PM2.5 relative to chronic mortality 
(acknowledging that for the sake of comparison with the other studies mortality is here approximated 
to an equivalent based on median VOLY whereas the USEPA results are only expressed against VSL) 
based on results of the USEPA’s prospective analysis of the US Clean Air Act (USEPA, 2011). More 
recent results from USEPA have not been identified here. Of the effects that are not included in 
HRAPIE, only non-fatal myocardial infarction makes a significant contribution to damage (noting that 
the data for minor restricted activity days includes ozone effects also, which are included separately 
in HRAPIE). 

 

 

Figure 1.11. Importance of PM2.5 morbidity impacts relative to chronic mortality for USEPA analysis 
(based on USEPA, 2011). Orange bars = effects excluded from HRAPIE. Valuation of mortality 
approximated to ‘median VOLY’. Results for work days lost and minor restricted activity days include 
ozone impacts also. 
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For the US case, all morbidity effects combined are equivalent to 25% of the mortality damage, or 20% 
of total damage of which chronic bronchitis provides 9% of the total and non-fatal myocardial 
infarction 5%. 

USEPA has recently undertaken an Integrated Science Assessment (ISA) for particulate matter (USEPA, 
2019), providing an update to work previously published in 2009. A key part of this work is the 
‘causality determination’, where the likelihood of causal relationships existing between specific health 
effects and exposure to PM (either as PM2.5, PM10 or ultrafine particles) is assessed according to a five-
level hierarchy.  Conclusions are summarised in Table 1.13: 

 

Table 1.13.  Conclusions from USEPA Integrated Science Assessment of particulate matter 
(summarised from USEPA, 2019). 

 Conclusion on causality category 
 1 2 3 4 5 
PM2.5 (long term exposure)      
        Respiratory effects  X    
        Cardiovascular effects X     
        Metabolic effects   X   
        Nervous system effects  X    
        Male and female reproduction and fertility   X   
        Pregnancy and birth outcomes   X   
        Cancer  X    
        Mortality X     
PM10 (long term exposure)      
        Respiratory effects   X   
        Cardiovascular effects   X   
        Metabolic effects   X   
        Nervous system effects   X   
        Male and female reproduction and fertility    X  
        Pregnancy and birth outcomes    X  
        Cancer   X   
        Mortality   X   
Ultra fine particles (long term exposure)      
        Respiratory effects   X   
        Cardiovascular effects   X   
        Metabolic effects    X  
        Nervous system effects   X   
        Male and female reproduction and fertility    X  
        Pregnancy and birth outcomes    X  
        Cancer    X  
        Mortality    X  

1. Causal relationship 
2. Likely to be causal relationship 
3. Suggestive of, but not sufficient to infer, a causal relationship 
4. Inadequate to infer the presence or absence of a causal relationship 
5. Not likely to be a causal relationship 

The table shows that the best evidence is for PM2.5, reflecting the fact that this fraction of PM has 
been most extensively studied in recent decades.  Whilst the table contains a very limited number (2) 
of effect/pollutant combinations that achieve a category 1 (causal) rating, no combinations of 
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pollutant and effect are given for category 5 (not likely to be causal) rating, and for PM2.5 the lowest 
rating is category 3 (Suggestive of but not sufficient to infer a causal relationship).  Compared to the 
2009 assessment, the 2019 ISA finds a firmer basis for accepting effects in many areas.  Some, such as 
metabolic effects were not included in the 2009 assessment, but there is now sufficient evidence to 
rank them in category 3 (Suggestive of…). Overall, the analysis supports inclusion of a wider range of 
impacts than are currently considered by HRAPIE, though perhaps through supplementary analysis. 

 

1.2.2.5 Other international organisations 

Studies for OECD 

OECD (2014) focuses on the costs of emissions from road transport.  Mortality estimates were 
extrapolated from existing research rather than calculated directly. Morbidity is factored into the 
analysis by assuming that it is equivalent to 10% of mortality costs (for cases where mortality is valued 
using mean value of statistical life), drawing on the results of work by USEPA and for the European 
Commission (e.g. Holland, 2014a).  Although the methods are fundamentally different to the detailed 
impact pathway approach used in EU policy support, results are broadly consistent. 

OECD (2016) considers the costs of inaction on air quality at the global scale out to the middle of the 
century.  Mortality estimates were based on the GBD 2013 dataset outside of Europe, but on HRAPIE 
for European countries.  This is in line with the discussion above, recognising the value of the GBD 
estimates, but also the HRAPIE conclusion that the use of the all-cause mortality functions was 
preferable in Europe. Morbidity was calculated at the global scale by extrapolation from the European 
analysis relative to the number of deaths in each country and hence was consistent with HRAPIE.  

Dechezleprêtre et al (2019) estimate that a 1 ug.m-3 increase in PM2.5 concentration (roughly 
equivalent to 10% of current average European concentrations) causes a 0.8% decrease in real GDP in 
the same year, with 95% of the impact related to greater absenteeism or reduced labour productivity 
(presenteeism).  The approach used is different to the response-function based methods described 
above, involving correlation of population weighted PM concentration and GDP by NUTS3 region for 
each year from 2000 to 2015.  The paper does not make specific estimates of mortality or morbidity 
impacts. 

Overall, the OECD work is supportive of continued use of HRAPIE, though the latest study by 
Dechezleprêtre et al indicates that HRAPIE will underestimate impacts on productivity.  Given that the 
approach of Dechezleprêtre et al is focused on the economic impact rather than the health effects, 
this issue is discussed further in the companion paper on valuation. 

 

UNEP 

UNEP (2016) provides global guidance for life cycle impact indicators.  So far as air pollution is 
concerned, the methods described in the paper are focused on mortality impacts of PM2.5, based 
around functions adopted for Global Burden of Disease 2010. No quantification of ozone effects on 
health is provided. 
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1.2.3 Discussion 

Since HRAPIE was completed in 2013, there has been a substantial volume of epidemiological work 
published on the health effects of air pollutants and a large number of new studies that have adopted 
response functions and applied them to estimate the burden of air pollution on health. The evidence 
of effects linked to air pollution has increased, and there is evidence that HRAPIE assumptions may 
underestimate some important effects. 

The studies identified here demonstrate that there is general acceptance that air pollution has a wide 
range of effects on health. Analysis supported by the epidemiology also shows that these effects are 
substantial within the population, even in regions where pollution levels may appear to be low in 
historic terms.  There is also evidence that the range of effects that could be linked to air pollution is 
actually broader than is included in any of the function sets currently in use (see RCP, 2016). 

Within applications by different DGs of the European Commission and by the European Environment 
Agency there is some variability in the adoption of response functions. There are for example some 
differences in the functions used in assessment of the Thematic Strategy on Air Pollution (taken 
directly from HRAPIE) and the DG MOVE Handbook on externalities. 

Many authors within Europe continue to follow the HRAPIE recommendations.  Whilst this is 
testament to the quality of the original work carried out by WHO-Europe for the Commission, it does 
not mean that the HRAPIE recommendations remain as a definitive interpretation of the literature 
that is available now. The HRAPIE and the companion REVIHAAP (WHO, 2013b) studies were both 
substantial reviews drawing on an international team of respected researchers in the field, and few 
countries, if any, could attempt a review on the same scale.  Whilst a growing number of countries 
(e.g. Belgium, Denmark, Sweden and the UK) have looked to extending analysis to account for a larger 
number of effects than previously considered there is growing inconsistency in the methods used. 

The following sections provide summary information for mortality and morbidity from PM2.5, O3 and 
NO2.  It is acknowledged that SO2 and CO were also included in some of the assessments reviewed 
above, though these are not covered here.  It is the view of the present author that future EU clean 
air policies focused on ambient pollution are unlikely to have a significant benefit at the EU level 
through reduction of either of these pollutants.  This does not rule out the potential for significant 
benefits of reducing these pollutants in some regions such as those that continue to burn coal in 
significant quantities. 

 

1.2.3.1 Mortality 

PM2.5 

The quantification of the mortality impacts of PM2.5 exposure remains a major focus of epidemiological 
research on air pollution. The figures used for the chronic mortality response function in Europe have 
been remarkably constant over time, at or around a relative risk of 1.06 per 10 ug.m-3 PM2.5 since the 
mid 1990s which was around the time that the earliest epidemiological information on this effect 
became available. Significant research has recently been conducted on the effects of low 
concentrations. Papadogeorgou (2019), for example, reviewed studies where average concentrations 
were below 12 ug.m-3 annual average (corresponding to the regulatory limit of the US Clean Air Act). 
In addition, the US-based Health Effects Institute (HEI) is currently funding 3 studies investigating the 
effects of low-level exposures: 
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 MAPLE (Mortality-Air Pollution Associations in Low Exposure Environments) led by Michael 
Brauer at the University of British Columbia11. 

 ELAPSE (Effects of Low level Air Pollution: A Study in Europe) which provides analysis of 
European cohorts, led by Bert Brunekreef at the University of Utrecht12. 

 US Medicare study, Assessing adverse health effects of long-term exposure to low levels of 
ambient pollution, led by Dominici and Zanobetti at the Harvard Chan School of Public 
Health13. 

Although several of these studies are yet to be completed, interim results confirm that there are 
effects at low levels, well below the EU limits and the US national ambient air quality standards, and 
that the current HRAPIE recommendation is towards the lower end of the ranges provided around 
summary estimates.  

Prior to publication of the WHO Systematic Review by Chen and Hoek (2020), Pope et al (2020) 
provided a separate major review of cohort studies over the last 25 years for mortality impacts of 
long-term exposure to PM2.5.  Their overall estimate across 75 selected studies provides a mortality 
hazard ratio of 1.09 (95% confidence interval: 1.07-1.11) per 10ug.m-3   This is a little higher than Chen 
and Hoek’s estimate of 1.08 (1.06-1.09).  However, Pope et al also provide results of meta-analysis 
specific to the 10 European studies included in their review and provide a significantly higher estimate 
of 1.12 (95% confidence interval: 1.06-1.19) per 10ug.m-3.  This increased estimate for the European 
studies may reflect possible supralinearity in the response functions at low concentrations, as noted 
in some of the WHO Systematic Reviews. 

The best estimates from Pope et al, and Chen and Hoek, are notably higher (by 50% and 33% 
respectively) than HRAPIE.  Both provide assessment for European studies separately, and the 
European estimate from Pope et al is double the HRAPIE estimate, but Chen and Hoek provide an 
estimate for Europe of 1.07 / 10ug.m-3  (1.03-1.11) that is lower than their overall estimate of 1.08 and 
only slightly higher than the figure adopted by HRAPIE (1.06).  Further analysis to understand the 
reasons for this difference between Pope et al and Chen and Hoek is clearly desirable. 

Some increase above the best estimate from HRAPIE of 1.06 / 10ug.m-3 PM2.5 would seem to be 
warranted given that the new reviews all give best estimates that are higher.  However, it is not 
immediately clear what rationale should be followed in selecting from the following list: 

 1.07 / 10ug.m-3 European estimate from Chen and Hoek 
 1.08 / 10ug.m-3 overall estimate from Chen and Hoek 
 1.09 / 10ug.m-3 overall estimate from Pope et al 
 1.12 / 10ug.m-3 European estimate from Pope et al 

The lower European result from Chen and Hoek seems surprising given comments about supralinearity 
at lower concentrations, but the analysis on which it is based drew on only 5 of the total 107 studies 
used in the overall assessment.   

 
11  https://www.healtheffects.org/publication/mortality%E2%80%93air-pollution-associations-low-exposure-
environments-maple-phase-1  
12  https://www.healtheffects.org/research/ongoing-research/mortality-and-morbidity-effects-long-term-
exposure-low-level-pm25-black  
13  https://www.healtheffects.org/publication/assessing-adverse-health-effects-long-term-exposure-low-levels-
ambient-air-pollution  
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O3 

The European quantification studies reviewed here, to the extent that they have considered ozone at 
all, have retained the HRAPIE position on ozone mortality, quantifying against short-term exposure 
only and using the same response function as recommended by HRAPIE. 

The results of Orellano et al (2020) provide a higher estimate of effect per unit exposure than HRPAIE 
(relative risk of 1.0043 vs 1.0029 / 10ug.m-3 in HRAPIE), though views on threshold or cut-point for 
analysis, and the metric of ozone exposure (whether daily mean, maximum hourly mean, etc.) are not 
obvious from the Orellano paper.  Until these issues can be clarified it is appropriate to continue using 
the HRAPIE recommendation. 

The results of Huangfu and Atkinson (2020) do not make a case for inclusion of effects of long-term 
exposure to ozone on mortality.  Use of the HRAPIE response function for chronic exposure to ozone 
in the calculations for the DG MOVE Handbook is understood from further discussion (de Bruyn, 
personal communication) to be a mechanism to compensate for a lack of quantification of the effects 
of NMVOC emissions on secondary aerosols.  This is unnecessary in the GAINS/ALPHA-Riskpoll work 
where the effects of NMVOC emissions on secondary aerosols are modelled. 

 

NO2 

Significant additional work to define a response function for NO2 was carried out in the UK (COMEAP, 
2018) drawing on data from 11 European and North American cohorts, results from 6 of which were 
published after HRAPIE had been completed. The conclusions of that work are complex: defining 
different functions for two situations (related to emissions of air pollutants from traffic, and to actions 
designed to reduce NO2 specifically).  A dissenting view favouring no quantification is also presented. 
Defra (2020) considered the information from COMEAP and came to a slightly different position, that 
could be applied more generally.  The characterisation of alternative positions reflects the problems 
of separating out the effects of individual pollutants when the epidemiology inevitably deals with 
people exposed simultaneously to a range of harmful pollutants.   

The Defra position is significantly simpler to apply than HRAPIE because it does not use a cut-off point14 
for analysis.  HRAPIE, in contrast, recommends a cut-off point of 20 ug.m-3.  This means that results 
based on the COMEAP work are not sensitive to the modelling of the population exposed above and 
below this concentration.  

The change in effect per unit exposure adopted in the various COMEAP/Defra positions are lower than 
the slope recommended by HRAPIE.  Put together with the position on cut-off point, this means that 
incremental changes below 20 ug.m-3 will be higher based on COMEAP/Defra, but the HRAPIE function 
will provide greater estimates for incremental change at higher concentrations. 

The analysis of Huangfu and Atkinson (2020) gives a result similar to that of COMEAP, with a lower 
response function than recommended under HRAPIE (1.02 / 10ug.m-3 compared to 1.055) and no 
recommendation for adoption of a threshold or cut point.  However, Huangfu and Atkinson provide 

 
14 So far as analysis is concerned, a ‘cut-off point’ and threshold act in exactly the same way, with impacts only 
quantified beyond that point. However, the two terms are not equivalent. A threshold represents a 
concentration below which no effect is expected. A cut-off point, in contrast, represents a concentration below 
which the shape of the response function is not known, or not known with sufficient confidence: this does not 
rule out the presence of impacts below this concentration.  The COMEAP study referenced information released 
after HRAPIE was completed that included data from locations with much lower NO2 exposures. 
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no discussion on use of estimates for quantification when quantifying effects of several pollutants 
simultaneously.  The potential for double counting was recognised both by HRAPIE and COMEAP. 

In previous analysis for the European Commission in studies based around use of the GAINS model 
there has been no quantification of NO2 effects, through concern over the quality of data generated 
on NO2 exposures, and the ability to model exposures above and below the cut-off point of 20 ug.m-3 
with accuracy (Amannn, personal communication, following debate with the experts advising WHO). 

HRAPIE accepted that there is an effect of NO2 on mortality with sufficient confidence that it should 
be added into the cost-benefit analysis.  However, GAINS will not provide NO2 exposure estimates 
given difficulties in estimating NO2 exposure at the European scale and a lack of clarity on potential 
double counting of impacts when used alongside an unadjusted estimate of PM2.5 impact, and so 
estimates of NO2 effects are not made here. 

 

1.2.3.2 Morbidity 

The starting point for consideration of morbidity is again the HRAPIE recommendations. There is little 
deviation from those recommendations in European studies – authors tend to have wanted to add 
impacts to the HRAPIE list rather than dispute the recommendations for effects contained within it 
(acknowledging that there is some variation in this, but not a great deal).  The focus of this section is 
on what additional effects might be brought into analysis. 

 

PM2.5 

The review in Section 1.2.2 highlights the inclusion of a number of additional health endpoints from 
various authors.  The Integrated Science Assessment of USEPA (2019) indicates that the basis for 
considering a wide range of impacts to be causally linked to exposure to PM2.5 has increased 
significantly in the last 10 years.  

Before concluding on what additional effects might be considered for adoption, it is appropriate to 
consider how each contributes to total damage: from the perspective of the CBA work, only those 
effects that may potentially make a significant difference to the final results would be worth bringing 
into the analysis (whether in relation to total damage or some specific component of it such as work 
loss days or healthcare costs). This was illustrated in Figure 1.8, Figure 1.9, Figure 1.10 and Figure 1.11 
from analysis in Denmark, Sweden, the UK and the USA respectively. The Belgian study of van de Vel 
and Buekers (2020) also brought in additional morbidity effects including asthma incidence, heart 
failure, hypertension, stroke, preterm birth, diabetes and Parkinson’s disease.   

Overall, the studies reviewed do not provide a consensus on the additional effects that should be 
included in future CBA work. However, they demonstrate that there is potential for possibly significant 
underestimation of health benefits.  There is a good basis in the epidemiology and the stock of studies 
reviewed here for supporting the inclusion of stroke and additional burdens on heart disease.  The UK 
analysis further raises potential for inclusion of childhood asthma and diabetes.  Following the UK 
approach to morbidity quantification would lead to a major increase in estimates of health effects, 
though at the moment these effects are only being quantified in the UK: there is no consensus to 
underpin their wider application. 

For core analysis it is thus suggested to retain the HRAPIE recommendations for the present time. 
However, supplementary analysis can be applied to bring in additional health endpoints to illustrate 
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the potential for underestimation of impacts.  A starting point for this would be the inclusion of stroke, 
following the work by Åstrom in Sweden. Further endpoints could be added in, for example from the 
UK analysis, though explanatory text would need to be explicit that the uncertainties in associated 
estimates would be high. 

Some variation has been noted in relation to the quantification of impacts on productivity. This 
variation is, however, more a function of the valuation process than health impact assessment and is 
dealt with in the second of these two papers. 

 

O3 and NO2 

Limited additional analysis of NO2 and O3 morbidity effects has been identified, providing no basis for 
a consensus view of how the HRAPIE recommendations might change in future. 

 

1.2.4 Recommendations 

There are good grounds for considering that current practice based on HRAPIE underestimates health 
impacts of air pollution.  Several studies consider additional impacts based on recent epidemiological 
literature that would add significantly to the benefits quantified under HRAPIE.  The WHO Systematic 
Review for PM2.5 (Chen and Hoek, 2020) and Pope et al (2020) also indicates that the HRAPIE function 
for mortality effects of long-term exposure to PM2.5 is conservative.  

There is, however, no obvious consensus across the studies reviewed here on which additional effects 
should be included, or for mortality what precise response function should be adopted. Some recent 
work uses functions sets that pre-date HRAPIE.  However, some analysis suggests that additional 
effects for example on coronary heart disease, stroke, asthma and diabetes could be substantial in the 
context of CBA. 

Four recommendations are made: 

 That the HRAPIE function set remains in use for the core estimates. 

 Supplementary analysis is used to provide an indication of possible levels of underestimation 
particularly of morbidity impacts by using the HRAPIE functions.  The supplementary analysis 
would include: 

o Increased estimate of PM2.5 related mortality, using the relative risk of 1.08 / 10ug.m-3 
overall estimate from Chen and Hoek (2020) 

o Inclusion of additional response functions for stroke and cardiovascular disease linked to 
PM2.5 morbidity. 

o Possible inclusion of additional response functions for childhood asthma and diabetes, 
though these were only included in the UK analysis. 

 That HRAPIE be updated in the near future. It is noted that there are several initiatives 
underway already that will provide important material for such a review, including 3 studies 
funded by the US Health Effects Institute on mortality and work supporting the review and 
the update of the WHO Air Quality Guidelines. 

 Checks be made across Commission services to ensure consistent application of health impact 
assessment. 
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The effects mentioned under the second bullet point are not a complete list of possible additional 
impacts of air pollution on health beyond those included in HRAPIE. However, they have been shown 
to be effects that could make a significant difference to final damage / benefit estimates.  Where 
supplementary analysis is provided it would be necessary to highlight the level of support that exists 
for adoption of additional effects. 

Supplementary analysis could be used in two ways. The first would be to provide an upper bound for 
cost-benefit analysis. The second would be more simply to provide an indication that whatever the 
uncertainties involved in the quantification of health benefits of possible future control measures, 
there is a significant likelihood of the reduction in health impacts being underestimated. 
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1.3 Update of the health impacts valuation method in ALPHA-Riskpoll  

 

Summary 

This Annex has been produced to consider whether changes should be made to update the list of 
valuation data used in cost-benefit analysis of options in policy studies undertaken for DG 
Environment of the European Commission.   

The starting point for the review is the list of valuation data used in earlier assessments for DG ENV, 
including for the 1st Clean Air Outlook.  

Further examples of practice considered here cover: 

 EU Institutions: European Commission, DG MOVE 
 OECD 
 European countries: Belgium, Denmark, Finland, France, Germany, Ireland, Netherlands, 

Sweden, UK 
 North America: Canada, USA 

Recommendations for methodological adjustments for the Second Clean Air Outlook are developed 
in the final section of this paper. 

A key area worthy of further analysis concerns impacts of pollution on productivity.  Further research 
on this subject seems warranted as a matter of urgency, given recent findings from OECD that indicate 
that associated damage could be very high indeed. 
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List of acronyms 

ALPHA-Riskpoll Atmospheric Long-range Pollution Health Assessment model  

CAFE Clean Air For Europe programme of the EU 

CBA Cost-Benefit Analysis 

CHOICE database Choosing Interventions that are Cost Effective (WHO Database) 

CLE Current Legislation scenario 

COMEAP (UK) Committee on the Medical Effects of Air Pollutants 

CVM Contingent Valuation Method 

DALY Disability Adjusted Life Year 

DCE Danish Centre for Environment and Energy 

EC4MACS European Consortium for Modelling Air Pollution and Abatement Strategies 

EEA European Environment Agency 

GAINS Greenhouse gas – Air pollution Interactions and Synergies (IIASA) 

GDP Gross Domestic Product 

HICP Harmonised Index of Consumer Prices 

HRAPIE Health Rsponse to Air Pollutants in Europe (WHO study) 

ISTE Health Impacts of Air Pollution Tool of the Finnish Institute for Health and Welfare 

MTFR Maximum Technically Feasible Reduction Scenario 

NEEDS New Energy Externalities Developments for Sustainability 

NGO Non-Governmental Organisation 

NMVOC Non-Methane Volatile Organic Compound 

NO2 Nitrogen dioxide 

O3 Ozone 

OECD Organisation for Economic Cooperation and Development 

PM2.5, PM10 Particulate Matter less than 2.5 / 10 microns in diameter 

QALY Quality Adjusted Life Year 

SO2 Sulphur dioxide 

USEPA United States Environmental Protection Agency 

VOLY Value of a life year 

VSL Vaue of statistical life 

WHO World Health Organisation 
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1.3.1 Introduction 

This Annex considers potential updates to the valuation of health impacts quantified using the ALPHA-
Riskpoll model that is used alongside the GAINS model of IIASA, to provide cost-benefit analysis of air 
quality policies for the European Commission and some Member States.   

The existing set of valuations used in ALPHA-Riskpoll evolved from the cost-benefit analysis of the 
Clean Air For Europe programme, published in 2005 (Hurley et al, 2005).  Since that time there have 
been some incremental changes including extensions to the analysis (e.g. more detailed evaluation of 
health care costs), but not any work approaching a full review. 

This paper focuses on practice in other economic studies of air pollution.  Whilst some new original 
valuation literature is referred to, the paper does not provide a systematic appraisal of that area of 
research over recent years.   

1.3.2 Literature reviewed 

As noted above, attention in this paper has been paid mainly to work for the European Union and its 
institutions, and work for EU Member States (e.g. Holland, 2014, Amann et al, 2017 and Cofala et al, 
2018).  Work by or for other notable organisations including Member States, OECD and USEPA is also 
considered: (full references are provided in Section 6) 

 Studies for OECD (OECD, 2014, 2016) 
 European Chemicals Agency (various studies) 
 European Commission (DG MOVE, 2019) 
 Belgium (van de Vel and Bueker, personal communication, 2020) 
 Denmark (Brandt et al, 2016, DCE 2018) 
 Finland (Savolahti et al, 2018) 
 France (Schucht et al, 2015) 
 Ireland (Envecon, 2015) 
 Netherlands (CE, 2018) 
 Sweden (Åstrom, personal communication, 2020) 
 UK (Ricardo, 2019, Defra, 2020) 
 Health Canada (2019) 
 US Environmental Protection Agency (USEPA, 2011, 2019) 

The papers considered for individual countries include a mix of official national positions and positions 
of individual groups of researchers. 

This paper is not a complete review of the recent valuation literature on air pollution and health, but 
a review of current practice in various countries and by various institutions, particularly in Europe. 

1.3.3 General issues of valuation 

1.3.3.1 Elements requiring valuation 

There are several components of health values: 

 Healthcare costs 
 Productivity costs 
 Loss of amenity/utility (value of good health and wellbeing, and of life expectancy) 

Healthcare costs are quantified using market data to the extent that it is available. A complexity in 
identification of healthcare costs concerns transparency on what is included within the cost estimate: 
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whether only the costs of hospital stays are included or also costs of care after the discharge from 
hospital.  Actual treatment costs may be separated from ‘hotel costs’ (the cost of providing a bed in a 
hospital). 

Productivity costs are often considered against GDP per capita, though some work has extended these 
costs to cover impacts on activities outside formal employment, including unpaid work by carers and 
volunteers that is of clear social value (Birchby et al, 2014).  A recent OECD study (Dechezleprêtre et 
al, 2019) uses econometric techniques. 

