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Summary

Concentrations of NO,, PM10 and PM2.5 have been calculated for the whole of Sweden
for the year 2019 as well as two scenarios for 2030 in this study. Calculations have been
performed using a new methodology, allowing almost seam-less combination of
dispersion modelling at regional and urban scale without double-counting emissions.
The concentrations have been calculated at 250x250 m? resolution, producing a
uniquely complete and detailed dataset at national scale. The methodology used can
well reproduce the measured pollution levels at most urban background stations in the
modelling domain. The spatial resolution of 250 m captures concentration gradients that
are of importance for exposure calculations. An important strength of using dispersion
modelling to calculate concentrations is the direct relation with emission inventories,
allowing for source attribution and scenario evaluation that is consistent with emission
inventories and projections.

The modelled concentrations are used together with gridded population data in order to
calculate exposure. The annual average population weighted exposure is 5.08 pug/m?3for
NO2, 9.95 pg/m3for PM10 and 5.21 pg/m?3for PM2.5 in 2019. A large decrease, by
approximately 2 pg/m?3, is seen for exposure to NO; in 2030 compared to 2019. The
exposure to PM10 and PM2.5 is also decreasing in 2030, but not as drastically, by about
0.2 pg/m3.

A general conclusion is that exposure is higher in the age span of 21-50 years. An
explanation is that these age groups more often live in urban areas, where there are
more emissions and higher concentrations of pollution.

Zero percent of the population is exposed to levels above the annual air quality
standards for NO,, PM10 and PM2.5 for 2019 and 2030. It is to be noted that the model
results represent annual averaged urban background concentrations, not local hotspot
concentrations.

The modelled exposures to PM2.5 and urban NO; have been used for a national health
impact assessment. The health impact assessment is similar to an earlier study of
premature deaths and incident cases of mainly chronic diseases. Our results differ to a
varying degree from similar impact assessments. Most important among the
complicated reasons for differences in the estimated health impacts are the assumed
exposure-response functions for the specific exposures, the slope and if there is a lower
threshold below which no association exists. We have in this study decided to follow the
strong evidence from high quality epidemiological studies that the exposure-response
relationship between long-term exposure to PM2.5 and total mortality in adults is supra-
linear with a much steeper slope at the lower end, with stronger effects of near source
exposure, and no evidence of a threshold level below which no effects are observed.
When adding the yearly number of premature deaths attributed to the regional
background PM2.5 levels and the deaths associated with PM2.5 exposure from local
sources, the total number becomes 4 264 deaths related to the fine particle exposure
situation in 2019. At the same time, the urban contribution of NO; is estimated to result
in additional 428 premature deaths per year.

In 2030 the population exposure to PM2.5 from the regional background is expected to
be about 2% lower and from urban sources 22% lower compared to 2019, which
indicates how much the attributed number of preterm deaths would change if
everything else stays the same.



Sammanfattning

Halter av NO,, PM10 och PM2.5 har berdknats for hela Sverige fér ar 2019 och for tva
scenarier 2030 i den har studien. Berakningar har gjorts med en ny metodik som
mojliggor en nastan helt sémlos kombination av spridningsmodellering pa regional och
urban skala utan att dubbelrdkna emissioner. Fororeningshalter har berédknats pa
250x250 m? uppldsning, vilket ger ett unikt komplett och detaljerat dataset pa nationell
skala. Metodiken kan val reproducera uppmatta fororeningshalter vid de flesta urbana
bakgrundsstationerna i modelldomanet. Den spatiala upplésningen pa 250 m fangar
koncentrationsgradienter av vikt for exponeringsberakningar. En styrka med att anvanda
spridningsmodeller for att berdkna fororeningshalter dr den direkta kopplingen till
emissionsinventeringar och projektioner.

Modellerade féroreningshalter kombineras med griddad befolkningsdata for att berdkna
exponering. Den befolkningsviktade arsmedelexponeringen &r 5,08 pg/m?3fér NO,, 9,95
pg/m3fér PM10 och 5,21 pg/m3fér PM2.5 &r 2019. En stor minskning, med cirka 2 pg/m3
till 2030, beraknas for exponering av NO,. Exponeringen fér PM10 och PM2.5 minskar
ocksa till 2030, men inte lika drastiskt, med ungefar 0,2 pug/m?3.

En generell slutsats ar att exponeringen ar hogre i aldersspannet 21-50 ar. En forklaring
ar dessa aldersgrupper oftare bor i urbana omraden, med mer utslapp och hogre
fororeningshalter.