Loss of amenity is generally valued using stated preference survey methods such as the contingent 
valuation method (CVM): the utility of health as such is clearly not a marketed commodity, so indirect 
means are required to obtain values.  Although the end measure is expressed in very different terms, 
there are similarities in the methods used in these stated preference surveys to those used in health 
economics for quantification of DALYs (disability adjusted life years) and QALYs (quality adjusted life 
years).  This category of cost provides by far the largest contribution to the overall economic costs of 
health impacts. 

There are questions concerning the additivity of these different elements. Without strong social 
security systems in place, respondents to CVM surveys may provide a response that covers not only 
loss of amenity but also takes consideration of healthcare costs and wage losses, as they will be aware 
of the costs of each component (or at least that there is a cost attached to them). However, in Europe, 
given the structure of social security systems, this seems likely to be considered less of an issue and 
the practice followed in studies on European air pollution externalities has generally been that the 
three elements can be costed separately and combined. 

1.3.3.2 Variation in valuation between countries to account for economic circumstance 

Since the mid-1990s air quality analysis for DG Environment (e.g. Amann et al, 2017) have adopted 
common valuations for health impacts across Member States, and it is proposed that this approach is 
continued.  The alternatives would be to adjust value according to: 

a) the location of damage, or  
b) the location of emission. 

Both of these options involve added complexity for the analysis.  This is not insurmountable, but might 
be problematic politically.  Valuing by the location of damage would link to variation in wealth from 
country to country, but would lead to a situation where one country placed a higher value per head 
on residents of one or more neighbouring countries than its own, a position unlikely to be politically 
acceptable.  Valuing by the location of emission could lead to a high-emitting but less affluent country 
placing a lower value on the citizens of neighbouring countries than they would themselves adopt, 
again leading to questions of political acceptability.  Some earlier analysis suggested that the choice 
between the three approaches has very little influence on the overall outcome of the CBA, though this 
is of course dependent on ambition levels: the more far-reaching and expensive a policy, the more 
likely it becomes that this factor could change the balance of costs and benefits for individual 
countries, particularly if equity considerations, which provide some balance on cost per capita across 
countries, are not applied.   

OECD (2012) recommended against adjustment between countries for which analysis is undertaken 
on equity grounds, a position in line with that used in the earlier studies using the GAINS and ALPHA-
Riskpoll models. 
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In contrast, the methods followed in the DG MOVE Handbook (2019) involve adjustment of values 
between countries to reflect variability in incomes.  For transport studies, for example involving the 
introduction of low emission zones for cities, there is logic to this position to the extent that a 
significant part of damage may not be transboundary and results will be of specific interest to the 
country in which the measures are taken.  For many air quality studies, however, much of the impact 
is transboundary and the recommendation of this report is to retain the use of EU-averaged values 
for this contract. 

1.3.3.3 Accounting for changes in values over time 

The approach taken in previous studies for DG ENV and UNECE under the Convention on Long Range 
Transboundary Air Pollution using the GAINS and ALPHA-Riskpoll models, going back to the 1990s (e.g. 
IIASA, 1999; Holland and King, 1999) has been to compare the annualised costs of actions with annual 
benefits, referenced to a particular year (studies over the last decade such as Cofala et al, 2018 have 
referenced against 2005).  For the present contract it has been agreed to present values both in 2005 
prices (enabling comparison with earlier work) and in 2015 prices (recognising that the continued 
reference to 2005 is now outdated, and requiring that the same base year is used in both GAINS and 
ALPHA-Riskpoll). 

The use of country-specific values as discussed in the previous section (though not recommended), 
rather than EU-average values, would increase the complexity of analysis by requiring differential 
increases in the values used in countries both to the current day and into the future, reflecting 
variation in the development of economies over time.  Retention of EU-averaged values for this 
contract makes the use of different growth factors for each country unnecessary. 

1.3.4 Review of the valuation data used in air quality studies 

This section provides a summary of the valuation data used by various authors in studies that have 
involved quantification of one or more similar endpoints to those considered in air quality 
assessments. In this section, data are presented in the currency and price year of the original study. 
They are converted to a consistent price year in the next section to enable comparison. 

1.3.4.1 Previous studies for EC DG ENV using the GAINS and ALPHA-Riskpoll models 

The values used in the work on the Thematic Strategy on Air Pollution (Holland, 2014) and for the first 
Clean Air Outlook (Amann et al, 2017) are shown in Table 1 covering total unit values for each health 
effect (utility, healthcare costs and lost production, as appropriate).  The values in Table 1 evolved in 
studies carried out for the Commission and other bodies over several years. 
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Table 1.14.  Values for the health impact assessment (€, price year 2005) used by Holland (2014), 
Amann et al (2017) and others. 

Impact / population group Unit cost Unit 

Ozone effects 

Mortality from chronic exposure as: 

Life years lost, or  

Premature deaths 

 

57,700 / 138,700 1 

1.09 / 2.22 million 1 

 

€/life year lost (VOLY) 

€/death (VSL) 

Mortality from acute exposure 57,700 / 138,700 1 €/life year lost (VOLY) 

Respiratory Hospital Admissions 2,220 €/hospital admission 

Cardiovascular Hospital Admissions 2,220 €/hospital admission 

Minor Restricted Activity Days (MRADs) 42 €/day 

PM2.5 effects 

Mortality from chronic exposure as: 

Life years lost, or  

Premature deaths 

(all-cause and cause-specific mortality) 

 

57,700 / 138,700 1 

1.09 / 2.22 million 1 

 

€/life year lost (VOLY) 

€/death (VSL) 

Mortality from acute exposure 57,700 / 138,700 1 €/life year lost (VOLY) 

Infant Mortality 1.6 / 3.3 million 1 €/case 

Chronic Bronchitis in adults 53,600 €/new case of chron. bronchitis 

Bronchitis in children 588 €/case 

Respiratory Hospital Admissions 2,220 €/hospital admission 

Cardiac Hospital Admissions 2,220 €/hospital admission 

Restricted Activity Days (RADs) 92 €/day 

Work loss days 130 €/day 

Asthma symptoms, asthmatic children 42 €/day 

NO2 effects 

Mortality from chronic exposure as: 

Life years lost, or  

Premature deaths 

 

57,700 / 138,700 1 

1.09 / 2.22 million 1 

 

€/life year lost (VOLY) 

€/death (VSL) 

Mortality from acute exposure 57,700 / 138,700 1 €/life year lost (VOLY) 

Bronchitis in children 588 €/case 

Respiratory Hospital Admissions 2,220 €/hospital admission 

Notes: 1) The two figures shown represent the median and mean values for the VOLY and for the VSL from the 
NewExt survey that were adopted in analysis for the Clean Air For Europe study (see text). 

 

The approach to valuation of mortality shown in Table 1.14 greatly increases the complexity of 
reporting the results of analysis, given that it includes 4 alternative values covering both the value of 
a life year (VOLY) and value of statistical life (VSL) approaches, with median and mean estimates given 
for each. These values were derived from research funded by the European Commission under the 
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NewExt study (2001-2003) covering surveys in France, Italy and the UK.  The values were adopted 
following extensive discussion on methodology with stakeholders for the CBA undertaken in the Clean 
Air For Europe (CAFE) programme (Hurley et al, 2005).  The question of whether to prefer the VSL or 
the VOLY, and the median or mean values of each, was left open with advocates for all options.  Over 
time, the situation has become more complex through the use of additional sensitivity analysis based 
on a VOLY of €40,000 from further European research by Desaigues et al (2011) and a VSL of 2.8 million 
from a meta-analysis undertaken for OECD (2012).  Both options broaden a range that is already wide. 

The choice of VOLY or VSL makes roughly a factor 1.5 difference to mortality cost estimates using the 
assumptions on response functions and valuation adopted in the analysis for the 1st Clean Air Outlook.  
Although there is roughly a factor 17 difference between the unit value of a VOLY and of the VSL, there 
are far more, roughly 10 15, years of life lost for each quantified ‘death’.  Going from median to mean 
values introduces another factor of 2.2 to mortality values, expanding the reported range still further.  
Taking into account impacts on morbidity, the overall range from median VOLY (low) to medium VSL 
(high) is roughly a factor 3.  An earlier analysis (Amann et al, 2014, reproduced in Figure 1.12) 
demonstrates that so far as the economic analysis is concerned, significant variation in estimated 
benefits does not necessarily lead to widely different estimates of optimal policy.  In that particular 
case, the point at which the balance moves from a net benefit to a net cost lies in the range of 76% to 
92% gap close between the current legislation (CLE) and maximum technically feasible reduction 
(MTFR) scenarios. 

 

Figure 1.12.  Comparison of marginal costs and health benefits in 2025 in analysis to support work on 
the Thematic Strategy on Air Pollution (Amann et al, 2014). 

In previous assessments performed for the European Commission, there was a desire to compare new 
results with earlier analysis of air pollution problems on a like-for-like basis, and hence little appetite 
for moving away from these median and mean estimates of the VOLY and VSL (for example towards 
the recommendations on VSL from OECD (2012)).  However, given that it is now well over 10 years 
since the NewExt figures were adopted, and that there is emerging inconsistency in the position 
regarding mortality valuation across different EU institutions, which could affect policy coherence, it 

 
15 The precise figure varies from country to country and over time, according to population health. 
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is clearly now desirable that the issue is reassessed. The present paper makes suggestions in the final 
section, having reviewed practice elsewhere. 

A full understanding of the mortality assessment requires interpretation of the results expressed as 
life years lost and deaths.  The underlying calculations of impact, based on life tables, lend themselves 
well to generating the aggregate estimate of the loss of life expectancy across the population (life 
years lost).  However, the translation of ‘deaths’ generated from the modelling is more complex.  It is 
a subject that has received very little attention in the literature, the major exception being the 
COMEAP (2010) report on PM2.5 impacts on mortality.  The COMEAP report distinguishes between the 
concepts of deaths directly attributable to a single cause, and deaths attributable to multiple causes. 
In the case of air pollution at the levels typical of the EU, it is to be expected that for the great majority 
of those whose deaths are linked to pollutant exposure, other health stresses, including occupational 
exposures, smoking, dietary issues, lack of exercise, etc. also have some impact on longevity and hence 
‘death’.  The issue is further discussed below in Section 1.3.5.2. 

A final issue, linked to this, is the distinction between ‘acute’ and ‘chronic’ deaths and what this means 
for valuation. The view of Hurley et al (2005) for the CAFE Programme was that acute deaths, those 
occurring in the days following some increase in pollution levels, were likely to mainly affect part of 
the population with existing and significant health problems which were not necessarily linked to air 
pollution exposure. The life expectancy of this group was expected to be small, a few months to a year 
on average.  However, there was no firm guidance available on this: unlike the chronic studies, the 
epidemiology studies on which the acute response functions are based indicate only the number of 
deaths brought forward and provide no indication of life years lost. Following Levy et al (2001) and 
Ostro (in the peer review of the CAFE CBA methodology report), a best estimate of an average loss of 
life expectancy of 1 year per death was adopted and has been retained ever since. In subsequent 
studies for the Commission, including the analysis for the 1st Clean Air Outlook (Amann et al, 2017), 
acute deaths have been valued using the VOLY as 1 life year lost and not, using the VSL, as deaths.  
This contrasts with chronic deaths where air pollution is considered to have a more fundamental role 
in the initiation of the disease that leads to life shortening, and valuation has applied the VOLY and 
the VSL as alternatives. 

With respect to assessment of costs to health care, the position taken previously has been to account 
for costs to morbidity only.  For mortality it has been assumed that there is at most very little 
additional cost beyond that which would have been incurred in the absence of air pollution, on the 
grounds that we all die at some point.  Table 1.15 shows the position taken on valuation of health care 
for each morbidity endpoint considered in recent studies for DG ENV, including Amann et al (2017) for 
the 1st Clean Air Outlook. 

The overall estimate of healthcare costs from Holland (2014) was €3 billion per year against a 
minimum valuation for health impacts of €206 billion per year.  It is likely that the healthcare costs are 
significantly underestimated through the lack of data on morbidity effects of cardiovascular and 
respiratory disease (hospital admission estimates can only be part of the total for such diseases). 
Around 90% of the healthcare costs were linked to treatment of chronic bronchitis.  Emerging work, 
discussed below, highlights the potential for air pollution to have other long-term health impacts, 
including stroke, dementia and diabetes.  If links between air pollution and those endpoints are 
demonstrable, health costs linked to air pollution morbidity would rise significantly.  However, 
inclusion of those effects, for which literature can be limited, is not yet the subject of consensus. 
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Table 1.15.  Healthcare costs for morbidity impacts of air pollution (Holland, 2014; Amann et al, 2017). 

Effect Commentary 

Minor Restricted 
Activity Days  

Given that these are defined as ‘minor’ restricted activity days it is anticipated that 
whilst overall numbers are high (€10s of millions), those experiencing the effect 
would be unlikely to seek medical intervention.  

Chronic 
Bronchitis in 
adults 

Healthcare costs for chronic bronchitis have been assessed systematically in a 
number of European countries in a major study reporting in 2003:   

 France: €530/patient/year (Piperno et al, 2003) 
 Italy: €1,261/patient per year (Dal Negro et al, 2003) 
 Netherlands: €614/patient/year (Wouters, 2003) 
 Spain: €3,238/patient/year (Izquiero, 2003) 
 UK €1,147/patient/year (Britton, 2003) 

The average figure across these countries is €1,358.  The quantified impact for 
chronic bronchitis is ‘new cases per year’.  Hence to calculate the total cost of these 
new cases to healthcare systems requires an estimate of an average time in years 
that those affected will suffer from chronic bronchitis.  Based on available incidence 
data, an estimate of 10 years average duration was adopted. 

Chronic 
bronchitis in 
children 

It can be anticipated that children with persistent symptoms would be taken to the 
doctor.  Drawing on Netten and Curtis (2000, as reported by Hurley et al, 2005) the 
cost of a consultation would be in the order of €45. 

Respiratory and 
cardiovascular 
hospital 
admissions  

Hospital admissions were valued at €2,220 per case.  Of this, €1,000 is attributed to 
healthcare costs.  However, this seems likely to be an underestimate given the 
average stay lengths linked to respiratory hospital admissions in WHO’s Hospital 
Morbidity Database and costs indicated by WHO’s CHOICE database. 

Asthma 
symptom days 
(children 5-19yr) 

As a minimum it would be anticipated that children experiencing an asthma symptom 
day would receive some medication, valued previously at €1 per day (Hurley et al, 
2005). 

Restricted 
Activity Days  

The broad definition of a ‘restricted activity day’ prevents attribution of an average 
cost for healthcare.  In many cases it is envisaged that there would be no healthcare 
cost.  However, given the large numbers involved (255 million RADs in the EU under 
the 2025 baseline for those of working age) a significant aggregate cost could arise if 
just a minority of cases involved some level of intervention.  

 

1.3.4.2 Other EU analyses, and OECD 

OECD studies 

OECD commissioned a major review of stated preference surveys for the value of statistical life in 
2012. The study reached the following conclusions:  

“…a range for the average adult VSL for OECD countries of USD (2005-USD) 1.5 million – 4.5 million, 
with a base value of USD 3 million. For EU-2716, the corresponding range is USD 1.8 million – 5.4 million 
(2005-USD), with a base value of USD 3.6 million. These base values and ranges should be updated as 
new VSL primary studies are conducted.” 

The recommendations made for adjusting the baseline values are shown in Table 1.16. 

  

 
16 The EU27 then including the UK, but not Croatia. 
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Table 1.16. Recommendations for adjusting VSL base values from OECD (2012) 

Adjustment factor Recommendation 

Population characteristics 
Income No adjustment within a country or group of countries the policy 

analysis is conducted for (due to equity concerns). For transfers 
between countries VSL should be adjusted with the difference in Gross 
Domestic Product (GDP) per capita to the power of an income elasticity 
of VSL of 0.8, with a sensitivity analysis using 0.4  

Age No adjustment for adults due to inconclusive evidence. Adjust if 
regulation is targeted on reducing children ́s risk. VSL for children 
should be a factor of 1.5 – 2.0 higher than adult VSL.  

Health status of population and 
background risk 

No adjustment (due to limited evidence)  

Risk characteristics 
Timing of risk (Latency) 
Risk perception (source or cause)  

No adjustment (due to limited evidence)  

Cancer or dread (Morbidity prior to 
death)  

No adjustment (due to inconclusive evidence). Sensitivity analysis for 
lower values in the environment sector than in health and traffic.  

Magnitude of risk change  No adjustment if the regulation is targeted on cancer risks and/or risks 
that are dreaded due to morbidity prior to death. Morbidity costs prior 
to death should be added separately.  

Timing of risk (Latency) 
Risk perception (source or cause)  

No adjustment. However, since the magnitude of the risk change 
clearly affects the VSL, a sensitivity analysis based on VSL calculated 
from a risk change similar in magnitude to the policy context should be 
conducted. A risk change of 1 in 10 000 annually is suggested for 
calculating a VSL base value.  

Other adjustments  
Altruism and Public vs. Private risk  No adjustment (due to limited evidence and unresolved issues). Use 

“Private risk” to calculate a VSL base value. Provide illustrative 
adjustments in sensitivity analysis.  

Discount for hypothetical bias in 
Stated Preferences studies  

No adjustment (due to limited evidence).  

Correction for inflation  Adjustment based on the national Consumer Price Index (CPI). 
Adjust VSL with the same percentage as the percentage increase in 
GDP per capita.  

Correction for increased real 
income over time  

No adjustment (due to limited evidence and unresolved issues). Use 
“Private risk” to calculate a VSL base value. Provide illustrative 
adjustments in sensitivity analysis.  

 

It is understood that the work is currently being updated but will not report within the timescale of 
the current contract. Given that the new review will inevitably include many, perhaps all, of the studies 
originally reviewed, it is possible that values will not change significantly.  OECD studies on air pollution 
have tended to apply only the VSL approach to mortality valuation and not the VOLY approach. 

OECD (2014) considered the costs of air pollution linked to road traffic emissions. The study did not 
calculate morbidity effects and costs directly, but drew on the results of studies elsewhere, including 
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those carried out for the Commission, to provide an indicative estimate of morbidity damage 
equivalent to 10% of mortality costs based on use of the VSL. 

In another study for OECD, Hunt et al (2016) provide the following values for morbidity: 

Table 1.17. Unit values recommended by Hunt et al (2016).  Units: USD, 2010. 

Health endpoint Central unit value Range 

Chronic bronchitis (per case) 334,750 41,700 – 889,800 

Hospital admissions (per case) 2,000 600 – 3,300 

Work loss (per day) Country specific Country specific 

Restricted activity days 170 41 – 268 

Minor restricted activity days 62 53 – 70 

Acute lower respiratory infections in children <5 years 464 301 – 511 

Acute bronchitis in children 464 301 – 511 

 

Dechezleprêtre et al (2019), also for OECD, estimate that a 1 ug.m-3 change in PM2.5 concentration 
(roughly equivalent to 10% of current average European concentrations) causes a 0.8% change in real 
GDP in the same year, with 95% of the impact related to greater absenteeism or reduced labour 
productivity (presenteeism).  The approach used is different to the response-function based methods 
based around the HRAPIE recommendations, involving correlation of population weighted PM 
concentration and GDP by NUTS3 region for each year from 2000 to 2015.  The paper does not make 
specific estimates of mortality or of morbidity impacts such as working days lost, but in theory, the 
method has potential to provide a more complete estimate of damage to productivity.  It is notable, 
however, that the scale of damage suggested by the results of Dechezleprêtre is extremely large – for 
the EU as a whole corresponding to €100-200 billion per year for a 1 ug.m-3 change in PM2.5 
concentration.  As this is roughly 10% of European exposure levels, total annual damage based on 
these estimates would range from €1 to 2 trillion if it is assumed that the response function could be 
applied linearly down to zero levels. 

European Chemicals Agency 

ECHA provides information on a large number of socio-economic studies undertaken in the context of 
Restriction or Authorisation of chemicals under the REACH (Registration, Evaluation, Authorisation 
and restriction of CHemicals) Regulation.  Few of the effects considered for chemicals are the same as 
for air pollution, with mortality being the exception.  VSL in these studies is typically valued in the 
region of €3 to €5 million, broadly consistent at the lower end, with the OECD (2012) recommendation. 

European Commission (DG Move) 

The values used for air quality assessment in the DG MOVE (2019) Handbook for air quality assessment 
are shown in Table 1.18. 

The reason for the difference in the value of the VOLY for O3 and PM2.5 (€60,000 vs €40,000) is not 
provided, though the paper also cites a third figure, €70,000 that may be used as a single estimate 
where valuation of life years is required.  A significant increase is observed in the value of a work day 
lost compared to the earlier study by the same authors (CE, 2018a).  Values are broadly in line with 
those used by Holland (2014) and Amann et al (2017) with two exceptions: 
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 Value of chronic bronchitis (€200,000 vs €53,600) 
 Value of a work day lost (€295 vs €130) 

The authors of the DG MOVE Handbook are also linked with work to develop Handbooks for DG ENER 
and DG ENV, using the figures to derive estimates of damage per tonne of pollutant released. 

 

Table 1.18. Values used in the analysis for the DG MOVE (2019) Handbook. 

Effect Value €, believed to be 2007 

Years of life lost (PM2.5) 40,000/year 

Years of life lost (O3) 60,000/year 

Restricted activity days 130 

Work loss days  295 

Minor restricted activity days  38 

Infant mortality 3 million/death 

Chronic bronchitis  200,000/case 

Respiratory hospital admissions 2,000/admission 

Cardiac hospital admissions 2,000/admission 

Bronchodilator use (adults and children) 1/day 

Lower respiratory symptoms (adults and children) 38/day 

Cough days 38/day 

Lower respiratory symptoms excluding cough 38/day 

 

1.3.4.3 European countries 

Belgium (Brussels region: Van de Vel and Buekers, 2020) 

This study, currently in development, is undertaking an investigation of traffic pollution in the Brussels 
region.  Mortality cost data follow the figures from the 1st Clean Air Outlook (Section 1.3.4.1), with 
the exception of adding a further value, of €35,900 based on the Human Capital Approach.  This 
approach has been out of favour in environmental economics for at least 30 years, and it is not clear 
why the Belgian group have reintroduced it.  The study provides values for an extended range of 
impacts, beyond those considered by HRAPIE (WHO, 2013), including premature birth, low birth 
weight, Parkinson’s disease, diabetes and stroke (Table 1.19).  It is understood that the cost data are 
in the units shown (per day, per hospitalisation, per case of new disease, etc.) though there is some 
uncertainty on this where the draft report refers to costs per year. 

 

Denmark (DCE, 2018) 

The latest data for economic valuation of the individual health impacts of air pollution in Denmark is 
taken from Brandt et al (2016) and reproduced in Table 7.  DCE (2018) state that their use of the VOLY 
for chronic mortality and VSL for acute effects on mortality is in accordance with OECD (2006) 
recommendations.  However, current practice within OECD is to apply only the VSL (e.g. OECD 2014, 
2016, 2018).  A further issue is that their valuation of chronic effects on mortality implies a much lower 
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valuation per chronic death than for acute effects on mortality.  Brandt et al assume 10.6 years lost 
per chronic death (based on results from the Clean Air For Europe Programme, Watkiss et al, 2005), 
which implies a chronic death being valued at DKK6.2 million, 2.5 times less than an acute death.  This 
disparity goes against the view (e.g. Hurley et al, 2005) that acute deaths are most likely to occur in 
those who are already seriously ill and hence may have only a limited life expectancy17 – on that basis 
it would be logical to value acute deaths less than chronic.  In analysis of air quality policies for the 
Commission dating back to the Clean Air Europe Programme (Hurley et al, 2005), the position adopted 
has been to value acute deaths as 1 life year lost as discussed in Section 1.3.4.1.  

 

Table 1.19. Cost data for morbidity from Van de Vel and Buekers (2020) 

Effect Age group Cost €2019 

Asthma incidence 30-74 years 5,121 

Asthma incidence 0-19 years 2,768 

Bronchitis incidence 5-14 years 1,058 

Chronic bronchitis incidence >19 years 30,972 

Lower respiratory infections (hospitalisation) 0-4 years 4,078 

COPD (chronic obstructive pulmonary disease) >19 years 10,199 

Other respiratory diseases (hospitalisation) All ages 6,989 

Days with asthma symptoms Asthmatic children, 0-19 years 52 

Hypertension incidence >29 years 1,651 

Heart failure (hospitalisation) 40-80 years 6,394 

Stroke (hospitalisation) >19 years 33,904 

Myocardial infarction >19 years 17,275 

Other cardiovascular disease (hospitalisation) All ages 8,209 

Low birthweight with gestational age>37weeks Full term babies 30,330 

Premature birth (<37 weeks) Newborns 38,144 

Diabetes mellitus type 2 incidence >19 years 13,257 

Parkinson’s disease incidence >29 years 6,632 

Lung cancer incidence >19 years 66,609 

 

 
17 This does not mean that all of those whose death falls into the acute impact category would have a limited 
life expectancy in the absence of air pollution: For some, a significant number of life years could be lost, but the 
average loss of life expectancy is expected to be small. 
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Table 1.20. Values used in the Danish DCE (2018) analysis. 

Effect Value 

DKK, 2013 prices 

Chronic bronchitis:  PM2.5 387,000 / case 

Restricted activity days: PM2.5 988 / day 

Respiratory hospital admissions: PM2.5, SO2 53,284 / case 

Cerebrovascular hospital admissions:  PM2.5 67,505 / case 

Congestive heart failure: PM2.5, CO 110,000 / case 

Lung cancer (non-fatal): PM2.5 163,000 / case 

Bronchodilator use: PM2.5 167 / case 

Cough: PM2.5 316 / day 

Lower respiratory symptoms: PM2.5 91 / day 

Acute premature deaths: SO2, O3 15.5 million / death 

Chronic YOLL: PM2.5 583,000 / YOLL 

Infant mortality: PM2.5 23.3 million / case 

 

Finland (Savolahti et al, 2018) 

Savolahti et al (2018) do not provide a full list of values used in their analysis, but do list their mortality 
valuations as follows: 

 VOLY: average value, used for best estimate of mortality damage: €160,000 
 VOLY: median value used for lower bound: €69,000 
 VSL: mean value used for upper bound: €2.65 million 

The source of these data, and price year are not clear from the material reviewed here, but they seem 
broadly consistent with Holland (2014), inflation-adjusted from 2004 to 2018. 

 

France (Schucht et al, 2015) 

Modelling of PM2.5 mortality for France by INERIS has been carried out using the ALPHA-Riskpoll model 
(as used in analysis for DG ENV) and is thus fully consistent with the Holland (2014) assessment of the 
Thematic Strategy on Air Pollution for EC DG ENV. 

 

Ireland (EnvEcon, 2015) 

The EnvEcon study generates marginal damage costs (damage per tonne of pollutant) for the main 
regional pollutants (NOx, NH3, SO2, NMVOC and PM2.5).  The broad methodology appears similar to 
that adopted by Holland (20140 and Amann et al (2017), though the report is not clear on the 
monetary values used. 

 



77 

 

Netherlands (CE, 2018a, b) 

The Environmental Prices Handbook 2017 for the Netherlands (CE, 2018a) and the EU28 version (CE, 
2018b) have been produced by the same authors who wrote the DG MOVE Handbook (see Section 0).  
The values used are shown in Table 1.21.  The figures used, which are understood to be from the 
ExternE (2005) and NEEDS (2008) studies, are broadly in line with those applied for previous work 
using the GAINS and ALPHA-Riskpoll models for the Commission with three exceptions: 

 The use of a reduced value for the VOLY (€40,000 compared to a range of €57,700 to 
€138,700). 

 No application of the VSL. 
 Use of a significantly higher value for chronic bronchitis (€200,000 compared to €53,600). 

Table 1.21. Values used by CE (2018a) for analysis in the Netherlands. 

Effect Value €, price year not defined 

Years of life lost 40,000/year 

Restricted activity days 130 

Work loss days 119 

Minor restricted activity days  38 

Infant mortality 3 million/death 

Chronic bronchitis  200,000/case 

Respiratory hospital admissions 2,360/admission 

Cardiac hospital admissions 2,360/admission 

Bronchodilator use (adults and children) 1.18/day 

Lower respiratory symptoms (adults and children) 38/day 

Cough days 38/day 

Lower respiratory symptoms excluding cough 38/day 

 

Sweden (Åstrom, personal communication) 

Values used for recent analysis in Sweden are shown in Table 1.22. For most effects the values used 
by Holland (2014) in analysis for the European Commission were also adopted by Åstrom. The 
exceptions are a number of additional impacts not considered in the earlier work for the Commission.  

 

Table 1.22. Values used by Åstrom (personal communication) for analysis in Sweden. 

Effect Value €, 2005 prices 

Effects common with HRAPIE As Holland (2014) 

Stroke 555,936/case 

Myocardial infarction 27,530/case 

Preterm birth 39,963/case 
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UK (Birchby et al, 2014; Ricardo, 2019; Defra, 2020) 

The values used by Ricardo (2019) and Defra (2020) are provided in Table 1.23 and Table 1.24.  Unlike 
the other sources referred to here, UK government practice is focused solely on use of the VOLY for 
valuation of air pollution impacts on mortality.  Several effects are valued using estimates of the value 
of a life year in perfect health, combined with quality weights. 

Table 1.23. Unit values used by Ricardo (2019) and Defra (2020). Units: £GBP, 2017. Effects valued 
directly. 

Effect Value 

Chronic mortality (VOLY) 42,780 (32.035 – 53,324 

Acute mortality (VOLY) 22,110 (no range) 

Cardiovascular hospital admissions 8,471 (2,979 – 13,963) 

Respiratory hospital admissions 8,296 (2,803 – 13, 789) 

 

The chronic mortality estimate is considered for people in ‘normal health’, whereas the acute 
mortality VOLY is for people in ‘poor health’.  The QALY weights in the next table are provided for 
people in ‘perfect health’. 

Productivity costs are modelled separately drawing on Birchby et al (2014), who accounts for changes 
in productivity in an extended fashion compared to the method applied in the other European and 
North American studies.  In addition to analysis based on the function for working days lost, account 
is also taken of impacts on productivity via mortality, for presenteeism and for volunteers and carers 
as well as employees. 

The UK approach to valuation of morbidity is clearly very different to that used by the other sources 
considered here. In part, this reflects the adoption of a number of novel health impacts (e.g. on stroke 
and diabetes) that are not covered elsewhere. In part also, it is due to the application of QALY weights 
combined with a value per QALY.  It is clear that the valuations per case become extremely high when 
aggregated over a number of years. 

Critical factors in the estimates shown in Table 1.24 are the QALY weight and the duration of illness.  
A problem arises when asking what the effect of air pollution is on these diseases, when there can be 
a high level of variability in outcome between cases – one example being stroke where at one extreme 
one might recover well in a short period, and at the other, live with significant disability for the rest of 
one’s life.  The level of severity linked to these effects in the epidemiology literature covers a wide 
range of possible outcomes, without data on the prevalence of different levels of severity linked to air 
pollutant exposure. 
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Table 1.24. Unit values used by Ricardo (2019) and Defra (2020). Units: £GBP, 2017. Effects valued 
via QALY weights. 

Effect QALY loss Years with condition 
(discounted) 

Value 

Effects valued via QALY weighting 

DALY   62,750 (31,375 – 83,667) ** 

Chronic bronchitis* 0.2323  14,600 

Chronic heart disease 0.39 8.93 219,000 

Stroke 0.37 13.41 311,000 

Diabetes 0.34 8.58 183,000 

Lung cancer 0.44 1.79 49,000 

Asthma – adults 0.28 20.11 353,000 

Asthma - children 0.28 28.39 499,000 

* Chronic bronchitis is modelled against population prevalence, hence duration with disease is not factored into 
the assessment. Other effects are modelled against new incidence, requiring account to be taken of years spent 
with disease which are discounted at 3.5%. 

** For clarity, values for each effect are only shown for the best-estimate value of a life year in perfect health, 
though the range can be calculated using the figures shown. 

 

1.3.4.4 Analysis in North America 

Health Canada (2019) 

The values used in the Health Canada (2019) study are shown in Table 1.25 derived from a number of 
North American studies for mortality, from 2007 and for morbidity, from 1996 and 1997.  Valuation 
of mortality is by VSL only, using a figure higher than applied in Europe.  The ranges used for the values 
are broad, in some cases varying by an order of magnitude or more. 

Table 1.25.  Prices for health endpoints used by Health Canada (2019). 

Endpoint Range (CAN$, 2015 prices) 

Mortality 4.0 million – 10.7 million 

Lung cancer mortality 4.0 million – 10.7 million 

Respiratory symptom days 9.8 – 18 

Chronic bronchitis (adults) 250,000 – 660,000 

Asthma symptom days 9.8 - 168 

Cardiac emergency room visits 825 – 6,200 

Acute bronchitis (children) 210 – 650 

Cardiac hospital admission (elderly) 850 – 7,300 

Minor restricted activity days 13 -31 

Respiratory emergency room visits 290 – 2,800 

Restricted activity days 25 - 67 
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Note: the report provides values for different endpoints in the year that they were originally published in diverse 
studies. Data have been brought to a common level of 2015 prices using the inflation Calculator at: 
https://www.bankofcanada.ca/rates/related/inflation-calculator/.  

 

US Environmental Protection Agency (US EPA, 2011) 

US EPA (2011) provides the following values (Table 1.26). The report breaks down some effects in 
more detail by age, though this is not reported here. 

Table 1.26. Values used by USEPA (2011). Units: USD, 2006 prices. 

Effect Value 

Premature mortality (VSL) 8.9 million 

Chronic bronchitis 490,000 

Non-fatal myocardial infarction 84,171 

Respiratory hospital admissions 23,711 

Cardiovascular hospital admissions 27,319 

Emergency room visits for asthma 369 

Upper respiratory symptoms 30.7 

Lower respiratory symptoms 19 

Asthma exacerbations 54 

Acute bronchitis 512 

Work loss days 149 

Minor restricted activity days 64 

School loss days 89 

 

Again, mortality is valued using only the VSL, and at a figure significantly higher than has been adopted 
in European studies. 
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1.3.5 Discussion 

Across the European studies, the valuation figures that are most commonly used in the transboundary 
air pollution studies that this report has focused on are in line with the data used in the ALPHA-Riskpoll 
model (Holland, 2014). However, this may reflect several factors, including a desire for analysis to be 
consistent with assumptions used in the assessment of possible EU policies, or a lack of national 
expertise. It is not, in itself, an indication that the current ALPHA-Riskpoll values are the best available. 

This discussion starts by converting values from the studies reviewed above into Euros at 2005 prices 
to facilitate comparison.  It then considers alternative positions on mortality (Section 1.3.5.2) and 
morbidity (Section 1.3.5.3), before coming to recommendations for the values to be used in analysis 
supporting the 2nd Clean Air Outlook. 

For consistency throughout this section, 2005 values are used, in line with previous analysis and the 
price base used in the GAINS model. Analysis based on these data can easily be upgraded to more 
recent years. 

1.3.5.1 Conversion to EUR, price year 2005 

The data collated in this Section are presented in Table 1.27, converted in all cases to EUR, 2005 prices. 
Conversions are based on the OECD’s purchasing power parity exchange rates18 and Eurostat HICP 
inflation data19.  As noted above, EUR, 2005 is the currency used for cost data in the GAINS model. For 
the analysis to be undertaken within this contract, results will be calculated in both 2005 and current 
prices, using a factor of 1.259 to convert from 2005 prices to 2020. 

 

 
18 https://data.oecd.org/conversion/purchasing-power-parities-ppp.htm  
19 https://ec.europa.eu/eurostat/web/hicp/data/database 
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Table 1.27. Values from each source converted to EUR, 2005. 
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Currency conversion to €2005 1.00 0.85 0.65 0.96 0.80 0.08 0.71 1.00 0.75 
 

0.80 

VOLY median 57,700 
   

57,700 
 

49,328 57,700 
   

VOLY mean 133,000 
   

133,000 44,442 114,383 133,000 
   

Acute mortality VOLY 
   

57,556 
    

16,488 
  

Chronic mortality VOLY 
   

38,371 
    

31,903 
              

VSL median 1,090,000 
   

1,090,000 
  

1,090,000 
   

VSL mean 2,220,000 3,060,000 
  

2,220,000 
 

1,894,463 2,220,000 
 

4,046,730 7,085,475 

Chronic deaths VSL 
     

1,750,300 
     

Acute deaths VSL 
     

1,179,550 
                 

Infant Mortality VSL low 1,635,000 4,590,000 
 

2,877,824 
   

1,635,000 
   

Infant Mortality VSL high 3,330,000 6,120,000 
     

3,330,000 
               

Respiratory Hospital Admissions 2,220 
 

1,299 1,919 5,623 4,055 
 

2,220 6,187 
 

18,877 

Respiratory emergency room visits 
         

851 
 

Cardiovascular Hospital Admissions 2,220 
 

1,299 1,919 6,605 5,137 
 

2,220 6,317 2,244 21,749 

Cardiac emergency room visits 
         

1,934 
 

Lower respiratory infections Admissions 
    

3,281 
                  

Chronic Bronchitis in adults 53,600 
 

217,344 191,855 24,775 29,451 
 

53,600 
 

250,000 390,099 

Chronic bronchitis per year in adults 
        

10,888 
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COPD 
    

8,206 
      

Bronchitis in children 588 
 

301 
 

851 
  

588 
 

237 408 
            
Myocardial infarction 

    
13,900 

  
27,530 

  
67,010 

Congestive heart failure 
     

8,371 
     

Chronic heart disease 
        

163,317 
  

Hypertension incidence 
    

1,328 
      

Heart failure hospitalisation 
    

5,145 
                  

Lung cancer 
    

53,594 12,404 
  

36,541 
  

Stroke 
    

27,279 
  

555,936 231,925 
  

Diabetes 
    

10,667 
   

136,470 
  

Parkinson's Disease 
    

5,336 
                  

Preterm birth 
    

30,691 
  

39,693 
   

Low birthweight for full term babies 
    

24,404 
                  

Asthma adults new incidence 
    

4,120 
   

263,246 
  

Asthma children new incidence 
    

2,227 
   

372,124 
  

Asthma symptoms children 42 
   

42 
    

49 43 

Asthma lower respiratory infections 
children 

  
301 

        
Bronchodilator use 

   
1 

 
13 

     
Cough 

   
36 

 
24 
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Emergency room visits for asthma 
          

294 

Lower respiratory symptoms 
   

36 
 

7 
   

8 15 

Upper respiratory symptoms 
         

8 24 
            
Restricted Activity Days 92 

  
125 

 
75 

   
25 

 
Minor Restricted Activity Days 42 

 
40 36 

     
12 51 

Work loss days 130 
  

283 
      

119 

School loss days 
          

71 
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1.3.5.2 Mortality 

For mortality, a VSL based on the extensive literature review carried out by OECD (2012) is the most 
robust estimate available. Whilst there is work ongoing to update the OECD report, it is considered 
unlikely that there will be a significant change in the figures recommended, partly because the new 
review will inevitably draw to a significant extent to the literature that informed the original analysis. 
OECD did not consider it necessary to adopt median and mean estimates for the VSL and this practice 
is followed here. Uncertainty in the figure is more transparently dealt with using a range around the 
OECD mean. 

Derivation of the VOLY is hampered by the limited amount of primary evidence available.  Desaigues 
et al (2011) makes a notable contribution to the literature that was not factored into the valuation 
data set previously used for DG Environment.  However, the results of the Desaigues study seem 
inconsistent with the OECD (2012) VSL.  It has also received some significant criticism, for example by 
Alberini (2017).  Options are: 

1. To retain the figure of €57,700 used previously for the lower bound quantification (VOLY 
median).  This figure (the lower bound median VOLY estimate) has featured most prominently 
in the reporting of damage costs in earlier assessments for DG ENV. 

2. To increase this figure to €79,50020 to reflect the adoption of the higher VSL estimate from 
OECD, on the assumption that valuation of mortality, whether via the VOLY or VSL, should be 
linked and that the OECD VSL figure is the most robust estimate of willingness to pay to reduce 
mortality risk that is available.  This does, however, retain reference to the original median 
estimate, when OECD practice on the VSL is clearly aligned with mean values. 

3. To increase the figure to €183,00021 to reflect the adoption of the higher VSL estimate and a 
preference for use of the mean rather than the median (though it is noted that none of the 
estimates in the reviewed studies reach anything like this level, the highest estimate being the 
133,000 mean VOLY used previously for DG Environment). 

For pragmatic reasons, it might be considered appropriate at this time to adopt the lower bound 
(option 1): this means that there can be very high confidence that overall estimates of health damage 
will also be lower bound, meaning that it is possible to be confident that the true level of damage is 
higher (in other words, setting a concrete minimum baseline for damage cost and benefits). The 
disadvantage of doing so is that taking a minimum value increases the likelihood of underestimating 
benefits and adopting a position that is biased against an optimal balance between costs and benefits.  
The second option is a little more consistent with the €70,000 figure that appears to be recommended 
in the DG MOVE Handbook (the Handbook mentions different figures in different places, hence the 
disparity here between the figure of €70,000 just mentioned and the figures for the DG MOVE study 
in Table 14).  

For infant mortality, the recommendation is to combine the OCED mean VOLY (€3.06 million) with the 
lower bound factor 1.5 multiplier recommended by OECD. Given that the overall contribution of infant 
mortality to total damage is very small (<1%), for practical purposes it makes very little difference 
whether the lower or upper bound multiplier is adopted. 

 
20 79,500 calculated as [NewExt VOLYmedian] * [OECD VSLmean]/[NewExt VSLmean] 

  = 57,700 *3.06million/2.22million 
21 183,000 calculated as [NewExt VOLYmean] * [OECD VSLmean]/[NewExt VSLmean] 
  = 133,000 *3.06million/2.22million 
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In valuing mortality by whatever means, some consideration needs to be given to interpretation of 
the metric of impact, be it ‘deaths’ or ‘life years lost’.  Remarkably little attention has been paid to this 
over the years, presumably on the basis that most consider the meaning of the word ‘death’ to be 
straightforward. One of the only reports dealing with the issue was by the UK’s Committee on the 
Medical Effects of Air Pollutants (COMEAP, 2010). The report explained that air pollution is only one 
of a number of agents that affects the respiratory and circulatory systems and cannot be considered 
to act independently of other stresses.  The number of deaths attributable solely to air pollution may 
thus be small.  How, then, should one interpret estimates of air pollution deaths?  COMEAP concludes 
that it is better to consider estimates as showing the number of ‘equivalent attributable deaths’ linked 
to air pollution, an aggregate of the mortality burden across the population.  On this basis, the number 
of deaths linked in some way to air pollution could be substantially higher than the number of deaths 
quantified using the response functions.  This may appear to undermine the use and valuation of 
quantified estimates of deaths. However, interpretation of estimates of deaths as ‘equivalent 
attributable deaths’ seems to provide a basis for consideration of air pollution deaths in relation to 
deaths from other causes.  The logic also provides some additional support for the use of the VSL, 
considering aggregation against small changes in mortality risk. 

The number of life years lost to air pollution is in many ways a simpler measure, requiring less 
interpretation than the number of deaths or number of equivalent deaths, though it does lead to two 
important questions: 

1. How are these lost life years spread across the population? 

2. Should we consider the loss of life expectancy as affecting healthy life years or life years spent 
in poor health? 

Following the logic of COMEAP (2010) on lives shortened to some degree by air pollution, the effect 
could be spread very widely across the population, perhaps across most of those whose cause of death 
is respiratory or cardiovascular illness.  Given that the studies used for mortality assessment for 
particles and NO2 deal with long term exposures, it seems wrong to imagine that effects only occur 
once one is already in poor health. It is far more logical to consider that, like other stresses on the 
respiratory and circulatory system, effects originate earlier in life and influence the timing at which a 
significant decline in health sets in.  On this basis, the effect of air pollution could be focused more on 
years spent in good health than in poor health. 

1.3.5.3 Morbidity 

For respiratory and cardiovascular hospital admissions a wide spread of estimates is available from 
the sources reviewed. It is recommended to use figures close to those used by DCE (2018), roughly 
central in the identified estimates. Despite the high level of interest expressed in hospital admissions 
in the epidemiological studies, the choice of estimate for hospital admissions has little bearing on the 
final outcome of the CBA, given the small contribution of hospital admissions to the total damage 
estimates (<1%), so the choice is pragmatic given the observed level of variation. 

For chronic bronchitis in adults, Hunt et al (2016) cite 6 primary valuation studies.  Of these, 2 are from 
the USA, 3 are from Europe, and one from China. A major complication for seeking to provide a 
summary estimate of a disease like chronic bronchitis is that it varies substantially in severity. Very 
mild symptoms may lead to minimal impact on life, whereas severe symptoms have a major effect on 
what one is able to do.  The definition typically used in the epidemiological studies: 

presence of cough or phlegm on a daily basis for at least 3 months of the year for at 
least the last 2 years 
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covers everything from very mild to severe symptoms.  By far the largest contributor to chronic 
bronchitis is tobacco smoking: it is not appropriate to conflate the risk of air pollution with the use of 
tobacco. What we really want to value is the incremental change linked to exposure to air pollution, 
which will lead to some new incidence of chronic bronchitis, and some movement from lower severity 
to higher severity.  With this in mind, the recommendation of Hunt et al (2016) for a best estimate of 
(once price adjustments are accounted for) €217,000/case seems too highly influenced by the more 
severe cases.  The figure recommended here (€53,600/case) is in line with the estimate applied in 
earlier analysis for DG Environment and is broadly supported by the analysis of Maca et al (2011) which 
utilised surveys in 6 European countries. 

For restricted activity days and minor restricted activity days, the values from the OECD analysis by 
Hunt et al (2016) are adopted, noting that they are close to the estimates used by Holland (2014) for 
previous analysis for DG Environment. 

For asthma symptoms in children, the two estimates, from Holland (2014) and USEPA (2011) are 
almost identical. Preference is given to continued use of the Holland (2014) estimate. 

For stroke and lung cancer, the average of the available estimates is taken.  In both cases, estimates 
are of the same broad order of magnitude.   

There are several estimates of additional cardiovascular impact that have not been taken account of 
in previous work for the Commission.  The estimate used here is linked to non-myocardial infarction 
and set to the average of the Åstrom and USEPA valuations. 

Further effects could be added to this list (the companion paper on health impact assessment, for 
example, lists new incidence of childhood asthma and diabetes for possible inclusion). However, 
significant expansion of the effects considered in the CBA seems appropriate only after a thorough 
review of the health evidence, similar to the HRAPIE study of WHO (2013), and after thorough review 
of the process for valuation, bearing in mind potential problems concerning the characterisation of 
time spent with illness and a lack of information on how air pollution affects the severity of illness. 

1.3.5.4 Productivity 

For work loss days the approach used in past work for DG ENV of applying GDP/capita across the paid 
workforce to estimates of working days lost based on a response function derived from the literature, 
now looks conservative.   

Analysis is also possible using the different approaches or results of Birchby et al (2014) and 
Dechezleprêtre et al (2019).  However, the link between mortality and productivity from Birchby et al 
is unclear, whilst Dechezleprêtre et al based their analysis on productivity statistics without going 
through the impact pathway, creating uncertainty as to how productivity losses arose as a direct 
consequence of exposure to pollutants.   

It is instructive to consider the magnitude of results from the different options that are available on a 
common basis. 

Amann et al (2017) includes results based on valuation of estimated work days lost to pollution 
referenced against GDP/capita and crop losses, and then take the analysis further (using the JRC-GEM-
E3 model: Capros et al, 2013) to account for further effects along the supply chains of affected sectors, 
effects on consumption and on international competitiveness.  The overall benefits of attaining 
mandated emission reduction commitments by each EU Member State in 2030 were estimated to be 
equivalent to approximately 0.01% of GDP corresponding to a change in exposure at the EU level of 
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approximately 0.6 ug.m-3, equivalent to a change in GDP of 0.017% per ug.m-3 with around 90% of the 
impact accounted for by health effects, the remainder being ozone effects on agriculture. 

Birchby et al (2014) took a more expansive approach to quantification of loss of productivity by 
including impacts linked to: 

 Carers and volunteers as well as the paid workforce,  
 Impacts on the workforce of pollution related mortality 
 Impacts of long-term consequences of morbidity for example through the development of 

chronic bronchitis which could impact on the potential for individuals to continue work or take 
up new job opportunities. 

 Impacts of ozone and NO2 as well as PM (though together they accounted for under 3% of the 
pollution impact on productivity, with PM2.5 accounting for the rest).  Birchby includes only 
effects of NO2 via mortality, but for ozone includes both mortality and effects on working days 
lost as a result of presenteeism drawing on data from Ostro and Rothschild (1989, accepting 
that this paper is now very dated). 

Birchby et al estimate total damage in the UK from pollution of £2.7 billion in 2012, of which the impact 
on GDP (bearing in mind that not all activities quantified in their analysis are included in quantification 
of GDP) was £1.7 billion, equivalent to 0.11% of GDP for that year.  Given that more than 97% of the 
damage was attributed to PM2.5 exposure and that PM2.5 concentration in the UK in 2012 was around 
10 ug.m-3, the figure of €1.7 billion is equivalent to a 0.011% change in GDP/ug.m-3, a figure lower than 
the 0.017% per ug.m-3 estimated by Amann et al (2017) even though the Birchby analysis is based on 
a more extensive accounting of impacts in terms of tracing the impact pathway back to ill health. 

Comparing the analysis of the studies of Birchby et al and Amann et al: 

 The same response function for estimation of working days lost as a result of short-term 
exposure to PM2.5 is used in the two studies; 

 Valuations are also similar; 
 Reflecting similarities in the response function and valuation, the estimated number of work 

days lost and associated value is similar. 
 Work days lost associated with PM exposure account for 28% of the total quantified by Birchby 

et al, or 45% of the impact on GDP.  On that basis one might expect the contribution of 
pollution damage as a fraction of GDP in the Birchby study to be a little more than twice the 
figure estimated by Amann et al: instead, expressed as a fraction of GDP, it is 35% lower 
(0.011% to 0.017%).  The fact that the Amann study gives a higher % impact on GDP is mainly 
attributable to the calculations made using the JRC-GEM-E3 model in assessing the 
propagation of effects through the market and across sectors. 

The conclusion drawn from this comparison of the two studies is that both studies seem likely to use 
methods that underestimate pollutant damage to productivity. Consideration should thus be given to 
a more complete accounting of damage through multiple impact pathways (i.e. for several pollutants 
and accounting for mortality and long-term morbidity as well as short-term effects on morbidity) and 
factoring this larger burden into the JRC-GEM-E3 model.  Scaling results across the two studies, a figure 
in the order of 0.035% impact on productivity per ug.m-3 seems broadly reasonable to this point.  

As noted above, the study by Dechezleprêtre et al (2019) estimated that a 1 ug.m-3 change in PM2.5 
concentration (roughly equivalent to 10% of current average European concentrations) causes a 0.8% 
change in real GDP in the same year, with 95% of the impact related to greater absenteeism and 
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presenteeism.  This scale of impact is many times higher than estimated by either Amann et al or 
Birchby et al.  Dechezleprêtre et al cite Fu et al (2017) who provided broadly similar analysis of long-
term exposures in China, and Borgschulte et al (2016) who considered the impacts on productivity of 
transient episodes of pollution from forest fires in the USA, as support for their findings. It is unclear 
whether the Fu paper provides the reported corroboration and may instead support a lower level of 
impact more in line with Amann et al (2017) and Birchby et al (2014).  The effects observed in the US 
paper, however, exceed all others listed. 

It is recommended to consider future extension of the analysis to include the effects of a larger range 
of impacts as in Birchby et al, though this is not possible at the present time given a lack of data on 
aspects of the analysis.  Further consideration needs to be given to the work of Dechezleprêtre: at the 
present time it is the only European study of its kind, and to adopt its conclusions as providing reliable 
guidance for policy development seems premature.  The potential for impacts on productivity to be 
significantly higher than indicated in previous studies of European trans-boundary air pollution needs 
to be recognised.    

1.3.6 Recommendations 

The development of recommendations for unit values is not straightforward, given the ranges 
presented in this report, and the diversity of health metrics (values per case of new incidence, per 
prevalent case, per day, etc.) covering different effects.   