Noll procent av befolkningen exponeras for halter 6éver den arliga miljokvalitetsnormen
for NO,, PM10 och PM2.5, varken ar 2019 eller 2030. Det ska dock noteras att
modellresultaten representerar arsmedelvarden av urbana bakgrundskoncentrationer,
inte lokala hotspots.

De modellbaserade berdkningarna av exponeringen fér PM2.5 och lokalt genererad NO»
har anvants i en nationell hdlsokonsekvensberakning. Halsokonsekvensberdkningen
liknar en nyligen publicerad berakning avseende 2019, av fortida dodsfall och uppkomst
av framst kroniska sjukdomar. Vara resultat avviker i olika riktning fran resultaten i
liknande beradkningar. En avgdrande och komplicerad anledning till skillnader i de
berdknade halsokonsekvenserna ar vilka exponerings-responssamband for specifika
fororeningar som man baserar sina berakningar pa, riskkurvans form och om det finns
nagon saker niva under vilken sambandet upphor. | denna studie har vi valt att luta oss
mot den vetenskapliga evidens som ges av hogkvalitativa epidemiologiska studier for att
sambanden mellan partikelhalt och dddlighet ar supra-linjara med den brantaste
riskdkningen vid de lagsta halterna, att effekterna ar starkare nara kdllan samt att det
inte finns stod for nagon troskelniva under vilken halten saknar betydelse. Nar vi raknar
ihop antal fortida dodsfall per ar som den regionala bakgrundshalten av PM2.5 berédknas
orsaka med de doédsfall som berdknas uppkomma till f6ljd av partikelutslapp pa
hemorten sa blir summan 4 264 fortida dodsfall relaterade till féroreningssituationen
2019. For samma exponeringssituation uppskattar vi att de lokalt genererade bidraget
till NO,-halten leder till ytterligare 428 fortida dodsfall per ar.

2030 berdknas befolkningsexponeringen for PM2.5 fran den regionala bakgrunden ha
minskat med omkring 2 % och fran urbana kallor med 22 % jamfort med 2019, vilket
indikerar hur mycket antalet fértida dodsfall skulle reduceras om allt 6vrigt ar
ofdrandrat.
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1 Background

Although air quality in Sweden has improved over the past decades limit values for air
quality are still being exceeded in some urban areas. Negative effects on human health
due to exposure of increased levels of air pollution still results in high socio-economic
costs on a national scale. Quantification of exposure to air pollution in both 2019 and
2030 on a national scale is valuable to evaluate progress made and the need of further
actions to improve air quality.

In 2021 the World Health Organization (WHO) presented new updated air quality
guidelines including recommendations for air quality levels to protect public health from
adverse effects from air pollution. The new guidelines were a result of a review of the
latest scientific knowledge which provided clear evidence that air pollution affects
health at lower concentrations than previously understood. The new guidelines were
used as a base for the proposal for a revised air quality directive with stricter air quality
limits which was presented by the EU Commission in October 2022. The negotiation of
the proposal is expected to start during spring 2023.

Air policies aim to reduce exposure to air pollution by setting limit and target values for
air quality together with reducing emissions. All EU member states have national
reduction commitments until 2030 for air pollutants through the so-called NEC directive.
Member states shall produce and implement national air pollution control programmes
which have to be updated at a minimum every fourth year as a tool to reach their
reduction commitments.

Sweden reported their first national programme to the EU in April 2019. According to
the national emission inventory and scenarios for air pollutants Sweden needs to
implement policies and measures to further reduce emissions of NO, and ammonia to
reach their national reduction target for 2030. The Swedish National Air Pollution
Control Programme contains two action areas for reduction of emissions of NOx and one
action area for reduction of emissions of ammonia. One of the action areas regarding
NOy includes emissions from industry and district heating and the other one emissions
from national transport. An updated version should be established and reported to the
EU during 2023.

National quantifications of population exposure based on air quality modelling can be
useful in several areas. SMHI has developed a new dispersion modelling approach,
based on the regional model MATCH and the CLAIR platform. This modelling approach
allows for national air quality assessments with high quality and high resolution. These
assessments provide improved data for health studies and cost analyses. Dispersion
results can be further used for assessing the potential of actions in the Swedish National
Air Pollution Control Programme, as well as supporting action plans and evaluating the
progress towards achievement of the Swedish environmental objectives.

2 Aim

The aim of the project was to do a national quantification of population exposure to
NO,, PMss and PMj for the year of 2019 and the scenario year of 2030 in urban
background. The year of 2019 was used as a baseline to avoid effects of the Covid-19
pandemic on the air quality. The exposure results were delivered to Umea University,
responsible for the health impact calculations.