The area where agreement is most urgently needed concerns the estimate for the VOLY.  Logic was 
provided above for three alternative positions, of which the central estimate is adopted given that it 
reflects partly the estimates used previously and the extensive review carried out by OECD (2012). 

Recommended values are summarised in Table 1.28, together with the values used in the analysis 
supporting the 1st Clean Air Outlook.  

In cases where a single position is not identified and cannot, following discussion of this paper, be 
agreed, sensitivity analysis can be applied using plausible ranges.  It is desirable to limit sensitivity 
analysis to the extent reasonable, focusing on the elements with potential to make a difference to the 
conclusions drawn from the cost-benefit analysis. 

It is noted that extension of the analysis of productivity using the methods of Birchby et al (2014) 
would require a transparent breakdown of results to permit selection and incorporation of relevant 
parts into the general equilibrium analysis performed by the JRC.  It is also noted that some parts of 
the Birchby et al analysis, such as the effects on carers and volunteers, are outside the sectors covered 
by GEM-E3 modelling. 
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Table 1.28. Recommended values for use in evaluation of air quality policies for studies in support of 
EC DG Environment. Units: EUR, price year 2005 

Effect Figure used in 
analysis for 1st CAO 

Recommendation for best 
estimate 

Main source(s) 

Effects included by HRAPIE 

Mortality - VSL 1.09 million 
(median) and 

2.22 million (mean) 

3.06 million Based on OECD (2012) 

Mortality - VOLY 57,700 (median) 
and 138,700 

(mean) 

€79,500 Previous median estimate 
increased in proportion to 
the increase in mean VSL to 
reflect OECD (2012) 

Infant Mortality 1.6 million 
(median) and 

3.3 million (mean) 

4.53 million Lower bound of OECD 
(2012) (factor 1.5 higher 
than average for adults) 

Chronic Bronchitis in 
adults 

53,600 53,600 Maca (2011), Holland 
(2014) with concerns over 
severity of air pollution 
related bronchitis 

Bronchitis in children 588 301 Hunt et al (2016) 

Respiratory Hospital 
Admissions 

2,220/case 4,000/case Broadly mid-range from 
estimates and similar to 
DCE (2018) 

Cardiac Hospital 
Admissions 

2,220/case 5,000/case Broadly mid-range from 
estimates and similar to 
DCE (2018) 

Restricted Activity Days 92 110/day Hunt et al (2016) 

Minor restricted activity 
days 

42 40/day Hunt et al (2016) 

Work loss days 130 Retain Amann et al (2017) 
and factor into GEM-E3 

modelling, acknowledging 
potential for 

underestimation. 

Amann et al (2017) 

Asthma symptoms, 
asthmatic children 

42 42/day Holland (2014), USEPA 
(2011) 

Possible additional effects 

Stroke Not quantified 394,000 Average of Åstrom (p.c.) 
and Ricardo (2019) 

Lung cancer Not quantified 24,473 Average of DCE (2018) and 
Ricardo (2019) 

Non-fatal myocardial 
infarction 

Not quantified 47,000 Average of Åstrom (p.c.) 
and USEPA (2011) 
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2 Annex 2: Development of policy scenarios 

2.1 Activity projections 

2.1.1 The baseline activity projection 

As a new baseline activity projection for the second Clean Air Outlook, the ‘EUCO 32 32.5’ scenario 
developed with the PRIMES model for the Commission has been imported into the GAINS database.  

This scenario was used to support the Commission’s June 2019 assessment of the draft national energy 
and climate plans (NECPs) that have been submitted by Member States. Key projections are presented 
in the technical report on the EUCO 32 32.5 scenario22. It reflects an EU decarbonization trajectory to 
achieve the adopted EU policies and measures.  

The scenario maintains the assumptions on macro-economic development and fossil fuels prices as 
well as the pre-2015 Member States policies of the Reference scenario 2016 (REF2016) that has been 
employed for the first Clean Air Outlook. However, assumptions on new technologies have been 
updated and recent EU legislation has been included. In particular, the scenario assumes achievement 
of the EU energy efficiency target of 32.5% and a renewable energy target of 32% as agreed in the 
‘Clean energy for all Europeans’ package until 2030, and implementation of the current policies on 
non-CO2 greenhouse gas emissions23. 

The raw data of the EUCO 32 32.5 scenario have been imported into the GAINS database, and the 
adjustments described in Section 2.1 that enable the link to the national emission inventories for the 
years 2005 to 2015 have been propagated to future years up to 2030. Beyond 2030, the EUCO 32 32.5 
scenario is complemented with more recent PRIMES baseline projections that extend up to 205024. 

In addition, the following adjustments have been applied for the purposes of the Clean Air Outlook: 

 Fuel consumption data of PRIMES (particularly diesel fuel) have been reallocated across 
different vehicle categories for road transport and non-road mobile machinery (NRMM) 
according to the shares provided in the national inventory reports.  

 Total fuel consumption for non-road mobile sources provided by PRIMES has been allocated 
to NRMM subsectors, such as agricultural vehicles (tractors), industrial machinery and 
residential applications (e.g., diesel generators), based on information provided in the 
national emission inventories.  

 Total fuel use for shipping has been allocated to various shipping categories (inland navigation, 
large vs. medium vessels for coastal shipping and fishery). 

 Volumes of fuelwood consumption in PRIMES have been adjusted to the figures used by 
Member States in their emission inventories, based on national data that account for non-
commercial fuel wood. 

 
22 https://ec.europa.eu/energy/sites/ener/files/technical_note_on_the_euco3232_final_14062019.pdf 
23 https://ec.europa.eu/clima/sites/clima/files/docs/pages/com_2018_733_analysis_in_support_en_0.pdf 

24 https://ec.europa.eu/clima/sites/clima/files/docs/pages/com_2018_733_analysis_in_support_en_0.pdf. 
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 Total fuel wood consumption in households has been allocated to different fuel types (wood 
logs, wood chips, pellets) and combustion devices/installations (stoves and boilers) based on 
information in national emission inventories.  

 Fuel consumption in overseas territories has been adjusted to the NECD definitions. For Spain, 
the GAINS energy balance excludes fuel use for Canary Islands. For Portugal, statistics have 
been adjusted to discount energy use of the Azores and Madeira.  

While the GAINS baseline scenario reflects the overall trends in economic development, fuel 
consumption and technology adoption of the PRIMES energy and CAPRI agricultural models, with 
these adjustments the GAINS energy data are not completely identical to the original PRIMES scenario. 

2.1.2 Climate policy scenarios 

Furthermore, the latest versions of two PRIMES scenarios of the decarbonization of the EU energy and 
agricultural systems in line with a stabilization of global temperature increase at 1.5°C have been 
transferred to the GAINS databases. The adjustments described above provide a seamless connection 
with the activity statistics of the national emissions emission inventories, and enable the assessment 
of the air quality co-benefits of more ambitious climate policies compared to the what is assumed as 
the baseline case for the Clean Air Outlook. 

All scenarios extend to 2050. However, developed at different points in time, they employ slightly 
different specifications of climate targets for 2030, so that the pathways up to 2030 are not fully 
comparable. In particular, the EUCO 32 32.5 scenario belonging to the 2016 group of PRIMES scenarios 
aims for 2030 at a 32% share of renewables and a 32.5% reductions in energy use, leading in 2030 to 
a 40% reduction of total greenhouse gases (GHG) emissions compared to 1990. In contrast, the 
1.5 TECH and 1.5 LIFE climate policy scenarios (see below for details), which were developed in 2018 
for the analyses of the EU long-term vision for a climate neutral economy towards 205025, attain the 
1.5°C ambition through reaching net zero GHG emissions in the EU by 2050. These differences in the 
formulation of the climate target, together with updates of important technology characteristics and 
policy assumptions lead to different fuel mix choices in 2030 compared to the EUCO 32 32.5 scenario. 
As a result, in 2030 fossil fuel consumption and some emissions are higher for some countries in these 
scenarios than in the EUCO 32 32.5 scenario. 

2.1.2.1 The 1.5 TECH scenario 

The 1.5 TECH scenario explores technological options, including electrification of all end-uses, of 
hydrogen as an energy carrier, emergence of carbon-neutral hydrocarbons and efficiency savings, in 
order to achieve net zero GHG emissions by 2050. Remaining emissions that cannot be abated by 2050 
are balanced by negative emissions through the deployment of biomass associated with carbon 
capture and storage (BECCS) and LULUCF sinks.  

2.1.2.2 The 1.5 LIFE scenario  

In contrast, the 1.5 LIFE scenario explores the transformation of EU business and consumption 
patterns towards a more circular economy. Increased climate awareness of EU citizens translates in 

 
25 
https://ec.europa.eu/energy/sites/ener/files/technical_note_on_the_euco3232_final_14062019.pdf 

https://ec.europa.eu/clima/sites/clima/files/docs/pages/com_2018_733_analysis_in_support_en_0.
pdf 
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lifestyle changes and consumer choices that are more beneficial for climate. These include a continued 
trend of EU consumers towards less carbon intensive diets, a sharing economy in transport, limiting 
growth in air transport demand and a more rational use of energy demand for heating and cooling. 
While both climate policy scenarios include additional incentives to enhance LULUCF sinks, such 
incentives are much larger in the 1.5 LIFE scenario.  

The development of the agricultural sector in the LIFE scenario employs additional assumptions on 
dietary shifts, i.e., reducing total animal calorie intake levels to the recommended levels while keeping 
the total calorie consumption constant. Extending the trends observed in the EU in the last decade, it 
assumes that in the long-term (by 2070) consumption of bovine, sheep and goat meet, as well as milk 
would decline by 50% compared to the levels of 2010. Consumption of pig and poultry meat as well 
as eggs would remain at the level of 2010 in the EU.  

2.1.2.3 The Mix55 scenario underpinning the 2020 Commission proposal for a green deal 

The Mix55 scenario is the central scenario used by the European Commission for its proposal for a a 
cut of greenhouse gas emissions by at least 55% by 2030 to set Europe on a responsible path to 
becoming climate neutral by 2050. In addition to its climate objective, the pathway should stimulate 
the creation of green jobs and economic growth, and to encourage international partners to increase 
their ambition to limit the rise in global temperature to 1.5°C. The scenario assumes an expansion of 
carbon pricing (ETS), intensification of policies for renewables (a share of 38.4% in 2030), and for 
efficiency gains (40% reduction in primary energy consumption). 

2.2 Air pollution control policies and measures 

Air pollution control policies and measures that are adopted in the various Member States constitute 
the second important component of the policy scenarios presented in this report. The following sets 
of policies and measures have been compiled: 

 The CAO2 baseline legislation, which includes EU-wide legislation (Section 2.2.1) as well as 
already decided additional national policies and measures (Section 2.2.2). 

 The NAPCP scenario, representing additional national policies and measures that have been 
reported by Member States in their NAPCPs and PaMs databases as ‘selected for adoption’, 
in addition to the policies and measures of the CAO2 baseline legislation. 

2.2.1 EU-wide legislation 

This package includes the EU legislation summarized in Table 1 to Table 6. For each of these 
regulations, the GAINS database holds for each affected source category in each Member State the 
temporal penetration, i.e., the evolution over time of the shares of the emission sources that are 
subject to the specific regulation.  
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Table 2.1: EU-wide legislation for SO2 considered in the CAO2 baseline package. References refer to 
the Official Journal of the European Union (OJ) 

• Directive on industrial emissions (integrated pollution prevention and control) including derogations 
and opt-outs included according to information provided by national experts (2010/75/EU) OJ L 334/17, 
2010 

 • The Medium Combustion Plant directive ((EU) 2015/2193) OJ L 313/1 

• BAT requirements according to European Commission implementing decisions for large combustion 
plants and industrial production processes according to European Commission implementing decisions 

 Iron and steel production: OJ L70/63, 2012 
Large combustion plants: OJ L212/1, 2017 
Manufacture of glass: OJ 70/1, 2012 
Non-ferrous metals industries: OJ l 174/32, 2016 
Production of cement, lime and magnesium oxide: OJ L 100/1, 2013 
Production of pulp, paper and board: OJ l 284/76, 2014 

• The implementing decisions with regard to Ecodesign requirements for small combustion installations 
using solid fuels  

 Solid fuel local space heaters: OJ L 193/1, 2015 
Solid fuel boilers: OJ L 193/100, 2015:  

• Fuel Quality directive 2009/30/EC on the quality of petrol and diesel fuels, as well as the implications of 
the mandatory requirements for renewable fuels/energy in the transport sector 

 Specification of petrol, diesel and gasoil and introducing a mechanism to monitor and reduce greenhouse 
gas emissions for fuel used by inland waterway vessels: OJ L140/88, 2009 

 Directive (EU) 2016/802 relating to a reduction in the sulphur content of certain liquid fuels OJ L 
121/13, 1999 

• Directive relating to a reduction in the sulphur content of certain liquid fuels transposing 2008 revision 
of Annex VI to MARPOL convention: OJ L132/58, 2016.  

 

Table 2.2: EU-wide legislation for NOx considered in the CAO2 baseline package 

• Directive on Integrated pollution prevention and control (2010/75/EU) including derogations and opt-
outs included according to information provided by national experts: OJ L334/17, 2010 

• The Medium Combustion Plant directive ((EU) 2015/2193) OJ L313/1, 2015 

• BAT requirements according to European Commission implementing decisions for large combustion 
plants and industrial production processes according to European Commission implementing decisions 

 Iron and steel production: OJ L70/63, 2012 
Large combustion plants: OJ L212/1, 2017 
Manufacture of glass: OJ 70/1, 2012 
Non-ferrous metals industries: OJ l 174/32, 2016 
Production of cement, lime and magnesium oxide: OJ L 100/1, 2013 
Production of pulp, paper and board: OJ l 284/76, 2014 

• The implementing decisions with regard to Ecodesign requirements for small combustion installations 
using solid fuels  

 Solid fuel local space heaters: OJ L 193/1, 2015 
Solid fuel boilers: OJ L 193/100, 2015:  

• For light-duty vehicles: All Euro exhaust emission standards, including Euro-5 and Euro-6d, becoming 
mandatory for all new registrations from 1. Sept. 2011 and 1. Sept. 2015 onwards, respectively in 
conjunction with (692/2008/EC) and ensuing implementing regulations (715/2007/EC) 
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• For heavy-duty vehicles: All Euro exhaust emission standards, including adopted Euro-V and Euro-VI, 
becoming mandatory for all new registrations from 2009 and 1. Jan. 2014 respectively (595/2009/EC) in 
conjunction with (582/2011/EU) 

• For motorcycles and mopeds: All Euro standards for motorcycles and mopeds in passing through Euro 3 
up to and including Euro-5, becoming mandatory for all new registrations from 1. Jan 2021 DIR 
(2002/51/EC) followed by Reg. (168/2013/EU) 

 • For Non-Road Mobile Machinery: All EU emission controls up to Stages IIIA, IIIB and IV, with introduction 
dates by 2006, 2011, and 2014 (DIR 2004/26/EC) together with (DIR 2005/13/EC), depending on machine 
category and engine size. Stage V emission standards have begun phasing-in between 2017 and 2021, 
covering an enlarged scope of machine categories (1628/2016/EU) 

• 2008 revision of Annex VI to MARPOL Convention of the IMO regarding NOx emission limit values for 
ships sailing in emission control areas (including the Baltic and North Seas), becoming mandatory on 1 
Jan 2021. 

 

For mobile sources, specific assumptions have been taken about the impacts of Euro 6d standards on 
real-world NOx emissions from diesel vehicles. For diesel cars in 2030, a fleet average emission rate of 
EURO 6d cars of 100 mg NOx per km has been assumed for all vehicle ages, sizes, driving and ambient 
conditions. For light commercial vehicles (LCVs), 50% higher emission factors, i.e., 150 mg NOx per km 
have been assumed (Table 2.3). As GAINS uses fuel consumption as input, emission rates are 
expressed in gram pollutant per Megajoule (MJ) fuel consumed, for all pollutants emitted. For 
illustration, they are also expressed in gram pollutant per km driven, using class average fuel 
efficiencies provided in the HBEFA 4.1 emission factor handbook (HBEFA 4.1, 2019). 

Table 2.3: NOx emission factors for diesel vehicles used for the scenario calculations for the Euro 
classes, averaged over the 27 EU Member States. Country-specific emission factors vary by the 
national average fuel efficiency. 
 

Diesel 
cars 

Light 
commercial 

vehicles - 
diesel 

Heavy 
duty  

buses 

Heavy 
duty 

trucks 

Diesel 
cars 

Light 
commercial 

vehicles - 
diesel 

Heavy 
duty  

buses 

Heavy 
duty 

trucks 

 gram/MJ g/km 
Pre-EURO1 0.261 0.441 0.982 0.967 0.704 1.707 12.779 12.284 
EURO/Euro 1 0.285 0.505 0.766 0.807 0.761 1.858 9.658 9.803 
EURO/Euro 2 0.282 0.497 0.851 0.830 0.749 1.750 10.281 9.679 
EURO/Euro 3 0.336 0.553 0.687 0.637 0.825 1.621 8.442 7.433 
EURO/Euro 4 0.301 0.432 0.475 0.452 0.760 1.239 5.579 5.179 
EURO/Euro 5 0.402 0.471 0.446 0.320 0.953 1.312 4.988 3.502 
EURO/Euro 6bc 0.366 0.284 

  
0.879 0.747   

Euro 6d_temp 0.142 0.095 
  

0.341 0.250   
EURO/Euro 6d 0.042 0.058 0.048 0.046 0.100 0.153 0.515 0.493 

 

Specific assumptions have also been taken for non-road mobile machinery. Due to less sophisticated 
legislation and the considerable variation in operating conditions of the different machine types, real-
world emissions rates differ substantially even when certified to the same emission standard. For this 
report, results from recent relevant emission modelling studies in Austria, Finland, France, Germany, 
and the Netherlands have been used to update the GAINS database.  



99 

 

For international maritime shipping, this report employs the data on activity, fleet structure and 
emission rates that have been used for the study on emission control areas in the European Seas 
(Cofala et al., 2018). 

Table 2.4: EU-wide legislation for PM10/ PM2.5 considered in the baseline package 

 Directive on Industrial Emissions including derogations and opt-outs included according to information 
provided by national experts (2010/75/EU) 

 OJ L334/17, 2010: DIRECTIVE 2010/75/EU OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 24 
November 2010 on industrial emissions (integrated pollution prevention and control). Official Journal of 
the European Union 

• The Medium Combustion Plant directive ((EU) 2015/2193) 

 OJ L313/1, 2015: Directive (EU) 2015/2193 of the European Parliament and of the Council of 25 
November 2015 on the limitation of emissions of certain pollutants into the air from medium combustion 
plants. Official Journal of the European Union.) 

• BAT requirements according to European Commission implementing decisions for large combustion 
plants and industrial production processes according to European Commission implementing decisions 

 OJ L70/63, 2012: COMMISSION IMPLEMENTING DECISION of 28 February 2012 establishing the best 
available techniques (BAT) conclusions under Directive 2010/75/EU of the European Parliament and of 
the Council on industrial emissions for iron and steel production. 

 OJ L212/1, 2017: COMMISSION IMPLEMENTING DECISION (EU) 2017/1442 of 31 July 2017 establishing 
best available techniques (BAT) conclusions, under Directive 2010/75/EU of the European Parliament and 
of the Council, for large combustion plants. 

 OJ 70/1, 2012: COMMISSION IMPLEMENTING DECISION of 28 February 2012 establishing the best 
available techniques (BAT) conclusions under Directive 2010/75/EU of the European Parliament and of 
the Council on industrial emissions for the manufacture of glass. 

 OJ l 174/32, 2016: COMMISSION IMPLEMENTING DECISION (EU) 2016/1032 of 13 June 2016 establishing 
best available techniques (BAT) conclusions, under Directive 2010/75/EU of the European Parliament and 
of the Council, for the non-ferrous metals industries. 

 OJ L 100/1, 2013: COMMISSION IMPLEMENTING DECISION of 26 March 2013 establishing the best 
available techniques (BAT) conclusions under Directive 2010/75/EU of the European Parliament and of 
the Council on industrial emissions for the production of cement, lime and magnesium oxide. 

OJ l 284/76, 2014: COMMISSION IMPLEMENTING DECISION of 26 September 2014 establishing the best 
available techniques (BAT) conclusions, under Directive 2010/75/EU of the European Parliament and of 
the Council, for the production of pulp, paper and board. 

• The implementing decisions with regard to Ecodesign requirements for small combustion installations 
using solid fuels  

 OJ L 193/1, 2015: Commission Regulation (EU) 2015/1185 of 24 April 2015 implementing Directive 
2009/125/EC of the European Parliament and of the Council with regard to Ecodesign requirements for 
solid fuel local space heaters. 

 OJ L 193/100, 2015: Commission Regulation (EU) 2015/1189 of 28 April 2015 implementing Directive 
2009/125/EC of the European Parliament and of the Council with regard to Ecodesign requirements for 
solid fuel boilers. 

• For light and heavy-duty vehicles: Same Euro standards for exhaust emissions as for NOx 

• For heavy-duty vehicles: Euro VI emission limits, becoming mandatory for all new registrations from 2014 
(DIR 595/2009/EC) 

• For Non-Road Mobile Machinery: Same Euro standards for exhaust emissions as for NOx up to Stage V 
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Table 2.5: EU-wide legislation for NH3 considered in the baseline package 

• Commission Implementing Decision (EU) 2017/302 of 15 February 2017 establishing best available 
techniques (BAT) conclusions, under Directive 2010/75/EU of the European Parliament and of the 
Council, for the intensive rearing of poultry or pigs - OJ L 43/231, 15.2.2017 

• The Nitrates directive (91/676/EEC) and Water Framework directive (200/60/EC)  

• Framework Code for Good Agricultural Practice for Reducing Ammonia Emissions (ECE/EB.AIR/120) of 
the United Nations Economic Commission for Europe •   

 

Table 2.6: EU-wide legislation for NMVOC considered in the baseline package 

• Directive 94/63/EC of 20 December 1994 on the control of volatile organic compound (VOC) emissions 
resulting from the storage of petrol and its distribution from terminals to service stations - OJ L 365, 
31/12/1994 

 Directive 2009/126/EC on Stage II petrol vapour recovery during refuelling of motor vehicles at service 
stations - OJ L 285, 31.10.2009  

• For mopeds, motorcycles, light and heavy-duty vehicles: Same Euro standards as for NOx up to Euro 6d, 
Euro VI and Euro 5 (L-cat.) including adopted Euro-5 and Euro-6 for light-duty vehicles. 

 • On evaporative emissions: Euro standards up to Euro-5/6 (DIR 692/2008/EC) 

• Fuels directive (RVP of fuels) (EN 228 and EN 590) 

•  For Non-Road Mobile Machinery: Same Euro exhaust emission standards as for NOx up to Stage V 

• Directive 1999/13/EC of 11 March 1999 on the limitation of emissions of volatile organic compounds 
due to the use of organic solvents in certain activities and installations) including amendment 
2004/42/EC (so called Paints directive) as well as Directive 2008/112/EC on classification, labelling and 
packaging of substances and mixtures - OJ L 085, 1999 

•  The Non-Road Mobile Machinery (NRMM) directive. Stage V emission standards are phased-in 
between 2017 and 2021, with an enlarged scope of machine categories. 

• Commission Implementing Decision of 9 October 2014 establishing best available techniques (BAT) 
conclusions, under Directive 2010/75/EU of the European Parliament and of the Council on industrial 
emissions, for the refining of mineral oil and gas. (OJ L 307/38, 2014) 

 

2.2.2 National policies and measures 

The NECD requires Member States to report their National Air Pollution Control Programmes (NAPCPs) 
which shall include additional policies and measures (PaMs) if they cannot reach their NECD 
obligations with existing measures. These additional measures shall be additional to EU legislation. In 
addition, climate policy measures that have been reported under the National Energy and Climate 
Plans (NECPs) could affect future emissions of air pollutants as well but were not included in this 
exercise.  

 

2.2.2.1 A review of the NAPCPs and PaMs 

A review of the additional measures that have been reported by Member States in their NAPCPs and 
PAMs databases reveals that content and detail of information contained varies greatly across 
Member States, ranging from very specific measures with quantified impacts on emission reductions 
to rather generic statements about possible changes in incentive instruments without any 
quantification of their possible impacts on emissions. For instance, the PaMs database contains only 
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440 records with meaningful numbers (out of 2,158). The remaining numbers are either very small 
(below 0.001 kt), not reported, or refer to non-NEC pollutants. However, even the meaningful 
quantifications of envisaged volumes of reduced emissions are hard to interpret as Member States do 
not provide the underlying activity levels that have been used for the quantification of impacts. In 
addition, some Member States provided different information in the NAPCPs and the PaMs database.  

Two Member States, i.e., Greece and Romania, did not provide NAPCP reports and two Member States 
(Italy and Luxemburg) provided only a draft NAPCP (hence without selected PaMs). Five other 
countries (Cyprus, Finland, Netherlands, Portugal and Slovakia) did not report emission reductions for 
the WAM scenario, either because the ERCs of the NEC Directive would be attained already with the 
‘with measures’ (WM) scenario or because the WAM scenario had not yet been finalized when the 
national report was submitted.  

To enable a coherent assessment of the measures reported by Member States, measures listed in the 
NAPCPs and PAMs database have been clustered into four groups:  

Group A: Structural measures that are already included in the PRIMES/CAPRI activity scenarios. 
These include, inter alia:  

 enhanced energy efficiency, 

 accelerated eradication of solid fuels (especially coal) from the residential sector, 

 modal shifts in the transport sector, 

 more electric cars and/or indicative phase-out of combustion engine (gasoline or diesel) 
vehicles/cars, 

 increasing the share of organic/ecological farming. 

Such measures are typically important parts of climate policies, and have been reported by 
Member States in the draft National Energy and Climate Plans (NECPs) and reviewed in the 
Commission’s analysis of those (SWD(2019212)). Subsequently, they have been implemented into 
the EUCO 32.5 32 energy projection and/or the PRIMES climate policy scenarios, even if the 
quantification of their impacts remains associated with uncertainties. To avoid double-counting, 
the analysis for the Clean Air Outlook considers already adopted measures through the use of the 
EUCO 32.5 32 scenario as the baseline projection, and foreseen additional measures through the 
PRIMES climate policy scenarios.  