The results from this study will be an important input when assessing the effects of
expected reduction of NO, emissions between today and 2030 with present policies and



measures and measures according to the Swedish National Air Pollution Control
Programme. It can also be used to evaluate possible effects of stricter limit values for air
quality and the progress towards achievement of the Swedish environmental objectives

for clean air.



3 Methodology

Calculations in this study follow the so called impact pathway (Segersson, 2021),
presented in Figure 1. All steps along the pathway are described below, from emission
preparation and dispersion modelling on regional and urban scale, to population
exposure and health impact assessment.

For year 2019, concentrations calculated using dispersion modelling are adjusted using
observations, both on a regional and urban scale.

Calculations are made for the baseline year 2019, as well as for two different scenarios
for 2030. The scenarios are also adjusted for observations from 2019, in order to make
the different datasets as comparable as possible. The exposure calculations use the
population data from 2019 also for the scenario year 2030 for comparison reasons.

Weighting by population data Economic evaluation

Concentration ]
distribution Health impact

eRoad traffic
eIndustries

ePopulation eCost benefit

eLong-range ° PM2.5 weighted ePremature analysis
transport o BC concentration mortality
oEtc. eMorbidity
* PM10 " .
Population *DALY'S Cost for society
exposure
Dispersion modelling Exposure response functions

Figure 1. Steps involved in calculation of health impact and costs following the impact
pathway (image from Segersson, 2021).
3.1 Emission data

Dispersion models require emissions as input data. Gridded emissions (1x1 km?
resolution) within Sweden have been prepared by SMED? for 2019, as well as for two
scenarios for year 2030, named “reference”* and “alternative”.

The assumptions for road emissions for the two scenarios for 2030 are described in Hult
et al. (2022). Table 1 (Hult et al. 2022) describes the difference in assumptions for road
traffic between the “reference scenario 2020” (our reference scenario) and the “EU
regulations scenario” (used in our alternative scenario). The EU regulations scenario
include:

e the assumptions from the “reference scenario 2020”,
e the greenhouse gas reduction mandate,

e model updates,

e higher rate of electrification,

e lower efficiency rate for combustion engines and more strict EU CO2
regulations.

3 Geographically distributed emission data from SMED (emission year 2019):
https://www.smhi.se/data/miljo/nationella-emissionsdatabasen

4 Emission data reported to the EU in March 2021.


https://www.smhi.se/data/miljo/nationella-emissionsdatabasen

For example, the number of newly registered fully electric cars in 2030 is 18% in the
reference scenario® and 68% in the EU regulations scenario®.

In regards to other emission sectors, the alternative scenario includes

e adecrease in NOy emissions from public electricity and heat production by 2
kton by 2030 compared to the reference scenario.

e adecrease in NOx emissions from industrial combustion plants (the pulp and
paper industry) by 3.6 ktons by 2030 compared to the reference scenario’.

Emissions from the rest of Europe are based on different data sources for 2019 and
2030. For 2019, EMEP emissions® are used (0.1 degree resolution), while for 2030, the
emission scenario ECLIPSE V6b?® is used (0.5 degree resolution). ECLIPSE data is used for
example in the GAINS model and include assumptions in line with the revised EU NEC
Directive. A special delivery of ECLIPSE data was used, which excluded Swedish
emissions, thus allowing combination with the prepared SMED emission data described
above.

Emissions from forest fires are also included in the European model calculation, in the
form of daily data from CAMS Global Fire Assimilation System (CAMS-GFAS). These
emissions are equal for 2019 and the two 2030 scenarios.

Using two different sources of European emission data for 2019 and 2030 is not ideal, as
there are differences in methodology and resolution, which affect the comparison
between the results. EMEP emissions for 2019 are of high quality and relatively high
resolution. Unfortunately, there is no geographically distributed emission scenario for
2030 from EMEP. ECLIPSE, on the other hand, has emission data for both 2019 and
2030, but at a much coarser resolution. We decided to use EMEP for 2019, in order to
create the best possible assessment for the baseline year. Scenario years are in multiple
ways connected to further uncertainties (both in emission levels and spatial
distribution), and ECLIPSE emission data is regarded as the best choice for 2030.

3.1.1  Further improved urban emissions

In order to allow higher spatial resolution than 1x1 km? for the urban dispersion
modelling, the gridded emissions from SMED were improved by using more detailed
representations for road traffic, large point-sources and for small-scale residential
heating.

High resolution emissions from small-scale residential heating have been attained by a
method that combines data from the chimney sweeps records, the property register and
fuel statistics from the Swedish Energy Agency. These emissions are scaled regionally
with regional total emissions from SMED in order to fully comply with national statistics.