Group B: Transposition of EU legislation into national laws and regulations, e.g.,  

 implementation of the Ecodesign directive, 

 promoting application of the code of good agricultural practice. 

These measures are already included in the EU-wide set of measures (Section 2.2.1). 

Group C: Other measures whose impacts can be quantified, even if their quantification is uncertain. 
These include, e.g., 

 accelerated replacement of old vehicles, 

 maintaining stricter emission limit values than EU-wide legislation (e.g., beyond the 
requirements of the Ecodesign directive). 

Introduction schedules have been extracted from the Member States’ reports or, in absence of these, 
developed based on comparison with what is assumed in the current legislation baseline. Measures 
which have already been adopted are considered in the CAO2 baseline scenario. Additional measures 
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which are selected for adoption are then included in the NAPCP/WAM scenarios, while measures for 
which adoption is not foreseen are not further considered in this report. 

Group D: Measures for which a quantification of impacts is difficult in an EU-wide analysis, e.g., 

 low emission zones in cities,  

 enhanced in-use surveillance of vehicle emissions,  

 information campaigns on eco-friendly driving,  

 regional production and consumption,  

 challenging industry for stricter NMVOC controls. 

As the information provided by Member States does not allow developing robust quantifications of 
their likely impacts, such measures have not been further considered in the scenarios of this report. 
Thereby, the policy scenarios presented here provide conservative estimates of the possible impacts 
of reported policies measures, noting that additional measures that are likely to enhance the effect of 
these scenarios have been reported by countries.  

Since Member States often use different wording for presumably similar measures, the measures 
reported as ‘selected for adoption’ have been allocated to these categories (Table 2.7 to Table 2.9). 
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Table 2.7: Group A: ‘Additional measures’ reported by Member States as ‘selected for adoption’ in the NAPCP and PAMs databases and which are already included 
in the PRIMES/CAPRI scenarios  

Group A AT BE BG HR CY CZ DK EE FI FR DE GR HU IE IT LV LT LU MT NL PL PT RO SK SI ES SE 

Change of energy production 
structure towards less 
carbon intensive 

x     x x x   x   x(1) x x     x         x(3) x x   

Change of energy 
consumption structure 
towards less carbon 
intensive 

x     x x x   x   x x   x   x             x   

Enhanced energy efficiency 
in households and 
commercial and institutional 
buildings 

x x  x  x x x  x x  x x x x x   x             x   

Energy efficiency in industry           x                          x   

Pollution tax reform,  
credit incentives 

            x x     x                     

Modal shifts in transport  x    x    x x            x     x       x x 

Demand reduction for 
(private) road transport  x        x   x      x   x     x         x 

More electric cars/vehicles  x     x   x x  x      x   x         x   x   

More alternative fuels (bio-
fuels, hydrogen, gas) 

 x   x        x      x             x   x x 

Phasing out of fossil fuels for 
road vehicles       x                                  

Increasing fuel efficiency of 
vehicles 

 x     x   x             x             x x 

Reduce the use of mineral 
fertilizers 

      x      x    x x         x       x   
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Table 2.8: Group B: ‘Additional measures’ reported by Member States as ‘selected for adoption’ in the NAPCP and PAMs databases and which refer to the 
transposition of EU legislation into national laws 

Group B AT BE BG HR CY CZ DK EE FI FR DE GR HU IE IT LV LT LU MT NL PL PT RO SK SI ES SE 

Directive on industrial 
emissions  

                  x                     x(2)             

Implementing decisions on 
BAT requirements for 
industrial installations 

  x               x                     x(2)             

Medium combustion plants 
directive                      x                   x(2)             

Ecodesign directive 
implementing decisions 

                                        x(2)             

Fuel quality directives                                         x(2)             

Emission standards for road 
vehicles   x               x                                   

Emission standards for non-
road mobile machinery 

                                                      

Implementation of specific 
national legislation in 
agriculture 

                    x         x         x             

Implementation of EU 
agricultural legislation  
(IED, Nitrate directive) 

                    x                                 
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Table 2.9: Group C: ‘Additional measures’ reported by Member States as ‘selected for adoption’ in the NAPCP and PAMs databases, and for which the impacts on 
emissions can be quantified, even if the quantification might be uncertain  

Group C AT BE BG HR CY CZ DK EE FI FR DE GR HU IE IT LV LT LU MT NL PL PT RO SK SI ES SE 

                           

Lower range of ELV of BAT 
conclusions 

x x       x                     x                   x 

Beyond Ecodesign directive 
(accelerated turnover, 
stricter national ELVs) 

  x x     x x           x   x x x               x x   

Improve the quality of coal 
(less ash and water, lower 
Sulphur content) 

    x                   x       x                     

Reduce the moisture content 
of biomass used by 
households 

    x     x                                           

Reduce the sulphur content 
of heating oil in the 
residential sector 

                  x                                   

Reduce the burning of green 
household- and agricultural 
waste (pruning remains) 

  x               x                               x   

Low emission zones/traffic 
restriction zones 

  x         x                   x         x(4)           

Scrappage incentives for 
older vehicles  

            x                   x                   x 

Accelerated uptake of 
vehicles with low emission 
rates 
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Group C, ctd. AT BE BG HR CY CZ DK EE FI FR DE GR HU IE IT LV LT LU MT NL PL PT RO SK SI ES SE 

Retrofitting exhaust emission 
controls 

                    x                                 

Animal feeding strategies x     x(2)             x   x x   x                   x   

Measures in animal housing x x         x       x                             x   

covering manure storage x     x(2)   x x(2) x(2)     x   x   x(2)                     x x 

Emission reductions in 
manure application 

x x x x(2)   x x(2) x(2)   x x     x(2) x(2) x(2)         x(2)         x x 

Emission reductions in 
application of urea fertilizer 

x x x x(2)     x x(2)   x     x x(2) x(2)   x(2)       x(2)         x   

 

Notes: 

(1) Ireland plans closing coal fired plant before 2030, which is not included in the PRIMES scenario. Implemented in GAINS in the NAPCP scenario.  

(2) In the EEA PAM-tool, these measures are marked as "Not selected for adoption" in the WAM scenario 

(3) Although Slovakia did not provide corresponding projections in the NAPCP under the WAM scenario, there are plans for closing the power plants using 
domestic coal. This is reflected here as a correction to the PRIMES baseline in the WAM scenario.  

(4) In the PAM tool marked as "NIP" scenario 
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2.2.3 The CAO2 baseline emission control legislation 

For the purposes of the second Clean Air Outlook, the CAO2 baseline emission control legislation 
considers all EU-wide measures (Table 2.1 to Table 2.6) as well as additional measures that have been 
reported by Member States in their NAPCPs and PaMs databases as already adopted.  

2.2.4 The ‘additional Measures’ reported in the NAPCPs 

Beyond the baseline emission control legislation that is described above, the NAPCP scenario reflects the 
additional measures falling into categories A-C that have been reported in the NAPCPs as PaMs  ‘selected 
for adoption’ (Table 2.9). 

For small combustion sources in the residential-commercial sector, 10 Member States reported 
additional measures selected for adoption. Measures that promote fuel switching (e.g., from coal to gas 
or renewables) or the improved insulation of buildings are part of the PRIMES scenario. Other measures 
include the improvement of the quality of solid fuels and enhanced renewal of old combustion devices, 
whose quantitative impacts are approximated through an acceleration of the replacement of old boilers 
and stoves with Ecodesign compliant devices by two years. 

Following the interpretation of the consultancy reviews of the NAPCPs, no additional add-on measures 
were assumed for Germany and Poland for stationary combustion sources and for industrial processes 
emitting SO2, NOx and PM2.5. The measures listed in the PaMs tool assume implementation of the 
European legislation and (for some sectors) continuation of the national legislation decided before 2019. 
As such, they are considered to be included in the baseline. 

For the transport sector, more than 280 relevant single ‘additional’ measures have been identified in the 
PAM-tool and in NAPCPs. Most of these measures affect several pollutants simultaneously, for instance 
because they refer to a change in fuel, demand reduction, modal shift, phasing-out of older vehicles, 
traffic restriction schemes, better enforcement of emission controls or information campaigns for eco-
driving. Most relevant for WAM are plans for Low Emission Zones (LEZ) or traffic restriction zones, often 
for diesel vehicles, scrappage schemes for older vehicles, and incentives for accelerated uptake of 
vehicles with low or zero emissions.   
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3 Annex 3: Modelling results for emissions 

3.1 Emissions trends in the EU-27 

Historic and future trends of EU-27 emissions of the NECD air pollutants SO2, NOx, PM2.5, NH3 and NMVOC 
are shown in Table 3.1 and Table 3.3, while Table 3.4 presents emissions of the short-lived climate 
pollutants, i.e., black carbon (BC), methane (CH4).  
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Table 3.1: SO2 and NOx emissions of the policy scenarios for the EU-27 (kilotons) 

  2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 
SO2 Baseline scenarios           
    CAO2 baseline 6,803 3,776 2,473 1,677 1,418 1,052 885 805 745 707 
    NAPCP     1,411 1,045 878 798 738 700 
 Climate policy scenarios 
    1.5 TECH+WAM       717 646 636 614 
    1.5 LIFE+WAM       696 615 572 514 
 Air pollution control scenarios 
    CAO2 baseline+MTFR      660    342 
    1.5 LIFE+MTFR          267 
NOx Baseline scenarios           
    CAO2 baseline 9,673 7,959 6,715 5,151 3,871 2,929 2,371 2,138 2,046 1,970 
    NAPCP     3,855 2,903 2,349 2,127 2,035 1,960 
 Climate policy scenarios 
    1.5 TECH+WAM       2,127 1,828 1,769 1,644 
    1.5 LIFE+WAM       2,090 1,767 1,587 1,360 
 Air pollution control scenarios 
    CAO2 baseline+MTFR      2,637    1,692 
    1.5 LIFE+MTFR          1,258 
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Table 3.2: PM2.5 and NH3 emissions of the policy scenarios for the EU-27 (kilotons) 

  2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 

PM2.5  Baseline scenarios           
    CAO2 baseline 1,665 1,602 1,365 1,223 972 664 549 522 506 484 
    NAPCP     953 643 536 514 499 478 
 Climate policy scenarios 
    1.5 TECH+WAM       531 511 503 478 
    1.5 LIFE+WAM       524 498 480 445 
 Air pollution control scenarios 
    CAO2 baseline+MTFR      439    336 
    1.5 LIFE+MTFR          311 
NH3 Baseline scenarios           
    CAO2 baseline 3,790 3,544 3,590 3,522 3,487 3,472 3,454 3,448 3,450 3,448 
    NAPCP     3,245 3,054 3,035 3,029 3,032 3,031 
 Climate policy scenarios 
    1.5 TECH+WAM       3,029 3,020 3,024 3,023 
    1.5 LIFE+WAM       2,750 2,664 2,597 2,518 
 Air pollution control scenarios 
    CAO2 baseline+MTFR      2,379    2,326 
    1.5 LIFE+MTFR          1,907 
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Table 3.3: NMVOC emissions of the policy scenarios for the EU-27 (kilotons) 

  2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 
VOC Baseline scenarios           
    CAO2 baseline 7,565 6,129 5,166 4,716 4,315 3,899 3,731 3,682 3,667 3,648 
    NAPCP     4,292 3,878 3,719 3,675 3,662 3,643 
 Climate policy scenarios 
    1.5 TECH+WAM       3,643 3,543 3,453 3,392 
    1.5 LIFE+WAM       3,638 3,515 3,399 3,301 
 Air pollution control scenarios 
    CAO2 baseline+MTFR      2,763    2,599 
    1.5 LIFE+MTFR          2,272 
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Table 3.4: Summary of short-lived climate pollutants (SLCP). i.e., CH4 and BC of the policy scenarios for the EU-27 (kilotons)  

  2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 
CH4 Baseline scenarios           
    CAO2 baseline 17999 16651 15749 13805 13007 12167 11662 11514 11359 11163 
    NAPCP     13007 12167 11662 11514 11359 11163 
 Climate policy scenarios 
    1.5 TECH+WAM       9596 8717 8368 8008 
    1.5 LIFE+WAM       9109 8081 7601 7114 
    Mix55+WAM      11839 10908 10201 9433 8856 
 Air pollution control scenarios 
    CAO2 baseline+MTFR      12167    11163 
    1.5 LIFE+MTFR          11163 
BC Baseline scenarios           
    CAO2 baseline 349.9 328.0 255.8 210.8 154.1 87.2 59.1 51.3 46.5 41.0 
    NAPCP     151.0 84.2 56.9 49.6 45.1 40.0 
 Climate policy scenarios 
    1.5 TECH+WAM       57.1 49.4 44.5 38.0 
    1.5 LIFE+WAM       56.9 48.6 43.1 35.8 
 Air pollution control scenarios 
    CAO2 baseline+MTFR      53.7    27.6 
    1.5 LIFE+MTFR          24.9 
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Figure 3.1: SO2 emissions in the scenarios analysed, EU-27 

 

Figure 3.2: The CAO2 baseline projection of SO2 emissions of the EU-27 and the potential reductions from 
air pollution control measures and climate policies, respectively. The potential from further air pollution 
control measures is calculated as the difference between the CAO2 baseline and respective scenario with 
the maximum technical feasible emission reductions (MTFR). The potential from further climate 
measures emerges from the difference between the CAO2 baseline and the lowest emissions of the 
climate policy scenarios (1.5 TECH+WAM, 1.5 LIFE+WAM, respectively).  
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Figure 3.3: NOx emissions in the scenarios analysed, EU-27 

 

 

Figure 3.4: The CAO2 baseline projection of NOx emissions of the EU-27 and the potential reductions from 
air pollution control measures and climate policies, respectively (NOx emissions from soils are not 
included here) 
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Figure 3.5: PM2.5 emissions in the scenarios analysed, EU-27 

 

 

Figure 3.6: The CAO2 baseline projection of PM2.5 emissions of the EU-27 emissions of the EU-27 and the 
potential reductions from air pollution control measures and climate policies, respectively 
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Figure 3.7: NH3 emissions in the scenarios analysed, EU-27 

 

Figure 3.8: The CAO2 baseline projection of NH3 emissions of the EU-27 and the potential reductions from 
air pollution control measures and climate policies, respectively 
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Figure 3.9: NMVOC emissions in the scenarios analysed, EU-27 

 

 

Figure 3.10: The CAO2 baseline projection of NMVOC emissions of the EU-27 and the potential reductions 
from air pollution control measures and climate policies, respectively 
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3.2 Assumptions for emissions from non-EU countries and international maritime 
shipping 

Although not in the focus of this report, emissions from non-EU countries as well as from international 
maritime activities have important impact on air quality within the EU. For the other (non-EU) countries 
in Europe (Table 3.5), the analysis assumes the economic development and energy consumption trends 
of the baseline scenario of the World Energy Outlook 2018 of the International Energy Agency (IEA, 2018). 

Table 3.5: Air pollutant emissions assumed for the non-EU countries (excluding maritime shipping)  

 2015 2020 2025 2030 2035 2040 2045 2050 
SO2 4919 3233 3110 2966 2936 3034 2996 3004 
NOx 5363 4825 4367 4072 4003 3994 3595 3560 

PM2.5  1677 1656 1662 1632 1623 1641 1650 1655 
NH3 1639 1706 1745 1814 1875 1943 2001 2065 
VOC 4222 4126 3895 3785 3695 3623 3582 3556 

 

For international maritime shipping (with and without EU flags), the analysis employs the baseline activity 
and emission projections of the study on ‘The potential for cost-effective air emission reductions from 
international shipping through designation of further Emission Control Areas in EU waters with focus on 
the Mediterranean Sea’ (Cofala et al., 2018). This projection extrapolates current trends in economic 
growth, trade relations and fuel efficiencies, and combines them with the current policies and regulations 
for maritime emissions. In particular, it assumes full compliance with the IMO MARPOL Annex VI 
standards for fuel quality and for NOx emissions.  

Table 3.6: Air pollutant emissions assumed for international maritime shipping in the European Seas 

 2015 2020 2025 2030 2035 2040 2045 2050 
SO2 1230 308 371 435 507 576 609 640 
NOx 2835 2794 3235 3532 3886 4198 4306 4500 

PM2.5  175 89 107 125 144 163 172 180 
VOC 130 135 163 192 225 258 276 293 

 

By 2030 SO2 and PM2.5 emissions in the European Seas would decline by 65% and 30%, respectively, 
relative to 2015. After 2030, further growth in ship transport would compensate some of the pollution 
control efforts, so that in 2050 SO2 emissions would be 50% lower than in 2015, and PM2.5 emissions 
rebound to the 2015 levels. 

For NOx, current legislation will affect emissions at a slower pace, as the IMO NOx standards apply to new 
vessels only. The benefits of Tier III standards in the NECAs in the Baltic and the North Sea and of the Tier 
II standards in other Sea regions will be partly offset by the expected increased fuel consumption in the 
baseline scenario. Thus, baseline NOx emissions in the European Seas increase by 25 percent until 2030, 
and up to 60 percent by 2050. NMVOC might grow by 125% in 2050. 
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3.3 Emission control costs 

3.3.1 Modelling results 

The cost calculation adopts a social planner’s perspective focusing on resource costs to societies, without 
accounting for transfers within groups in the societies (e.g., taxes, subsidies, profits). These are further 
explored in the accompanying macro-economic analysis of JRC. 

In this report, emission control costs are expressed as annual expenditures that occur in a particular year.  
Upfront investments are annualized over the full technical lifetime with an interest rate of 4%/year.  

Costs are expressed in Euros of the year 2015. Note that the earlier reports for the revision of the 2016 
NECD and the first Clean Air Outlook employed Euros of 2005 as the as currency. An inflator of 16.124% 
has been used to convert Euro2005 to Euro2015.  

Emission control costs are provided in Table 3.7. 
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Table 3.7: Summary of air pollution emission control costs of the policy scenarios for the EU-27 (million €2015/year). Note that these figures refer only to costs 
for air pollution control equipment, and do not include costs for climate policy measures 

  2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 
Costs Baseline scenarios           
    CAO2 baseline 46,647 58,012 70,308 79,677 83,289 81,081 73,270 68,561 64,888 62,386 
    NAPCP     84,061 82,430 74,495 69,729 66,031 63,510 
 Climate policy scenarios 
    1.5 TECH+WAM       64,247 52,321 43,617 37,664 
    1.5 LIFE+WAM       63,891 51,823 42,969 37,314 
 Air pollution control scenarios 
    CAO2 baseline+MTFR      106,710    85,993 
    1.5 LIFE+MTFR          57,589 
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3.3.2 Comparison of the GAINS estimates of emission control costs with cost data reported in 
the NAPCPs  

The reporting format of the National Air Pollution Control Programmes (NAPCPs) includes as an optional 
item some information on costs and benefits of PaMs considered and selected for adoption. However, as 
pointed out by the 2020 ‘Review of National Air Pollutant Projections and Assessment of National Air 
Pollution Control Programmes’ by RICARDO, only seven Member States reported such information in 
their NAPCPs or in the EEA PaMs tool. It was found that the information provided was mostly limited to 
a single value, with very sparse detail provided on the timescales in which the costs would be incurred 
and the assumptions behind the estimates.  

Due to these deficiencies and information gaps, it is rather difficult and often impossible to compare cost 
estimates provided by Member States with the GAINS data on a robust basis. In several cases the 
provided data offer a promising starting point for comparison, although further discussions and bilateral 
exchange with national experts would be needed for meaningful comparisons. For instance for NH3, 
insight into achieved emission reductions, the extent to which co-benefits (e.g., reduced cost of mineral 
fertilizer offered by more efficient application of organic manures), methodological assumptions about 
technology lifetimes, their efficiencies, and discount rates are critical. Specific comments on the data 
reported by individual Member States are provided in Table 3.8. 

 

Table 3.8: Comparison of cost data reported by MS with GAINS estimates 

Information provided by Member States Comparison with GAINS estimates 

Bulgaria  

Reconnection to gas: € 715 per tonne of PM2.5 
reduced, 12 million €  

Costs not estimated by GAINS, but included in the 
PRIMES energy scenario 

New connection to gas: € 11,297 per tonne of PM2.5 
reduced, 100 million € 

Costs not estimated by GAINS, included in the PRIMES 
energy scenario 

Reconnection to district heating: € 1, 256 per tonne of 
PM2.5 reduced, 10 million €  

Costs not estimated by GAINS, included in the PRIMES 
energy scenario 

New connection to district heating: € 3,733 per tonne 
of PM2.5 reduced, 28 million €  

Costs not estimated by GAINS, included in the PRIMES 
energy scenario 

Fuel quality requirements: € 8,137 per tonne of PM2.5 

reduced, no absolute costs  
Assumptions of the cost calculation are not known.  
Not possible to compare with GAINS 

Switch to ecolabel stoves: € 4,806 per tonne of PM2.5, 
276 million €  

Scope of the switch not clear. Does it include 
accelerated replacement of existing stoves or only 
new stoves? (The latter should be part of the current 
legislation.) 
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Croatia 

 

 

The GAINS estimate of the total costs for WAM measures (on top of baseline) amounts to about €14.2 mio/year. 
Thus, if summed up until 2030 (€ 124 mio), costs compare well with the estimate reported by Croatia 125 mio € 
(presumably for the whole period) However, it is not clear whether the type of WAM measures considered in 
GAINS corresponds to Croatia’s calculation, in particular since GAINS considers, in addition to feeding, housing, 
and low NH3 manure application also the efficient application of urea fertilizer, which accounts for a significant 
part of total cost.  

Furthermore, insufficient information is provided on the basis for the cost calculation, achieved emission 
reductions, and whether cost savings from reduced demand for mineral fertilizer (which is considered in 
GAINS) are taken into account in the national estimate. Additional comments for specific measures are 
provided below. 

Change in livestock nutrition and feed quality: 
5.3 million €  

In GAINS, emission reductions of 1.77 kt NH3 are 
estimated for low protein feed (also in combinations 
with other measures that cannot easily be quantified 
independently) at a seemingly comparable costs of 
5.15 M €. However, the largest fraction of costs 
emerges for housing adaptations (low emission 
housing) which could possibly be included in the other 
set of measures included in the Croatian report. 
Furthermore, GAINS costs are annualized costs in 
2015 prices while no information is available about 
the basis for the Croatian cost data.  

Improving livestock facilities, systems of animal waste 
management and methods of organic fertiliser 
application: 120 million €  

GAINS estimates that the remaining measures in the 
manure management chain an emission reduction of 
2 kt NH3 at a cost of 3 million €. Note that this 
package potentially includes also low emission 
housing (see comments above) which in GAINS are 
considered only for newly build animal houses. 

Complex agricultural infrastructure investments 
(drainage, irrigation etc.) to reduce the loss of 
nutrients due to leaching and as a result the usage of 
nitrogen and mineral fertilisers: 1 billion €  

Not included in GAINS 

Support to increase the administrative, technical and 
management capacities of local communities: 
5 million €  

Not included in GAINS 

Preparing supporting documentation to secure 
additional financial resources for more effective 
implementation of air quality improvement action 
plans: 1 million €  

Not included in GAINS 

Support for surveys regarding the planning of PaMs 
and monitoring of their effects on emissions and air 
quality: 1 million €  

Not included in GAINS 
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Cyprus  

Reduce energy consumption by promotion of energy 
efficiency measures in the industrial sector: 
589 million €.  

Very general statement; these costs are not estimated 
by GAINS as they are included in the PRIMES energy 
scenario 

Further promotion of anaerobic digestion for the 
treatment and management of animal waste: 
13 million €. 

As the volume of affected capacity is not provided, it 
is impossible to compare. Also, GAINS does not 
consider this an air pollution mitigation option. 

Czech Republic  

Additional emission reductions by 2030 from the 
public electricity and heat production: around 
0.36 billion € (cost reported in the NAPCP is 10 billion 
CZK)  

The type and amount of emissions reductions are not 
known. Comparison not possible   

Replacement of heat sources in the residential 
stationary combustion sector: around 0.43 billion € 
(cost reported in the NAPCP is 12 billion CZK)  

It is not known what replacement is assumed: switch 
to other fuels (e.g., from coal to gas, replacement of 
old solid fuels heating sources with new ones?). 
Comparison not possible 

Denmark  

Accelerated replacement of old wood burning stoves: 
6.1 million €  

Not clear what the costs cover: full investment costs 
for new stoves or only subsidies paid to users? Over 
which time frame? Comparison not possible 

Control of sulphur emissions from ships: 1.6 million € 
(DKK 12 million for enforcement of sulphur rules from 
2019 to 2022. As per 1 January possible to publish the 
most serious violations of the sulphur rules.) 

Monitoring and enforcement of existing legislation is 
considered part of regular good governance. Not 
included in GAINS. 

Other measures within agriculture: 32 million €  This information is not specific enough to allow for 
cost estimates; in particular it is not clear what ‘other 
measures’ include. 

Committee on ammonia reducing measures: 
21.4 million €  

Not included in GAINS 

Improved animal housing: 0.3 million €   Measure is unclear: In GAINS housing adaptation 
GAINS is considered as one of the most expensive 
measures, and 0.3 M € would not achieve much. 
However, the lack of information about the affected 
capacity makes a solid comparison impossible. 

Scrapping of old diesel cars: 20.5 million € (Fund of 
DKK 100 million for temporary increase of scrapping 
premium for old diesel cars from before 2006) 

The scrappage scheme is planned for 2019 & 2020. 
GAINS considers extra costs of new technologies, but 
costs are calculated net of subsidies.  

Environmental zones up to date: 5 million €  Costs apply to enhanced enforcement, for which no 
costs are considered in GAINS. Monitoring and 
enforcement are considered part of regular good 
governance.  

Enforcement and control of NOx fraud: 0.8 million €  Monitoring and enforcement of existing legislation is 
considered part of regular good governance. No cost 
category in GAINS. 
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Environmentally friendly cruise ships: 1.3 million €  

DKK 10 million from 2019 to 2022 for an international 
cooperation project to promote more environment-
friendly cruise ship tourism in the Baltic Sea region in 
cooperation with the industry, local authorities, and 
tourist organisations 

Assumed differences between the environmentally 
friendly ship and the standard ships are not known. 
Comparison not possible 

Estonia  

For NH3, total costs of the WAM measures in GAINS amount to about € 2.3 mio/year, and about € 3 mio /year 
for reaching the NEC target. Until 2030 these would add up to about 25-30 mio €, which is only about one third 
of total costs reported by Estonia. However, GAINS includes measures to reduce emissions from urea 
application which represent more than half of the total cost. A full comparison is not possible at this stage as 
the assumptions about the cost calculation basis, the accounting period (lifetime costs or until 2030), as well as 
consideration of potential cost savings are not clear. See further comments below.  

Low-emission manure storage technologies: storage 
of liquid manure in tented roofs or concrete roof 
storage facilities as well as in closed steel or plastic 
tanks: 92.2 million € to reduce 2795 t NH3 

Costs for improved storage are lower in GAINS –about 
0.3 M EUR/year for covered manure storage (pigs, 
cattle, poultry), reducing emissions by approximately 
50 tons NH3. Per ton the GAINS costs appear lower by 
a factor 5-6. It is not clear whether the costs reported 
by Estonia are total lifetime costs or until 2030.  

Low-emission manure spreading technologies: 
injection of liquid manure: 19.8 million € 

GAINS data are much lower for low emission 
application technologies (0.3 M EUR to reduce 0.45 kt 
NH3). However, GAINS assumes that manure is 
applied by contractors (farmers do not need to buy 
their own machinery), and GAINS accounts for 
reduced need for mineral fertilizers when manures 
are applied efficiently.   

Limiting of ammonia emissions from the use of 
mineral fertilisers by rapid introduction of the 
fertilisers into the soil: -19.6 million € (cost savings) 

Not included in GAINS 

Estonia has reported cumulative cost of 24 additional 
PaMs across three sectors (10 in the energy sector, 11 
in the transport sector and 3 in the agriculture sector). 
These should reduce a total of 1.75 kt of NOx, 2.8 kt of 
NH3 and 0.55 kt of PM2.5 emissions. Total cost to the 
public sector is estimated at € 1.5 billion, 
accompanied by € 1.9 billion from the private sector. 

The cost estimates provided by Estonia refer to net 
costs (costs minus estimated benefits) per pollutant. 
Several of the measures refer to structural measures, 
e.g., in the energy system and in mobility demand, 
which are not addressed by GAINS.  There is 
insufficient information to produce meaningful 
comparison with the GAINS estimates. 

Sweden  

Only aggregated costs of NOx measures in industry are 
given.  

Costs for improved gas treatment on existing 
combustion plants: 24 million € (255 million SEK)/year  

Improved cleaning of recovery boilers: 
3.3-22 million € (35 - 235 million SEK)/year. 

The lower range refers to optimization of 
performance, while the higher range relates to 

Comparison with GAINS is not possible due to lack of 
detailed assumptions. 
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retrofitting of boilers with FGD, SCR or chlorine 
dioxide scrubbers. 

For NH3, total costs are reported at 5 mio/year delivering a reduction of about 2 kt NH3. GAINS estimates for 
a WAM reduction of about 0.9 kt NH3 costs of about 0.8 mio/year, which implies only half of the costs per ton 
removed compared to the Swedish figure. A possible explanation is that GAINS considers savings associated 
with increased use of organic fertilizer (i.e., less demand for mineral fertilizer) while this might not be taken 
into account in the Swedish estimate (Annex 3 of Swedish report, 1 SEK = 0.1 €)  

Replace broad spreading for band spreading  
(0.7 kton reduction) @ 2.42 M € 

GAINS assumes emission reductions of 0.8 kton 
at only 0.53 M EUR for low ammonia emission 
application of liquid manure (cattle only) 

Incorporation of manure on the same day  
(0.5 kton reduction) @ 0.59 M €  

Measures on solid manure are not considered 
cost-efficient in GAINS 

Incorporation of manure within four hours  
(0.2 kton reduction) @ 1.51 M €  

Measures on solid manure are not considered 
cost-efficient in GAINS 

Covered storage of manure  
(0.6 kton reduction) @ 1.01 M €   

In GAINS, emission reductions of only 0.066 kton 
NH3 can be achieved with measures to cover the 
storage of liquid manure. Costs are 0.26 M EUR, 
lower in total than assumed by Sweden but 
specific reduction costs are higher 

Optimization of the raw protein content of the fodder  
0 M €. 

Low nitrogen feed in GAINS 
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3.4 Additional measures to achieve the NECD 

A number of cases emerge in which the CAO2 baseline which will not reach the emission reduction 
commitments for 2030. Most prominently, for 22 out of the 27 Member States the baseline scenario 
results in higher NH3 emissions in 2030 than allowed by the NECD (and for 15 Member States in the 
NAPCP scenario). For NOx, PM2.5, and NMVOC, respectively, the baselines of two Member States exceed 
their NECD thresholds. 

To explore the additional measures that would achieve the NECD ERCs in the most cost-effective way, 
the optimization mode of the GAINS model has been employed. The analysis identifies, for each Member 
State and pollutant for which the baseline emission projection for 2030 does not meet the respective 
ERC, the least-cost portfolio of additional air pollution emission controls that would bring the Member 
States into compliance. The analysis does also not consider the scope offered by stricter climate policy 
measures. 

Table 3.9 to Table 3.12 summarize for the countries whose baseline projections do not meet the NECD 
ERCs the key additional measures that have been found to be cost-effective for achievement of the 
additional emission reductions in 2030. It should be noted that the tables provide measures whose 
application should be enhanced or newly introduced in case they are not yet adopted. 

 

 

Figure 3.11: Additional emission reductions needed beyond the CAO2 baseline projection to meet the 
NECD ERCs for SO2 in 2030 by sector (relative to the national total 2005 emissions) 
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Figure 3.12: Additional emission reductions needed beyond the CAO2 baseline projection to meet the 
NECD ERCs for NOx in 2030 by sector (relative to the national total 2005 emissions) 

 

Table 3.9: Key measures to achieve the additional emission reductions for NOx  

Sector  Key measures 

Czech Republic  

Industrial combustion Wider application of primary NOx control technologies 

Industrial processes Stricter limit values for process emissions (lower values from the range given 
in BAT-REF documents 

Non-road mobile machinery Stricter controls on pipeline compressors and railway engines 

Other  Wider application of primary NOx control technologies in the energy sector 

Stricter controls on gas engines 

Luxembourg  

Industrial combustion Wider application of primary NOx control technologies  

Industrial processes Stricter limit values for process emissions (lower values from the range given 
in BAT-REF documents) 
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Figure 3.13: Additional emission reductions needed beyond the CAO2 baseline projection to meet the 
NECD ERCs for PM2.5 in 2030 by sector (relative to the national total 2005 emissions) 

 

Table 3.10: Key measures to achieve the additional emission reductions for PM2.5  

Sector  Key measures 

Germany  

Power plants 
Electrostatic Precipitators (ESP) or bag filters with improved efficiencies on 
biomass plants 

Industrial processes Electrostatic Precipitators (ESP) or bag filters with improved efficiencies 

Non-road mobile machinery More stringent standards for pipeline compressors 

Other  Filters in commercial kitchens  

Netherlands  

Industrial combustion Electrostatic Precipitators (ESP) or bag filters with improved efficiencies 

Industrial processes Electrostatic Precipitators (ESP) or bag filters with improved efficiencies 

Other (power generation in 
engines) 

Stricter controls on gas engines 

Residential and commercial Filters in commercial kitchens 

Non-road mobile machinery Stricter controls on inland waterways engines 

Industrial combustion Electrostatic Precipitators (ESP) or bag filters with improved efficiencies 
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Figure 3.14: Additional emission reductions needed beyond the CAO2 baseline projection to meet the 
NECD ERCs for NH3 in 2030 by emitting sub-sector (relative to the national total 2005 emissions) 

 

Table 3.11: Key measures to achieve the additional emission reductions for NH3 

Animal category  Key measures 

Austria  

Dairy cows Low nitrogen feed 
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed  
Covered outdoor storage of manure 
Low ammonia application of manure 

Poultry Low nitrogen feed  
Covered outdoor storage of manure 
Low ammonia application of manure 

Belgium  

Dairy cows Low nitrogen feed  
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed 
Air scrubbers for stables 

Poultry Low nitrogen feed  
Covered outdoor storage of manure 
Low ammonia application of manure 

Mineral fertilizers Improved application of urea 
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Animal category  Key measures 

Bulgaria  

Dairy cows Low nitrogen feed  
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed  
Low ammonia application of manure 

Poultry Low nitrogen feed  
Covered outdoor storage of manure  
Low ammonia application of manure 

Agricultural waste burning Ban on open burning 

Mineral fertilizers Improved application of urea 

Croatia  

Dairy cows Low nitrogen feed 
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed 
Low ammonia application of manure 

Poultry Low nitrogen feed  
Covered outdoor storage of manure 
Low ammonia application of manure 

Agricultural waste burning Ban on open burning 

Mineral fertilizers Improved application of urea 

Cyprus  

Dairy cows Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low ammonia application of manure 

Poultry Low ammonia application of manure 

Czech Republic  

Dairy cows Low nitrogen feed 
Low ammonia application of manure 

Poultry Low ammonia application of manure 

Denmark  

Dairy cows Low nitrogen feed 

Pigs Low nitrogen feed 

Poultry Low nitrogen feed 
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Animal category  Key measures 

Estonia  

Dairy cows Low nitrogen feed  
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed  
Covered outdoor storage of manure 
Low ammonia application of manure 
Air scrubbers 

Mineral fertilizers Improved application of urea 

Finland  

Dairy cows Low nitrogen feed 

Pigs Low nitrogen feed 

Poultry Low nitrogen feed 
Covered outdoor storage of manure  
Low ammonia application of manure 

Mineral fertilizers Improved application of urea 

France  

Dairy cows Low nitrogen feed  
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed 

Poultry Low nitrogen feed, 
Covered outdoor storage of manure 
Low ammonia application of manure 

Germany  

Dairy cows Low nitrogen feed  
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed  
Low ammonia application of manure 

Air scrubbers 

Poultry Low nitrogen feed  
Low emission housing  
Covered outdoor storage of manure 

Mineral fertilizers Improved application of urea 
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Animal category  Key measures 

Hungary  

Dairy cows Low nitrogen feed  
Low ammonia application 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed 

Poultry Low nitrogen feed 
Covered outdoor storage of manure, 
Low ammonia application of manure 

Ireland  

Dairy cows Low nitrogen feed 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed  
Covered outdoor storage of manure 
Air scrubbers 

Poultry Low nitrogen feed  
Low emission housing 
Covered outdoor storage of manure  
Low ammonia application of manure 

Mineral fertilizers Improved application of urea 

Italy  

Dairy cows Low nitrogen feed  
Low ammonia application 

Latvia  

Dairy cows Low nitrogen feed  
Low ammonia application 

Pigs Low nitrogen feed  
Air scrubbers,  
Low ammonia application of manure 

Poultry Low nitrogen feed 
Covered outdoor storage of manure 
Low ammonia application of manure 

Mineral fertilizers Improved application of urea 

Lithuania  

Dairy cows Low nitrogen feed  
Low ammonia application 

Other cattle Low ammonia application of manure 

Pigs Low ammonia application of manure 

Poultry Low nitrogen feed, 
Covered outdoor storage of manure,  
Low ammonia application of manure 
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Animal category  Key measures 

Luxembourg  

Dairy cows Low nitrogen feed 
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed, 
Low ammonia application 

Poland  

Dairy cows Low nitrogen feed 
Low ammonia application of manure 

Pigs Low nitrogen feed, 
Low ammonia application of manure 

Poultry Low nitrogen feed 
Covered outdoor storage of manure 
Low ammonia application 

Mineral fertilizers Improved application of urea 

Portugal  

Dairy cows Low nitrogen feed 
Low ammonia application of manure 

Other cattle Low ammonia application of manure 

Pigs Low nitrogen feed, 
Low ammonia application of manure 

Poultry Low ammonia application of manure 

Agricultural waste burning Ban on open burning of agricultural waste 

Romania  

Pigs Low nitrogen feed, 
Covered outdoor storage of manure 
Low ammonia application 

Poultry Low ammonia application  
Covered outdoor storage of manure 

Mineral fertilizers Improved application of urea 

Spain  

Pigs Low ammonia application manure 

Poultry Low nitrogen feed 
Covered outdoor storage of manure 
Low ammonia application manure 

Sweden  

Dairy cows Low nitrogen feed 
Covered outdoor storage of manure 
Low ammonia application 
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Figure 3.15: Additional emission reductions needed beyond the CAO2 baseline projection to meet the 
NECD ERCs for NMVOC in 2030 (relative to the national total 2005 emissions). The residential sector 
refers to fuel combustion in this sector. 

 

Table 3.12: Key measures to achieve the additional emission reductions for NMVOC  

Sector  Key measures 

Ireland  

Residential and commercial Low emission biomass heating stoves; coal briquette stoves 

Solvent use - degreasing Closed (sealed) degreaser: use of chlorinated solvents;  
Water based cleaning process 

Solvent use - printing Water based inks, incineration (for new installations with enclosure) 

Luxembourg  

Residential and commercial Improved fireplaces 

Solvent use – wood coating Very high solids systems (5% solvent content), application process with an 
efficiency of 75% 

Solvent use - printing Water based inks 
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4 Annex 4: Modelling results for air quality 

4.1 PM2.5  

4.1.1 Background levels of PM2.5  

Maps of PM2.5  background concentrations computed for a spatial resolution of 7 km*7 km for the key 
scenarios are shown in Figure 4.1 to Figure 4.3. Note that these calculations refer to background levels 
do not include sub-grid variations, e.g., increments close to emission sources within the grid cells. Thus, 
these concentrations cannot be directly compared with PM2.5 levels measured at given monitoring sites.  
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Figure 4.1: Background concentration levels of PM2.5 computed for 2005 (upper panel) and 2015 (lower 
panel) 
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Figure 4.2: Background concentration levels of PM2.5 in 2030 computed for (a) the CAO2 baseline scenario 
(upper panel) and (b) the CAO2 baseline scenario with the maximum technically feasible air pollution 
control measures (lower panel) 
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Figure 4.3: Background concentration levels of PM2.5 in 2050 computed for (a) the CAO2 baseline scenario 
(upper panel) and (b) the 1.5 LIFE+MTFR scenario (lower panel) 
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4.1.2 Population exposure to PM2.5  

 

Figure 4.4: Population-weighted mean exposure to PM2.5 in the EU-27 

 

The population exposure distributions to PM2.5 are shown for key scenarios in Table 4.1 and Figure 4.5. 
While in 2015 3% of population were exposed to PM2.5 background concentrations above the EU limit 
value of 25 µg/m³, the share declines to zero in the baseline case in 2030. Vice versa, in 2015 40.8% of 
the EU population lived in areas with background concentrations of PM2.5 below the WHO guideline value 
of 10 µg/m³. In the baseline, this share increases to 87.5% in 2030 and to almost 95% in 2050. Policy 
interventions could significantly enhance this share, to 95% in 2030 and to more than 99% in 2050.  

 

Table 4.1: Distribution of population to PM2.5 exposure for key scenarios, EU-27 (million people, using 
constant 2010 population data) 

 2015 2030 2050 
Concentration 
range 

 CAO2 
baseline 

CAO2 base 
+MTFR 

CAO2 
baseline 

1.5 LIFE 
+MTFR 

<5 µg/m³ 11.2 42.7 106.5 67.6 250.4 
5-10 µg/m³ 165.4 323.9 294.0 329.1 162.7 
10-15 µg/m³ 172.8 44.4 15.3 19.9 3.5 
15-20 µg/m³ 37.3 4.7 0.9 0.0 0.0 
20-25 µg/m³ 17.5 0.9 0.0 0.0 0.0 
>25 µg/m³ 12.2 0.0 0.0 0.0 0.0 
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Figure 4.5:  Distribution of population exposure to PM2.5 for key scenarios, EU-27 

 

4.2 Ground-level ozone 

For ground-level ozone, the SOMO35 metric26 as an indicator for health impacts is shown in Figure 4.6 
and Figure 4.7. Note that these calculations assume no changes in hemispheric background 
concentrations of ozone, and therefore only reflect the impacts of NOx and NMVOC emissions in Europe 
(including the European Seas). 

 
26 26The SOMO35 health impact indicator is calculated as the sum of the daily exceedances of maximum 8-hour 
ozone concentrations over a 35 ppb threshold, summed over the full year. 
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Figure 4.6: The SOMO35 indicator for health effects attributable to exposure to ground-level ozone. 
2005 (upper panel) and 2015 (lower panel) 
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Figure 4.7: The SOMO35 indicator for health effects attributable to exposure to ground-level ozone for 
(a) the CAO2 baseline scenario (upper panel) and (b) the CAO2 baseline scenario with the maximum 
technically feasible air pollution control measures (lower panel) in 2030 
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Figure 4.8: The SOMO35 indicator for health effects attributable to exposure to ground-level ozone  for 
(a) the CAO2 baseline scenario (upper panel) and (b) the 1.5 LIFE+MTFR scenario (lower panel) in 2050 
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Figure 4.9: The population-weighted mean SOMO35 health impact indicator in the EU-27 

  

0

500

1000

1500

2000

2500

3000

3500

pp
b.

da
ys

Population-weighted
SOMO35

2030                                            2050



145 

 

5 Annex 5: Results of the benefits assessment 
 
This Annex provides further details of the results of the scenarios investigated.  Information on methods 
is provided in the main text and in Annex 1.2 for health impact assessment and Annex 1.3 for the 
valuation of health impacts. 
 

5.1 Health impacts 

Trends in health impacts for the CAO2 baseline scenario are shown in Table 5.1 for the EU-27. The general 
trend is for a reduction in impact over time.  However, under the CAO2 baseline scenario, emission 
changes are small after 2030-2035, leading to some levelling off of the health impacts. For some effects 
that largely affect the elderly (ozone mortality being an example) there is even an increase in impact in 
the final years in some cases: this reflects growth of the elderly population at a higher rate than the 
decline in exposure. There are some differences in the trends between quantification of life years lost 
and deaths linked to PM2.5 exposure.  This is caused by differences in the methods used, with the 
estimation of life years lost being based on risks quantified using life tables, and deaths quantified directly 
against death rates in the relevant year, combined with an ageing population.  The consequences for the 
cost-benefit analysis presented here are small, given that benefits are always calculated against baseline 
in the same year. 

The adoption of the higher response function for chronic mortality associated with PM2.5 exposure (the 
supplementary analysis) increases the estimated mortality burden by about 30%.  The supplementary 
analysis also highlights a significant number of cases of stroke and non-fatal myocardial infarction being 
linked to pollutant exposure. 

Corresponding results showing health impacts at the EU level for other scenarios are shown from Table 
5.2 to Table 5.5. 
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Table 5.1. Health impacts (cases, days, etc.), 2005 - 2050 under the CAO2 baseline scenario (number of 
events unless otherwise specified).  Supplementary analysis is shown shaded. 

 Poll 2005 2010 2015 2020 2025 
Acute Mortality (deaths)  O3 27,061 24,230 22,492 20,973 19,842 
Respiratory hospital admissions O3 16,512 15,459 15,255 14,852 14,817 
Cardiovascular hospital admissions O3 85,308 79,321 77,684 74,963 74,010 
Minor Restricted Activity Days O3 112,763,655 100,279,718 90,749,293 81,824,545 74,774,410 
Chronic Mortality life years lost 1 PM 4,382,765 3,583,353 2,932,268 2,435,097 2,047,550 
Chronic Mortality deaths 1 PM 386,069 335,019 295,598 263,880 237,012 
Infant Mortality (0-1yr) deaths PM 467 322 212 141 99 
Chronic Bronchitis in adults PM 318,704 279,359 245,425 215,137 188,045 
Bronchitis in children aged 6 to 12 PM 1,182,510 987,668 837,057 720,416 598,459 
Respiratory Hospital Admissions PM 148,768 127,605 109,752 94,443 81,722 
Cardiac Hospital Admissions PM 159,024 137,644 117,482 100,424 87,162 
Restricted Activity Days PM 440,383,826 378,449,874 328,090,222 286,177,210 249,339,822 
Asthma symptoms in children, days PM 12,371,464 10,294,207 8,736,837 7,569,038 6,275,521 
Lost working days PM 135,202,496 115,889,861 98,054,501 83,043,490 70,618,165 
Chronic Mortality life years lost 1 PM 5,741,422 4,694,193 3,841,271 3,189,977 2,682,291 
Chronic Mortality deaths 1 PM 503,853 437,228 385,780 344,386 309,320 
Stroke PM 111,248 100,258 94,438 88,689 83,728 
Non-fatal myocardial infarction PM 76,117 68,597 64,616 60,682 57,288 

 

 Poll 2030 2035 2040 2045 2050 
Acute Mortality (deaths) O3 18,901 18,840 19,400 19,956 20,498 
Respiratory hospital admissions O3 15,001 15,643 16,464 16,999 17,232 
Cardiovascular hospital admissions O3 73,513 75,586 78,494 80,269 81,068 
Minor Restricted Activity Days O3 69,017,394 66,150,748 65,061,962 63,832,947 62,742,471 
Chronic Mortality life years lost 1 PM 1,623,638 1,420,804 1,330,308 1,254,324 1,184,517 
Chronic Mortality deaths 1 PM 199,746 187,071 188,314 190,566 191,782 
Infant Mortality (0-1yr) deaths PM 69 55 48 42 37 
Chronic Bronchitis in adults PM 154,521 140,040 135,626 131,661 127,523 
Bronchitis in children aged 6 to 12 PM 473,831 415,388 395,735 384,592 375,933 
Respiratory Hospital Admissions PM 66,921 60,404 58,024 56,065 54,212 
Cardiac Hospital Admissions PM 70,960 63,925 61,227 59,001 56,881 
Restricted Activity Days PM 205,067,909 185,950,707 180,107,347 175,274,503 170,516,378 
Asthma symptoms in children, days PM 4,984,788 4,377,919 4,176,963 4,060,904 3,970,969 
Lost working days PM 56,552,229 49,463,977 46,347,530 43,730,791 41,441,190 
Chronic Mortality life years lost 1 PM 2,126,966 1,861,254 1,742,703 1,643,165 1,551,717 
Chronic Mortality deaths 1 PM 260,686 244,144 245,766 248,704 250,292 
Stroke PM 74,453 72,165 73,525 74,326 74,169 
Non-fatal myocardial infarction PM 50,941 49,376 50,307 50,854 50,747 

Note: 1. Four estimates of impact are provided for chronic mortality linked to PM2.5 exposure, addressing 
differences in the response function and the metric used for mortality (number of premature deaths or of life 
years lost). These estimates are alternatives and hence are not additive for the purpose of the economic 
assessment. 
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Table 5.2. Health impacts (cases, days, etc.), 2020 - 2050 under the NAPCP scenario (number of events 
unless otherwise specified).  Supplementary analysis is shown shaded. 

 Poll 2020 2025 2030 2035 
Acute Mortality (deaths)  O3 20,969 19,814 18,865 18,816 
Respiratory hospital admissions O3 14,849 14,796 14,972 15,622 
Cardiovascular hospital admissions O3 74,941 73,898 73,370 75,483 
Minor Restricted Activity Days O3 81,809,165 74,667,776 68,887,982 66,069,443 
Chronic Mortality life years lost 1 PM 2,429,509 2,002,256 1,556,881 1,365,003 
Chronic Mortality deaths 1 PM 263,300 231,737 191,509 179,784 
Infant Mortality (0-1yr) deaths PM 141 97 66 54 
Chronic Bronchitis in adults PM 214,663 183,875 148,111 134,558 
Bronchitis in children aged 6 to 12 PM 718,756 585,018 453,981 398,688 
Respiratory Hospital Admissions PM 94,208 79,913 64,151 57,951 
Cardiac Hospital Admissions PM 100,187 85,189 68,025 61,360 
Restricted Activity Days PM 285,559,496 243,826,658 196,635,389 178,760,597 
Asthma symptoms in children, days PM 7,552,542 6,132,450 4,771,428 4,199,543 
Lost working days PM 82,839,450 69,025,515 54,129,425 47,398,972 
Chronic Mortality life years lost 1 PM 3,182,657 2,622,955 2,039,514 1,788,154 
Chronic Mortality deaths 1 PM 343,629 302,436 249,935 234,634 
Stroke PM 88,497 81,859 71,335 69,340 
Non-fatal myocardial infarction PM 60,551 56,009 48,808 47,443 

 

 Poll 2040 2045 2050 
Acute Mortality (deaths) O3 19,389 19,947 20,491 
Respiratory hospital admissions O3 16,452 16,989 17,223 
Cardiovascular hospital admissions O3 78,446 80,227 81,034 
Minor Restricted Activity Days O3 65,025,319 63,801,926 62,718,125 
Chronic Mortality life years lost 1 PM 1,279,344 1,206,154 1,138,984 
Chronic Mortality deaths 1 PM 181,181 183,318 184,484 
Infant Mortality (0-1yr) deaths PM 46 41 35 
Chronic Bronchitis in adults PM 130,441 126,611 122,627 
Bronchitis in children aged 6 to 12 PM 380,189 369,511 361,198 
Respiratory Hospital Admissions PM 55,719 53,831 52,046 
Cardiac Hospital Admissions PM 58,859 56,712 54,670 
Restricted Activity Days PM 173,316,105 168,656,142 164,077,152 
Asthma symptoms in children, days PM 4,010,187 3,898,971 3,812,808 
Lost working days PM 44,429,510 41,901,936 39,701,439 
Chronic Mortality life years lost 1 PM 1,675,940 1,580,061 1,492,070 
Chronic Mortality deaths 1 PM 236,457 239,245 240,768 
Stroke PM 70,730 71,500 71,345 
Non-fatal myocardial infarction PM 48,394 48,921 48,815 

Note: 1. See Table 5.1.  
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Table 5.3. Health impacts (cases, days, etc.), 2030 - 2050 under the 1.5TECH+WAM scenario (number of 
events unless otherwise specified).  Supplementary analysis is shown shaded. 

 Poll 2035 2040 2045 2050 
Acute Mortality (deaths) O3 18,470 18,845 19,304 19,693 
Respiratory hospital admissions O3 15,354 16,024 16,485 16,603 
Cardiovascular hospital admissions O3 74,012 76,149 77,545 77,769 
Minor Restricted Activity Days O3 64,880,006 63,229,095 61,776,226 60,306,847 
Chronic Mortality life years lost 1 PM 1,328,846 1,243,418 1,181,106 1,111,566 
Chronic Mortality deaths 1 PM 174,964 176,085 179,497 180,010 
Infant Mortality (0-1yr) deaths PM 52 45 40 35 
Chronic Bronchitis in adults PM 131,021 126,831 124,037 119,704 
Bronchitis in children aged 6 to 12 PM 388,162 369,525 361,930 352,649 
Respiratory Hospital Admissions PM 56,380 54,132 52,731 50,832 
Cardiac Hospital Admissions PM 59,581 57,078 55,423 53,268 
Restricted Activity Days PM 174,189,728 168,608,845 165,285,066 160,222,324 
Asthma symptoms in children, days PM 4,088,391 3,898,065 3,820,217 3,723,715 
Lost working days PM 46,029,472 43,088,398 40,976,914 38,702,747 
Chronic Mortality life years lost 1 PM 1,740,788 1,628,877 1,547,249 1,456,151 
Chronic Mortality deaths 1 PM 228,343 229,806 234,259 234,929 
Stroke PM 67,503 68,787 70,070 69,655 
Non-fatal myocardial infarction PM 46,186 47,065 47,943 47,659 

Note: 1. See Table 5.1.  

 

Table 5.4. Health impacts (cases, days, etc.), 2030 - 2050 under the 1.5LIFE+WAM scenario (number of 
events unless otherwise specified).  Supplementary analysis is shown shaded. 

 Poll 2035 2040 2045 2050 
Acute Mortality (deaths) O3 18,416 18,744 19,031 19,249 
Respiratory hospital admissions O3 15,309 15,939 16,256 16,240 
Cardiovascular hospital admissions O3 73,793 75,735 76,433 75,965 
Minor Restricted Activity Days O3 64,690,686 62,894,176 60,908,847 58,949,936 
Chronic Mortality life years lost 1 PM 1,290,852 1,192,132 1,110,773 1,020,123 
Chronic Mortality deaths 1 PM 169,950 168,807 168,758 165,138 
Infant Mortality (0-1yr) deaths PM 51 43 38 32 
Chronic Bronchitis in adults PM 127,261 121,593 116,630 109,834 
Bronchitis in children aged 6 to 12 PM 376,961 354,192 340,342 323,540 
Respiratory Hospital Admissions PM 54,763 51,894 49,571 46,615 
Cardiac Hospital Admissions PM 57,839 54,662 52,022 48,735 
Restricted Activity Days PM 169,238,534 161,700,859 155,506,927 147,164,351 
Asthma symptoms in children, days PM 3,969,360 3,735,160 3,590,707 3,413,389 
Lost working days PM 44,660,966 41,246,337 38,438,212 35,348,040 
Chronic Mortality life years lost 1 PM 1,691,017 1,561,693 1,455,113 1,336,362 
Chronic Mortality deaths 1 PM 221,799 220,307 220,244 215,519 
Stroke PM 65,553 65,941 65,885 63,928 
Non-fatal myocardial infarction PM 44,852 45,117 45,079 43,740 

Note: 1. See Table 5.1.  
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Table 5.5.  Health impacts (cases, days, etc.), 2030 and 2050 under the CAO2 baseline+MTFR and 
1.5LIFE+MTFR scenarios (number of events unless otherwise specified).  Supplementary analysis is shown 
shaded. 

  CAO2 baseline +MTFR CAO2 baseline +MTFR 1.5LIFE+MTFR 
 Poll 2030 2050 2050 
Acute Mortality (deaths) O3 16,757 18,233 17,278 
Respiratory hospital admissions O3 13,364 15,412 14,657 
Cardiovascular hospital admissions O3 64,958 71,787 67,948 
Minor Restricted Activity Days O3 61,281,755 55,868,228 52,968,412 
Chronic Mortality life years lost 1 PM 1,269,206 940,116 855,485 
Chronic Mortality deaths 1 PM 156,217 152,164 138,379 
Infant Mortality (0-1yr) deaths PM 54 29 27 
Chronic Bronchitis in adults PM 120,817 101,236 92,109 
Bronchitis in children aged 6 to 12 PM 370,440 298,524 271,634 
Respiratory Hospital Admissions PM 52,233 42,934 39,076 
Cardiac Hospital Admissions PM 55,447 45,021 40,793 
Restricted Activity Days PM 160,524,291 135,622,708 123,548,963 
Asthma symptoms in children, days PM 3,897,691 3,153,395 2,866,820 
Lost working days PM 44,049,688 32,642,248 29,542,542 
Chronic Mortality life years lost 1 PM 1,662,659 1,231,552 1,120,685 
Chronic Mortality deaths 1 PM 203,876 198,587 180,597 
Stroke PM 58,223 58,878 53,585 
Non-fatal myocardial infarction PM 39,837 40,285 36,664 

Note: 1. See Table 5.1.  
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5.2 Valuation of health impacts 

Results for valuation of health impacts are shown from Table 5.7 to Table 5.11.  Four sensitivity cases are 
used for the overall valuation of each scenario.  The effects included for each case are shown in Table 
5.6.  The cases vary as follows: 

 In use of VOLY or VSL for mortality valuation 
 Consideration of additional effects on stroke and non-fatal myocardial infarction (included for 

supplementary analysis only) 
 Inclusion of a higher response function for effects of chronic exposure to fine particles on 

mortality (increased from a relative risk of 1.06 to 1.08 µg.m-3 for supplementary analysis only). 

 

Table 5.6.  Impact-valuation combinations forming the four sensitivity cases. 

 

Results in Table 5.7 show that values of health impacts under the CAO2 baseline scenario are not static, 
but decline steadily over the period.  This decline represents the reduced additional benefits of already 
existing actions such as  industrial emissions legislation, vehicle emission standards, etc.  

The valuation of health impacts is dominated by impacts associated with PM2.5 exposure and mortality, 
which accounts for between 69% and 93% of aggregate value of health damage (the range reflecting 
whether mortality is valued using the value of a life year or value of statistical life, and whether 
supplementary morbidity effects are included).   

  

Effect Poll Core +VOLY Core + VSL Supplementary 
+ VOLY 

Supplementary 
+ VSL 

Acute Mortality (deaths) O3 ü ü ü ü 
Respiratory hospital admissions O3 ü ü ü ü 
Cardiovascular hospital admissions O3 ü ü ü ü 
Minor Restricted Activity Days O3 ü ü ü ü 
Chronic Mortality – Life years lost PM2.5 ü    
Chronic Mortality - Deaths PM2.5  ü   
Infant Mortality - Deaths PM2.5 ü ü ü ü 
Chronic Bronchitis in adults PM2.5 ü ü ü ü 
Bronchitis in children aged 6 to 12 PM2.5 ü ü ü ü 
Respiratory Hospital Admissions  PM2.5 ü ü ü ü 
Cardiac Hospital Admissions PM2.5 ü ü ü ü 
Restricted Activity Days PM2.5 ü ü ü ü 
Asthma symptom days in children PM2.5 ü ü ü ü 
Lost working days PM2.5 ü ü ü ü 
Chronic Mortality – Life years lost PM2.5   ü  
Chronic Mortality - Deaths PM2.5    ü 
Stroke  PM2.5   ü ü 
Non-fatal myocardial infarction PM2.5   ü ü 
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Table 5.7.  Value of health impacts, 2020 - 2050 under the CAO2 baseline scenario.  Units M€/year, 2015 
prices.  Supplementary analysis, including higher damage linked to PM2.5 mortality and 2 additional 
endpoints for PM2.5 morbidity, is shown shaded. 

   2005 2010 2015 2020 2025 
Acute Mortality O3 2,562 2,294 2,129 1,985 1,878 
Respiratory hospital admissions O3 79 74 73 71 71 
Cardiovascular hospital admissions O3 406 378 370 357 352 
Minor Restricted Activity Days O3 5,371 4,776 4,322 3,897 3,561 
Chronic Mortality – Life years lost PM2.5 414,874 339,201 277,569 230,507 193,822 
Chronic Mortality - Deaths PM2.5 1,406,652 1,220,651 1,077,019 961,455 863,559 
Infant Mortality - Deaths PM2.5 2,551 1,759 1,161 772 543 
Chronic Bronchitis in adults PM2.5 20,340 17,829 15,663 13,730 12,001 
Bronchitis in children aged 6 to 12 PM2.5 424 354 300 258 214 
Respiratory Hospital Admissions  PM2.5 709 608 523 450 389 
Cardiac Hospital Admissions PM2.5 947 819 699 598 519 
Restricted Activity Days PM2.5 57,680 49,568 42,972 37,482 32,658 
Asthma symptom days in children PM2.5 619 515 437 379 314 
Lost working days PM2.5 20,928 17,939 15,178 12,854 10,931 
Chronic Mortality – Life years lost PM2.5 543,484 444,353 363,616 301,964 253,906 
Chronic Mortality - Deaths PM2.5 1,835,801 1,593,052 1,405,600 1,254,781 1,127,017 
Stroke  PM2.5 52,190 47,034 44,304 41,607 39,280 
Non-fatal myocardial infarction PM2.5 4,260 3,839 3,616 3,396 3,206 
TOTALS       
Core VOLY  527,487 436,113 361,396 303,341 257,253 
Core VSL  1,519,266 1,317,562 1,160,845 1,034,289 926,990 
Supplementary VOLY  712,548 592,138 495,363 419,801 359,824 
Supplementary VSL  2,004,865 1,740,837 1,537,348 1,372,618 1,232,934 

 

   2030 2035 2040 2045 2050 
Acute Mortality O3 1,789 1,783 1,836 1,889 1,940 
Respiratory hospital admissions O3 71 75 78 81 82 
Cardiovascular hospital admissions O3 350 360 374 382 386 
Minor Restricted Activity Days O3 3,287 3,151 3,099 3,040 2,988 
Chronic Mortality – Life years lost PM2.5 153,694 134,494 125,927 118,735 112,127 
Chronic Mortality - Deaths PM2.5 727,781 681,598 686,127 694,331 698,764 
Infant Mortality - Deaths PM2.5 375 303 262 230 200 
Chronic Bronchitis in adults PM2.5 9,862 8,938 8,656 8,403 8,139 
Bronchitis in children aged 6 to 12 PM2.5 170 149 142 138 135 
Respiratory Hospital Admissions  PM2.5 319 288 276 267 258 
Cardiac Hospital Admissions PM2.5 422 381 365 351 339 
Restricted Activity Days PM2.5 26,859 24,355 23,590 22,957 22,334 
Asthma symptom days in children PM2.5 249 219 209 203 199 
Lost working days PM2.5 8,754 7,657 7,174 6,769 6,415 
Chronic Mortality – Life years lost PM2.5 201,339 176,187 164,965 155,542 146,886 
Chronic Mortality - Deaths PM2.5 949,815 889,544 895,454 906,161 911,946 
Stroke  PM2.5 34,928 33,855 34,493 34,869 34,795 
Non-fatal myocardial infarction PM2.5 2,851 2,763 2,815 2,846 2,840 
TOTALS       
Core VOLY  206,202 182,150 171,988 163,445 155,541 
Core VSL  780,288 729,255 732,188 739,041 742,178 
Supplementary VOLY  291,626 260,462 248,335 237,967 227,935 
Supplementary VSL  1,040,102 973,819 978,824 988,585 992,996 
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Table 5.8.  Value of health impacts, 2020 - 2050 under the NAPCP scenario.  Units M€/year, 2015 prices.  
Supplementary analysis, including higher damage linked to PM2.5 mortality and 2 additional endpoints for 
PM2.5 morbidity, is shown shaded. 

   2025 2030 2035 2040 
Acute Mortality O3 1,876 1,786 1,781 1,835 
Respiratory hospital admissions O3 70 71 74 78 
Cardiovascular hospital admissions O3 352 349 360 374 
Minor Restricted Activity Days O3 3,556 3,281 3,147 3,097 
Chronic Mortality – Life years lost PM2.5 189,534 147,375 129,212 121,103 
Chronic Mortality - Deaths PM2.5 844,339 697,767 655,049 660,139 
Infant Mortality - Deaths PM2.5 532 362 292 254 
Chronic Bronchitis in adults PM2.5 11,735 9,453 8,588 8,325 
Bronchitis in children aged 6 to 12 PM2.5 210 163 143 136 
Respiratory Hospital Admissions  PM2.5 381 306 276 265 
Cardiac Hospital Admissions PM2.5 507 405 365 350 
Restricted Activity Days PM2.5 31,936 25,755 23,413 22,700 
Asthma symptom days in children PM2.5 307 239 210 201 
Lost working days PM2.5 10,684 8,379 7,337 6,877 
Chronic Mortality – Life years lost PM2.5 248,290 193,061 169,267 158,645 
Chronic Mortality - Deaths PM2.5 1,101,933 910,645 854,894 861,537 
Stroke  PM2.5 38,403 33,466 32,530 33,182 
Non-fatal myocardial infarction PM2.5 3,134 2,731 2,655 2,708 
TOTALS      
Core VOLY  251,679 197,922 175,198 165,596 
Core VSL  906,484 748,314 701,035 704,632 
Supplementary VOLY  351,972 279,805 250,438 239,029 
Supplementary VSL  1,205,616 997,389 936,065 941,921 

 

   2045 2050 
Acute Mortality O3 1,888 1,786 
Respiratory hospital admissions O3 81 71 
Cardiovascular hospital admissions O3 382 349 
Minor Restricted Activity Days O3 3,039 3,281 
Chronic Mortality – Life years lost PM2.5 114,175 147,375 
Chronic Mortality - Deaths PM2.5 667,924 697,767 
Infant Mortality - Deaths PM2.5 222 362 
Chronic Bronchitis in adults PM2.5 8,080 9,453 
Bronchitis in children aged 6 to 12 PM2.5 132 163 
Respiratory Hospital Admissions  PM2.5 256 306 
Cardiac Hospital Admissions PM2.5 338 405 
Restricted Activity Days PM2.5 22,090 25,755 
Asthma symptom days in children PM2.5 195 239 
Lost working days PM2.5 6,486 8,379 
Chronic Mortality – Life years lost PM2.5 149,569 193,061 
Chronic Mortality - Deaths PM2.5 871,697 910,645 
Stroke  PM2.5 33,543 33,466 
Non-fatal myocardial infarction PM2.5 2,738 2,731 
TOTALS    
Core VOLY  157,365 149,760 
Core VSL  711,114 714,117 
Supplementary VOLY  229,040 219,386 
Supplementary VSL  951,168 955,389 
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Table 5.9.  Value of health impacts, 2035 - 2050 under the 1.5TECH+WAM scenario.  Units M€/year, 2015 
prices.  Supplementary analysis, including higher damage linked to PM2.5 mortality and 2 additional 
endpoints for PM2.5 morbidity, is shown shaded. 

   2035 2040 2045 2050 
Acute Mortality O3 1,748 1,784 1,827 1,864 
Respiratory hospital admissions O3 73 76 79 79 
Cardiovascular hospital admissions O3 353 363 369 370 
Minor Restricted Activity Days O3 3,090 3,011 2,942 2,872 
Chronic Mortality – Life years lost PM2.5 125,789 117,702 111,804 105,221 
Chronic Mortality - Deaths PM2.5 637,486 641,571 654,004 655,872 
Infant Mortality - Deaths PM2.5 285 247 217 189 
Chronic Bronchitis in adults PM2.5 8,362 8,094 7,916 7,640 
Bronchitis in children aged 6 to 12 PM2.5 139 132 130 126 
Respiratory Hospital Admissions  PM2.5 269 258 251 242 
Cardiac Hospital Admissions PM2.5 355 340 330 317 
Restricted Activity Days PM2.5 22,815 22,084 21,648 20,985 
Asthma symptom days in children PM2.5 204 195 191 186 
Lost working days PM2.5 7,125 6,670 6,343 5,991 
Chronic Mortality – Life years lost PM2.5 164,783 154,190 146,463 137,840 
Chronic Mortality - Deaths PM2.5 831,973 837,304 853,530 855,969 
Stroke  PM2.5 31,668 32,270 32,872 32,678 
Non-fatal myocardial infarction PM2.5 2,585 2,634 2,683 2,667 
TOTALS      
Core VOLY  170,606 160,957 154,048 146,084 
Core VSL  682,303 684,825 696,248 696,735 
Supplementary VOLY  243,853 232,348 224,262 214,047 
Supplementary VSL  911,043 915,463 931,330 932,176 

 

Table 5.10.  Value of health impacts, 2035 - 2050 under the 1.5LIFE+WAM scenario.  Units M€/year, 2015 
prices.  Supplementary analysis, including higher damage linked to PM2.5 mortality and 2 additional 
endpoints for PM2.5 morbidity, is shown shaded. 

   2035 2040 2045 2050 
Acute Mortality O3 1,743 1,774 1,802 1,822 
Respiratory hospital admissions O3 73 76 77 77 
Cardiovascular hospital admissions O3 351 361 364 362 
Minor Restricted Activity Days O3 3,081 2,996 2,901 2,808 
Chronic Mortality – Life years lost PM2.5 122,192 112,848 105,146 96,565 
Chronic Mortality - Deaths PM2.5 619,216 615,052 614,875 601,684 
Infant Mortality - Deaths PM2.5 278 237 205 174 
Chronic Bronchitis in adults PM2.5 8,122 7,760 7,443 7,010 
Bronchitis in children aged 6 to 12 PM2.5 135 127 122 116 
Respiratory Hospital Admissions  PM2.5 261 247 236 222 
Cardiac Hospital Admissions PM2.5 344 325 310 290 
Restricted Activity Days PM2.5 22,166 21,179 20,368 19,275 
Asthma symptom days in children PM2.5 199 187 180 171 
Lost working days PM2.5 6,913 6,385 5,950 5,472 
Chronic Mortality – Life years lost PM2.5 160,072 147,830 137,741 126,500 
Chronic Mortality - Deaths PM2.5 808,129 802,695 802,464 785,249 
Stroke  PM2.5 30,753 30,935 30,909 29,991 
Non-fatal myocardial infarction PM2.5 2,510 2,525 2,523 2,448 
TOTALS      
Core VOLY  165,859 154,501 145,104 134,364 
Core VSL  662,882 656,706 654,832 639,483 
Supplementary VOLY  237,002 222,944 211,130 196,737 
Supplementary VSL  885,059 877,809 875,853 855,486 
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Table 5.11.  Value of health impacts, 2030 and 2050 for the CAO2 baseline+MTFR scenario and the 
1.5LIFE+MTFR scenario.  Units M€/year, 2015 prices.  Supplementary analysis, including higher damage 
linked to PM2.5 mortality and 2 additional endpoints for PM2.5 morbidity, is shown shaded. 

  CAO2 baseline 
+MTFR 

CAO2 baseline 
+MTFR 

1.5LIFE+MTFR 

   2030 2050 2050 
Acute Mortality O3 1,586 1,726 1,635 
Respiratory hospital admissions O3 64 73 70 
Cardiovascular hospital admissions O3 309 342 324 
Minor Restricted Activity Days O3 2,919 2,661 2,523 
Chronic Mortality – Life years lost PM2.5 120,143 88,992 80,980 
Chronic Mortality - Deaths PM2.5 569,180 554,413 504,188 
Infant Mortality - Deaths PM2.5 296 161 147 
Chronic Bronchitis in adults PM2.5 7,711 6,461 5,879 
Bronchitis in children aged 6 to 12 PM2.5 133 107 97 
Respiratory Hospital Admissions  PM2.5 249 204 186 
Cardiac Hospital Admissions PM2.5 330 268 243 
Restricted Activity Days PM2.5 21,025 17,763 16,182 
Asthma symptom days in children PM2.5 195 158 143 
Lost working days PM2.5 6,818 5,053 4,573 
Chronic Mortality – Life years lost PM2.5 157,388 116,579 106,084 
Chronic Mortality - Deaths PM2.5 742,828 723,556 658,008 
Stroke  PM2.5 27,314 27,622 25,139 
Non-fatal myocardial infarction PM2.5 2,229 2,254 2,052 
TOTALS     
Core VOLY  161,778 123,969 112,983 
Core VSL  610,814 589,390 536,190 
Supplementary VOLY  228,566 181,433 165,277 
Supplementary VSL  814,006 788,410 717,201 
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Aggregate benefits, extracted from the tables above, are shown in Table 5.12 (figures corresponding to 
the bottom 4 rows of the tables above), and change in benefits relative to the CAO2 baseline scenario 
are given in Table 5.13.   

 

Table 5.12.  Value of health damage associated with ozone and PM2.5 in the EU27. Units M€/year, 2015 
prices. 

Core VOLY 2005 2010 2015 2020 2025 
CAO2 baseline 527,487 436,113 361,396 303,341 257,253 
NAPCP 

    
251,679 

Core VOLY 2030 2035 2040 2045 2050 
CAO2 baseline 206,202 182,150 171,988 163,445 155,541 
NAPCP 197,922 175,198 165,596 157,365 149,760 
1.5TECH+WAM 

 
170,606 160,957 154,048 146,084 

1.5LIFE+WAM 
 

165,859 154,501 145,104 134,364 
CAO2 baseline + MTFR 161,778 

   
123,969 

Mix55+WAM 195,080 176,489 165,048 157,550 152,868 
Core VSL 2005 2010 2015 2020 2025 
CAO2 baseline 1,519,266 1,317,562 1,160,845 1,034,289 926,990 
NAPCP 

   
 906,484 

Core VSL 2030 2035 2040 2045 2050 
CAO2 baseline 780,288 729,255 732,188 739,041 742,178 
NAPCP 748,314 701,035 704,632 711,114 714,117 
1.5TECH+WAM 

 
682,303 684,825 696,248 696,735 

1.5LIFE+WAM 
 

662,882 656,706 654,832 639,483 
CAO2 baseline + MTFR 610,814 

   
589,390 

1.5LIFE + MTFR 
    

536,190 
Mix55+WAM 738,258 706,824 702,701 712,288 729,648 
Supplementary VOLY 2005 2010 2015 2020 2025 
CAO2 baseline 712,548 592,138 495,363 419,801 359,824 
NAPCP 

    
351,972 

Supplementary VOLY 2030 2035 2040 2045 2050 
CAO2 baseline 291,626 260,462 248,335 237,967 227,935 
NAPCP 279,805 250,438 239,029 229,040 219,386 
1.5TECH+WAM 

 
243,853 232,348 224,262 214,047 

1.5LIFE+WAM 
 

237,002 222,944 211,130 196,737 
CAO2 baseline + MTFR 228,566 

   
181,433 

1.5LIFE + MTFR 
    

165,277 
Mix55+WAM 275,781 252,394 238,344 229,414 224,053 
Supplementary VSL 2005 2010 2015 2020 2025 
CAO2 baseline 2,004,865 1,740,837 1,537,348 1,372,618 1,232,934 
NAPCP 

   
1,369,613 1,205,616 

Supplementary VSL 2030 2035 2040 2045 2050 
CAO2 baseline 1,040,102 973,819 978,824 988,585 992,996 
NAPCP 997,389 936,065 941,921 951,168 955,389 
1.5TECH+WAM 

 
911,043 915,463 931,330 932,176 

1.5LIFE+WAM 
 

885,059 877,809 875,853 855,486 
CAO2 baseline + MTFR 814,006 

   
788,410 

1.5LIFE + MTFR 
    

717,201 
Mix55+WAM 983,960 943,886 939,434 952,831 976,258 
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Table 5.13.  Additional health benefits relative to the CAO2 baseline scenario, by scenario and sensitivity 
group (Core VOLY, Core VSL, Supplementary VOLY, Supplementary VSL).  Units M€/year, 2015 prices. 

Core VOLY 2025 2030 2035 2040 2045 2050 
NAPCP 5,574 8,280 6,952 6,392 6,080 5,780 
1.5TECH+WAM 

  
11,544 11,032 9,397 9,457 

1.5LIFE+WAM 
  

16,292 17,487 18,341 21,177 
CAO2 baseline+MTFR 

 
44,424 

   
31,572 

1.5LIFE + MTFR 
     

42,558 
Core VSL 2025 2030 2035 2040 2045 2050 
NAPCP 20,506 31,974 28,220 27,556 27,927 28,061 
1.5TECH+WAM 

  
46,952 47,363 42,793 45,443 

1.5LIFE+WAM 
  

66,373 75,482 84,208 102,695 
CAO2 baseline+MTFR 

 
169,474 

   
152,788 

1.5LIFE + MTFR 
     

205,988 
Supplementary VOLY 2025 2030 2035 2040 2045 2050 
NAPCP 7,851 11,821 10,023 9,306 8,927 8,550 
1.5TECH+WAM 

  
16,608 15,986 13,704 13,888 

1.5LIFE+WAM 
  

23,460 25,390 26,837 31,198 
CAO2 baseline + MTFR 

 
63,060 

   
46,502 

1.5LIFE + MTFR 
     

62,658 
Supplementary VSL 2025 2030 2035 2040 2045 2050 
NAPCP 27,318 42,713 37,753 36,903 37,417 37,606 
1.5TECH+WAM 

  
62,776 63,361 57,256 60,820 

1.5LIFE+WAM 
  

88,760 101,014 112,732 137,510 
CAO2 baseline + MTFR 

 
226,096 

   
204,586 

1.5LIFE + MTFR 
     

275,795 
Note: Results for Mix55+WAM are omitted from this table because it uses a different baseline and hence 
is not comparable with the CAO2 baseline scenario. 
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5.3 Non-health impacts 

5.3.1 Materials damage 

Damage to building materials was extensively researched in the 1980s and 1990s. Although research in 
the area continues, it is less active now than previously. Damage values per unit emission for SO2 and NOx 
have been taken from the CASES study (CASES, 2008).  Results are as follows: 

 

Table 5.14.  Total materials damage for the EU27. Units: €million/year (2015 prices) 

 CAO2 baseline NAPCP 
1.5 TECH + 

WAM 
1.5 LIFE + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2005 3,504      
2010 2,545      
2015 1,907      
2020 1,342      
2025 1,104 1,099     
2030 835 829   588  
2035 683 677 575 561   
2040 616 611 508 484   
2045 579 574 496 447   
2050 548 543 475 395 322 241 

 

 

Table 5.15.  Benefits from reduced materials damage relative to CAO2 baseline for the EU27. Units: 
€million/year (2015 prices) 

 
NAPCP 1.5 LIFE + 

WAM 
1.5 TECH + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2025  4.5  

 
 

  

2030  6.4     247  
 

2035  6.3   108   122  
  

2040  4.9   108   132  
  

2045  4.8   83   132  
  

2050  4.7   73   153   225   307  
Note: Results for Mix55+WAM are omitted from this table because it uses a different baseline and hence 
is not comparable with the CAO2 baseline scenario. 

 

Materials damage declines rapidly in the period 2005 to 2020, linked particularly to the major fall in SO2 
emissions across the EU.  The highest damage in 2005 is estimated for Poland, with total damage more 
than twice that of Germany, the country with the second highest damage.  High figures (more than €200 
million/year) are also calculated for France, Romania and Bulgaria in 2005.  Under the CAO2 baseline it is 
estimated that damage falls from the 2005 estimate by a factor 4 by 2030 and a factor 7 by 2050.  Results 
for the 1.5 LIFE+MTFR scenario indicate potential for a further factor 2 reduction in damage beyond the 
CAO2 baseline in 2050. 

 

5.3.2 Crop damage 

The analysis considers all agricultural crop production in the EU, focused on the effects of ozone.  
Methods are taken from the ECLAIRE study (Holland et al, 2015), drawing particularly on evidence 
generated through the Working Group on Effects under the Convention on Long Range Transboundary 
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Air Pollution.  The tool developed in ECLAIRE has been updated for this analysis to use agricultural 
production in 2018 for the baseline.  This is held constant through the period of assessment, though it is 
acknowledged that production patterns across Europe may change in the period to 2050 as a 
consequence of climate change and other changes.  No account is taken of impacts that may affect 
production of animals and associated products (milk, eggs, honey, wool). 

 

Table 5.16.  Total crop damage for the EU27. Units: €million/year (2015 prices) 

 CAO2 baseline NAPCP 
1.5 TECH + 

WAM 1.5 LIFE + WAM 
CAO2 baseline 

+ MTFR 1,5 LIFE + MTFR 
2005 13,672      
2010 12,706      
2015 11,978      
2020 11,194      
2025 10,621 10,614     
2030 10,189 10,177   9,699  
2035 9,977 9,970 9,852 9,869   
2040 9,914 9,912 9,742 9,767   
2045 9,870 9,865 9,643 9,717   
2050 9,859 9,857 9,560 9,678 9,398 9,185 

 

Table 5.17.  Benefits from reduced crop damage relative to CAO2 baseline for the EU27. Units: 
€million/year (2015 prices) 

 
NAPCP 1.5 LIFE + 

WAM 
1.5 TECH + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2025  6.6      
2030  11.7     489   
2035  6.7   124   108    
2040  2.3   173   147    
2045  4.2   226   152    
2050  1.8   298   181   461   674  

Note: Results for Mix55+WAM are omitted from this table because it uses a different baseline and hence 
is not comparable with the CAO2 baseline scenario. 

 

The countries most affected by crop damages are France, Italy and Spain, and the most affected crops 
are wheat, olives, maize, grapes, rapeseed and tomato.  The decline in crop damage from 2005 to 2050 
under the CAO2 baseline is estimated to be 28%, significantly less than the decline in materials damage 
reflecting differences in the pollutants responsible for modelled damage (acidity from SO2 and NOx for 
materials, ozone for crops).  Results for the 1.5 LIFE+MTFR scenario in 2050 indicate potential for the fall 
from 2005 to reach 33%.   

 

5.3.3 Forest damage 

The analysis of forest damage takes account of ozone impacts leading to reduced productivity of wood 
for sale and of reduced carbon sequestration. Methods are again taken from the ECLAIRE study (Holland 
et al, 2015).  Changes in productivity are valued against market data. Changes in carbon sequestration 
are valued using recommendations from DG Mobility and Transport’s Handbook on the External Cost of 
Transport (EC, 2019).  These recommendations are to apply marginal carbon mitigation costs of €100/t 
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CO2 up to 2030 and €269/tonne thereafter (2016 prices)27.  To reflect uncertainty, a range is derived using 
the lower figure throughout and an upper bound by applying the lower figure up to 2030 and the higher 
figure thereafter (this leads to a step change in the damage estimates for the upper bound.  These prices 
are around a factor 10 higher than those used in the ECLAIRE study, showing the sensitivity of mitigation 
costs to climate ambition level.  The costs of lost carbon sequestration from ozone exposure are 
considerably higher than the costs of lost production, by between a factor 6 using the lower estimate of 
carbon sequestration benefits and 15 using the upper estimate. 

 

Table 5.18.  Total estimated forest damage for the EU27 through loss of productivity and carbon 
sequestration. Units: €million/year (2015 prices), LOW estimate. 

 CAO2 baseline NAPCP 
1.5 

TECH+WAM 1.5 LIFE + WAM 
CAO2 baseline 

+ MTFR 1,5 LIFE + MTFR 
2005 22,576      
2010 21,475      
2015 20,539      
2020 19,611      
2025 18,902 18,891     
2030 18,350 18,336   17,748  
2035 18,070 18,056 17,936 17,912   
2040 17,956 17,948 17,780 17,744   
2045 17,870 17,863 17,690 17,598   
2050 17,844 17,837 17,627 17,480 17,283 17,024 

 

Table 5.19. Benefits from reduced forest damage through loss of productivity and carbon sequestration 
relative to CAO2 baseline for the EU27. Units: €million/year (2015 prices), LOW estimate. 

 
NAPCP 1.5 LIFE + 

WAM 
1.5 TECH + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2025 11.3     
2030 14.6   603  
2035 13.1 134 157   
2040 8.3 176 212   
2045 6.5 180 272   
2050 6.9 216 364 561 820 

Note: Results for MIXix55+WAM are omitted from this table because it uses a different baseline and 
hence is not comparable with the CAO2 baseline scenario. 

 

  

 
27 Treatment of greenhouse gas emissions in this report is thus based on the costs of further controls, rather than 
the costs of health and other damage as is done for other pollutants.  The logic for using this approach reflects partly 
the fact that estimates of greenhouse gas damage costs are subject to high uncertainty given potential variability in 
global population and economic growth, and uncertainty regarding extreme events, and the consequences of the 
Paris Agreement for EU Member States. 
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Table 5.20. Total estimated forest damage for the EU27 through loss of productivity and carbon 
sequestration. Units: €million/year (2015 prices), HIGH estimate. 

 CAO2 baseline NAPCP 
1.5 TECH + 

WAM 
1.5 LIFE + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2005 22,576      
2010 21,475      
2015 20,539      
2020 19,611      
2025 18,902 18,891     
2030 18,350 18,336   17,748  
2035 43,906 43,875 43,581 43,524   
2040 43,633 43,613 43,203 43,118   
2045 43,425 43,409 42,986 42,763   
2050 43,363 43,346 42,835 42,477 41,994 41,364 

 

Table 5.21. Benefits from reduced forest damage through loss of productivity and carbon sequestration 
relative to CAO2 baseline for the EU27. Units: €million/year (2015 prices), HIGH estimate. 

 
NAPCP 1.5 LIFE + 

WAM 
1.5 TECH + 

WAM 
CAO2 baseline 

+ MTFR 
1.5 LIFE + 

MTFR 
2025 11     
2030 15   603  
2035 32 326 383   
2040 20 430 515   
2045 15 439 662   
2050 16 528 886 1,368 1,999 

Note: Results for Mix55+WAM are omitted from this table because it uses a different baseline and hence 
is not comparable with the CAO2 baseline scenario. 

 

5.3.4 Ecosystems damage 

Economic analysis of ecosystem damage is also based on the ECLAIRE study.  It assesses impacts related 
to terrestrial ecosystems only. ECLAIRE used three methods to estimate damage costs for ecosystems, a 
willingness to pay (WTP) approach based on the results of research by Christie et al (2006, 2011, 2012), 
a repair cost approach described by Ott et al (Ott et al, 2006) and a ‘regulatory revealed preference’ 
approach (developed in the ECLAIRE study).  The focus of analysis is on exceedance of the critical load for 
nitrogen in Natura 2000 sites, with valuation applied to the area subject to critical loads exceedance. No 
account was taken of exceedance of the critical load for acidification, because the area concerned is far 
less than that affected by eutrophication and there is potential for double counting if results for both 
effects are combined. 

The WTP based approach is adopted here as the preferred option because it follows a willingness to pay 
approach to valuation consistent with that used for other impacts assessed in this report.  Uncertainties 
in the methods used in ECLAIRE led to the use of a factor 3 variation between low and high estimates of 
damage.  This is retained here in the results shown in the following tables. 
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Table 5.22. Total estimated ecosystem damage in Natura 2000 areas for the EU27. Units: €million/year 
(2015 prices), LOW estimate. 

 CAO2 baseline NAPCP 
1.5 TECH + 

WAM 
1.5 LIFE + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2005 4,472      
2010 4,311      
2015 4,202      
2020 4,006      
2025 3,838 3,695     
2030 3,695 3,420   2,729  
2035 3,598 3,310 3,267 3,008   
2040 3,554 3,277 3,214 2,889   
2045 3,532 3,245 3,193 2,786   
2050 3,530 3,238 3,180 2,681 2,530 2,018 

 

Table 5.23. Benefits from reduced ecosystem damage in Natura 2000 areas relative to CAO2 baseline for 
the EU27. Units: €million/year (2015 prices), LOW estimate. 

 
NAPCP 1.5 LIFE + 

WAM 
1.5 TECH + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2025 143     
2030 275   966  
2035 288 331 590   
2040 276 340 665   
2045 286 338 746   
2050 292 350 849 1,000 1,512 

Note: Results for Mix55+WAM are omitted from this table because it uses a different baseline and hence 
is not comparable with the CAO2 baseline scenario. 

 

Table 5.24. Total ecosystem damage in Natura 2000 areas for the EU27. Units: €million/year (2015 
prices), HIGH estimate. 

 
CAO2 

baseline NAPCP 
1.5 TECH + 

WAM 
1.5 LIFE + 

WAM 

CAO2 
baseline + 

MTFR 
1,5 LIFE + 

MTFR 
2005 13,416      
2010 12,932      
2015 12,605      
2020 12,019      
2025 11,514 11,085     
2030 11,084 10,260   8,187  
2035 10,795 9,930 9,801 9,025   
2040 10,661 9,832 9,641 8,667   
2045 10,595 9,736 9,580 8,358   
2050 10,591 9,715 9,541 8,044 7,590 6,055 
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Table 5.25. Benefits from reduced ecosystem damage in Natura 2000 areas relative to CAO2 baseline for 
the EU27. Units: €million/year (2015 prices), HIGH estimate. 

 
NAPCP 1.5 LIFE + 

WAM 
1.5 TECH + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2025 429     
2030 824   2,897  
2035 865 994 1,769   
2040 829 1,020 1,994   
2045 859 1,015 2,237   
2050 876 1,050 2,547 3,001 4,536 

Note: Results for Mix55+WAM are omitted from this table because it uses a different baseline and hence 
is not comparable with the CAO2 baseline scenario. 

 

There is a 21% reduction in damage under the CAO2 baseline scenario, moving from 2005 to 2020.  The 
highest reduction over the period 2005 to 2050, of 55%, occurs under the 1.5 LIFE+MTFR scenario.  No 
other scenario leads to more than a 50% reduction in damage over this period. 

Under the CAO2 baseline scenario, damage estimates exceed €1 billion/year for France, Spain, Poland 
and Romania in 2005 and France and Spain in 2050.  Without the MTFR measures in place, the reduction 
in the area subject to critical loads exceedance is modest.  Results indicate that improvement would be 
particularly weak in Spain, which would account for 40% of total area of Natura 2000 sites subject to 
exceedance of the critical load for eutrophication under scenario 1.5LIFE+MTFR. 

 

5.3.5 Aggregated estimates of non-health damage and benefits of further controls 

The following tables provide aggregated estimates of damage for the non-health impacts, and associated 
benefits relative to the CAO2 baseline scenario.  Reflecting uncertainties, the first set (Table 5.26 and 
Table 5.27) provide lower bound estimates, and the second set (Table 5.28 and Table 5.29) provide upper 
bound estimates.  As noted already, a discontinuity arises in the upper bound estimates (Table 5.28 and 
Table 5.29) as a result of a step change in the valuation of carbon sequestration after 2030. 

 

Table 5.26. Combined estimates for damage to materials, crops, forests and natural ecosystems for the 
EU27.  Units: €million/year (2015 prices), LOW estimate. 

 CAO2 baseline NAPCP 
1.5 TECH + 

WAM 1.5 LIFE + WAM 
CAO2 baseline 

+ MTFR 1,5 LIFE + MTFR 
2005 44,224      
2010 41,037      
2015 38,626      
2020 36,154      
2025 34,465 34,299     
2030 33,069 32,762   30,764  
2035 32,327 32,013 31,630 31,351   
2040 32,040 31,748 31,243 30,885   
2045 31,850 31,548 31,022 30,548   
2050 31,781 31,475 30,843 30,235 29,533 28,468 
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Table 5.27. Benefits from reduced damage to materials, crops, forests and natural ecosystems relative to 
CAO2 baseline for the EU27. Units: €million/year (2015 prices), LOW estimate. 

 
NAPCP 1.5 LIFE + WAM 1.5 TECH + WAM CAO2 baseline + 

MTFR 1,5 LIFE + MTFR 
2025 166     
2030 307   2,305  
2035 314 697 977   
2040 292 797 1,155   
2045 302 827 1,302   
2050 305 938 1,546 2,248 3,312 

 

Table 5.28. Combined estimates for damage to materials, crops, forests and natural ecosystems for the 
EU27.  Units: €million/year (2015 prices), HIGH estimate. 

 CAO2 baseline NAPCP 
1.5 TECH + 

WAM 
1.5 LIFE + 

WAM 
CAO2 baseline 

+ MTFR 
1,5 LIFE + 

MTFR 
2005 53,168      
2010 49,658      
2015 47,029      
2020 44,167      
2025 42,141 41,689     
2030 40,458 39,601   36,222  
2035 65,361 64,451 63,809 62,979   
2040 64,824 63,968 63,094 62,036   
2045 64,467 63,584 62,705 61,285   
2050 64,360 63,461 62,411 60,594 59,304 56,845 

 

Table 5.29.  Benefits from reduced damage to materials, crops, forests and natural ecosystems relative 
to CAO2 baseline for the EU27. Units: €million/year (2015 prices), HIGH estimate. 

 
NAPCP 1.5 LIFE + 

WAM 
1.5 TECH + 

WAM 
CAO2 baseline 

+ MTFR 
1.5 LIFE + 

MTFR 
2025 452     
2030 857   4,236  
2035 909 1,552 2,382   
2040 856 1,730 2,788   
2045 884 1,763 3,183   
2050 899 1,949 3,766 5,056 7,515 
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5.4 Comparison of costs and benefits at the national level 

Analysis at national levels shows that, in the very large majority of cases (scenarios and Member States), 
benefits exceed costs. However, there are some cases where costs exceed benefits. This applies to the 
following: 

 NAPCP scenario: Ireland, to 2030 but not beyond, for all valuation sensitivity groups (Core 
VOLY, Core VSL, Supplementary VOLY and Supplementary VSL). 

 Baseline+MTFR scenario:  

o Core VOLY sensitivity case: In 2030 and 2050 for Bulgaria (2050 only), Croatia, Czech 
Republic, Denmark, Estonia, Germany, Hungary, Italy Latvia and Spain. 

o Core VSL sensitivity case: In 2030 and 2050 for Estonia. 

o Supplementary VOLY sensitivity case: In 2030 and 2050 for Croatia, Czech Republic, 
Denmark, and Estonia, and for 2050 only for Germany Italy and Latvia. 

o Supplementary VSL sensitivity case: All countries return a net benefit. 

A net benefit is returned for all years for Scenarios 1.5TECH+WAM, 1.5LIFE+WAM and 1.5LIFE+MTFR. 

The net cost result for Ireland in 2025 and 2030 is in part a consequence of its location to the north-west 
of Europe, providing limited benefit from reduced transboundary effects from other European countries, 
though it is notable that the early net costs are more than balanced by net benefits later.  Net costs for 
CAO2 baseline+MTFR scenario are largely a result of the high marginal cost of some measures included 
in the cost curve per unit emission reduction.   

 

5.5 Effects of uncertainty on the cost-benefit analysis 

The CBA has considered several types of uncertainty which are reflected in the ranges provided in the 
quantification of benefits: 

 Valuation of mortality using the VOLY and VSL approaches. 

 Inclusion of some additional (supplementary) health impacts 

 Use of a range for costs for mitigation of climate impacts linked to carbon sequestration by 
forests 

 Use of a range for the valuation of ecosystem impacts 

Effects of these uncertainties on the balance of costs and benefits are seen to be limited from the results 
presented above, with limited impact on the likelihood of returning a net benefit.  The benefit-cost ratios 
(see main text) indicate at the EU27 level that net benefits are at least 5.42 times higher than net costs 
(the result for 2050) for the NAPCP scenario under the lower bound assumptions followed above.  A net 
benefit at the EU27 level is even returned for the CAO2 baseline+MTFR scenario, with a benefit cost-ratio 
of 1.43, indicating a reduced but still substantial excess of benefit over cost. 

However, there are other uncertainties, particularly in the areas described in the sections that follow. 
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5.5.1 Health impact assessment 

The epidemiological literature has found a number of links between air pollution and health impacts, 
such as diabetes and dementia, that were not accounted for here on the grounds of a lack of consensus 
on their inclusion and the appropriate response functions and valuations to apply.  This indicates a 
possible bias to underestimation of benefits. 

5.5.2 Materials 

Analysis includes only effects on ‘utilitarian’ buildings (typical houses, factories, shops, schools, etc.) and 
does not include damage to cultural heritage in the form of monuments, fine buildings and paintings.  
These are excluded because of a lack of an adequate inventory of cultural heritage at risk and of 
appropriate valuation data.  The effect is to provide bias to underestimation of benefits, though effects 
on the overall balance of costs and benefits of scenarios are likely to be small, given the dominance of 
health effects. 

5.5.3 Agriculture 

Analysis accounts for direct effects of ozone on crop yield only. There is potential for other effects on 
agriculture, for example through the lack of account of interactions between ozone and pests and 
pathogens, effects on the quality of crops, and effects on livestock and meat production (for example, 
through reduced grass yields). Again, the bias is to underestimation of impacts, though effects on the 
overall balance of costs and benefits of scenarios are likely to be small, given the dominance of health 
effects. 

5.5.4 Forests  

For forests also, analysis accounts only for direct effects of ozone, though on both productivity and carbon 
sequestration, and there is no account of possible interactions with pests and pathogens.  The biggest 
uncertainty in what is quantified is the valuation of carbon sequestration (which is dependent on 
estimates of carbon mitigation costs and not on damage costs).  This uncertainty is at least partially 
included in the estimates above through the use of ranges for the low and high estimates of non-health 
impacts. However, it is noted that the figures used here for carbon sequestration, taken from the EC 
(2019) Handbook on the External Costs of Transport, are considerably higher than used in some previous 
analysis.  It is possible that these costs will fall over time as more efficient mechanisms and options for 
carbon control emerge.  Alternatively, estimates based on damage costs could show a higher level of 
damage as further clarification of the extent and scope of climate damage appears.  The direction of bias 
is thus unclear. The overall effect on the conclusions of the CBA is, however, likely to be small given the 
magnitude of forest benefits relative to health benefits. 

5.5.5 Ecosystems 

The valuation of ecosystem risk (in terms of critical loads exceedance) is based on a limited literature, 
and so the results of the analysis must be considered to have a medium to high uncertainty. There may 
be some bias to underestimation, noting that there are continued extremely high levels of critical loads 
exceedance for some countries, with exceedance over more than 60% of the area of Natura 2000 sites 
forecast in 2050 in Bulgaria, Cyprus, Denmark, Greece, Lithuania, Luxembourg, Malta, Portugal and Spain 
even under the 1.5 LIFE+MTFR scenario.  With exceedance at that level it is possible that analysis based 
on valuation of marginal change is not appropriate. 
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5.5.6 Pollution abatement costs 

With respect to costs, the investigation of a series of scenarios permits some consideration of 
uncertainty, considering alternative approaches for reducing emissions.  However, there are further 
uncertainties in quantification of future abatement costs, for example relating to technological 
developments that may reduce costs and/or increase the effectiveness of pollution control technologies, 
or through the use of alternatives for meeting demand that are less or non-polluting. 
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5.6 Results for the Mix55 scenario 

Table 5.30.  Health impacts (cases, days, etc.), 2035 - 2050 under the Mix55+WAM scenario (number of 
events unless otherwise specified).  Supplementary analysis is shown shaded. 

 Poll 2030 2035 2040 2045 2050 
Acute Mortality (deaths) O3 18,525 18,393 18,690 19,093 19,648 
Respiratory hospital admissions O3 14,712 15,288 15,890 16,298 16,553 
Cardiovascular hospital 
admissions 

O3 71,994 
73,688 75,505 76,691 77,626 

Minor Restricted Activity Days O3 67,655,440 64,604,971 62,720,334 61,113,166 60,183,240 
Chronic Mortality life years lost 1 PM 1,534,742 1,376,128 1,276,434 1,209,405 1,165,283 
Chronic Mortality deaths 1 PM 188,953 181,308 180,726 183,674 188,577 
Infant Mortality (0-1yr) deaths PM 67 55 47 41 37 
Chronic Bronchitis in adults PM 145,991 135,782 130,176 126,931 125,383 
Bronchitis in children aged 6 to 12 PM 446,980 402,063 379,776 371,219 370,029 
Respiratory Hospital Admissions PM 63,328 58,404 55,593 54,014 53,329 
Cardiac Hospital Admissions PM 66,966 61,626 58,597 56,822 55,999 
Restricted Activity Days PM 194,291,254 180,740,214 173,226,786 169,255,527 167,850,685 
Asthma symptoms in children, 
days 

PM 4,701,891 
4,242,185 4,011,147 3,923,838 3,911,772 

Lost working days PM 52,867,910 47,438,275 44,088,927 41,912,345 40,598,224 
Chronic Mortality life years lost 1 PM 2,010,512 1,802,728 1,672,128 1,584,320 1,526,521 
Chronic Mortality deaths 1 PM 246,600 236,622 235,863 239,710 246,109 
Stroke PM 70,285 70,007 70,631 71,684 72,898 
Non-fatal myocardial infarction PM 48,090 47,899 48,326 49,047 49,878 

Note: 1. See Table 5.1.  

 

Table 5.31.  Value of health impacts, 2030 - 2050 under the Mix55+WAM scenario.  Units M€/year, 2015 
prices.  Supplementary analysis, including higher damage linked to PM2.5 mortality and 2 additional 
endpoints for PM2.5 morbidity, is shown shaded. 

   2030 2035 2040 2045 2050 
Acute Mortality O3 1,754 1,741 1,769 1,807 1,860 
Respiratory hospital admissions O3 70 73 76 78 79 
Cardiovascular hospital admissions O3 343 351 360 365 370 
Minor Restricted Activity Days O3 3,222 3,077 2,987 2,911 2,866 
Chronic Mortality – Life years lost PM2.5 145,279 130,265 120,827 114,483 110,306 
Chronic Mortality - Deaths PM2.5 688,457 660,600 658,481 669,220 687,087 
Infant Mortality - Deaths PM2.5 368 300 257 225 200 
Chronic Bronchitis in adults PM2.5 9,317 8,666 8,308 8,101 8,002 
Bronchitis in children aged 6 to 12 PM2.5 160 144 136 133 133 
Respiratory Hospital Admissions  PM2.5 302 278 265 257 254 
Cardiac Hospital Admissions PM2.5 399 367 349 338 333 
Restricted Activity Days PM2.5 25,448 23,673 22,689 22,168 21,984 
Asthma symptom days in children PM2.5 235 212 201 196 196 
Lost working days PM2.5 8,183 7,343 6,825 6,488 6,284 
Chronic Mortality – Life years lost PM2.5 190,316 170,647 158,284 149,972 144,501 
Chronic Mortality - Deaths PM2.5 898,495 862,139 859,374 873,389 896,706 
Stroke  PM2.5 32,973 32,842 33,135 33,630 34,199 
Non-fatal myocardial infarction PM2.5 2,691 2,681 2,704 2,745 2,791 
TOTALS       
Core VOLY  195,080 176,489 165,048 157,550 152,868 
Core VSL  738,258 706,824 702,701 712,288 729,648 
Supplementary VOLY  275,781 252,394 238,344 229,414 224,053 
Supplementary VSL  983,960 943,886 939,434 952,831 976,258 
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Table 5.32.  Non-health impacts of the Mix55 scenarios. Units: €million/year (2015 prices) 

 
Total materials 

damage Crop damage 
Forest damage 

LOW  
Forest damage 

HIGH 
Ecosystems 

damage, LOW 
Ecosystems 

damage HIGH 
2030 700 10,051 18,182 18,182 3,222 9,966 
2035 574 9,835 17,890 43,470 3,200 9,600 
2040 508 9,721 17,727 43,074 3,117 9,351 
2045 504 9,664 17,632 42,843 3,076 9,228 
2050 506 9,674 17,629 42,837 3,091 9,274 

 

Table 5.33. Combined estimates for damage to materials, crops, forests and natural ecosystems for the 
EU27.  Units: €million/year (2015 prices). 

 
LOW 

estimate 
HIGH 

estimat 
2030 32,254 38,898 
2035 31,499 63,479 
2040 31,073 62,654 
2045 30,876 62,239 
2050 30,900 62,291 

 