5 Table 5 in SMED PM (https://admin.smed.se/app/uploads/2021/01/SMED-PM_NOx-i-
klimatscenarier-f%C3%B6r-v%C3%A4gtrafik.pdf)

¢ Table 4 in Hult et al., 2022
(https://www.ivl.se/download/18.147¢3211181202f18d1ec0b/1656151330841/C668.pdf).

7 E-mail from Maria Ullerstam, Naturvardsverket, 2021-12-13

8 EMEP emission database (emission year 2019): https://www.ceip.at/webdab-emission-database

9 ECLIPSE V6b global emissions from IIASA (emission year 2030):
https://previous.iiasa.ac.at/web/home/research/researchPrograms/air/ECLIPSEv6b.html



https://admin.smed.se/app/uploads/2021/01/SMED-PM_NOx-i-klimatscenarier-f%C3%B6r-v%C3%A4gtrafik.pdf
https://admin.smed.se/app/uploads/2021/01/SMED-PM_NOx-i-klimatscenarier-f%C3%B6r-v%C3%A4gtrafik.pdf
https://www.ivl.se/download/18.147c3211181202f18d1ec0b/1656151330841/C668.pdf
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https://previous.iiasa.ac.at/web/home/research/researchPrograms/air/ECLIPSEv6b.html

Road emissions are calculated using the Swedish National Road Database??, emission
factors from HBEFA 4.1'%, together with fleet composition, and traffic flow as described
by the air quality system SIMAIR? which is an application based on the CLAIR platform
(see section 3.3.1). The road database contains for example traffic data such as annual
average daily traffic, the fleet composition and usage of studded tyres in different
regions in Sweden. An additional improvement was introduced for tunnels,
approximating emissions at tunnel entrances and exits by emissions generated inside
the tunnel (emissions from the first 300m in the tunnel are moved to the tunnel
entrance, in both ends). Hourly exhaust and non-exhaust emissions are calculated for
each road.

The non-exhaust emissions from traffic are modelled using the emission model
NORTRIP3, which has recently been integrated into the CLAIR platform. This
model is used to calculate non-exhaust emissions hour-by-hour and considers
meteorological conditions such as humidity, precipitation, temperature etc in order to
estimate direct emissions to the air, as well as emissions that are retained temporarily
on the road, forming a dust layer that may be suspended later. The most important
processes generating non-exhaust emissions from road traffic are road, brake and tyre
wear. Where sanding is used during winter time, this constitutes an additional source.
The size-distributions for PM generated by these different processes are prescribed in
the NORTRIP model configuration (for the calculations in this project, the default size-
distributions are used). When all different processes represented in NORTRIP are
considered the fraction of PM2.5 in relation to PM10 is approximately 8%. This is a lower
fraction than has been assumed in previous studies, resulting in lower emissions of non-
exhaust PM2.5 in this study in comparison to other studies (e.g. Segersson et al. 2017).

For the 2030 scenarios, emission factors and fleet composition were adjusted according
to the scenario assumptions. For small-scale residential heating, the emissions for 2019
were scaled to agree with the scenario emissions from SMED at 1x1 km? resolution,
while maintaining a higher spatial resolution.

Changes between 2019 and 2030 that are considered by NORTRIP are: increase in traffic
volume, changes in share of heavy vehicles and changes in share of studded tyres during
winter time. Other changes between 2019 and 2030 are likely, but uncertain. The
increased average weight of vehicles due to electrification is one such example. The
relation between vehicle weight and non-exhaust emissions from e.g. road wear is not
well known and not described by NORTRIP. Consequently, this aspect was not
considered. Also, changes in road maintenance (sanding, salting, cleaning, ploughing and
dust-binding) are not considered. For 2030, the share of studded tyres is in general
lower than for 2019 (a decrease expected in southern Sweden of approximately 10-20
percentage points), which decreases the non-exhaust emissions. The overall increase in
traffic volume on the other hand (by approximately 10%), increases the emissions,
especially if there is also an increased share of heavy vehicles (a slight increase expected
by 2030 by approximately 1 percentage point). No detailed analysis was performed
regarding how the different processes generating non-exhaust emissions change in the

10 Swedish National Road Database: https://www.nvdb.se/sv/about-nvdb/
' HBEFA: https://www.hbefa.net/e/index.html

12 Technical documentation of SIMAIR:
https://www.smhi.se/forskning/forskningsenheter/luftmiljo/simair-teknisk-beskrivning-1.602

13 NORTRIP: https://www.nilu.no/wp-content/uploads/dnn/23-2012-BDE-IS_NORTRIP-model-
description.pdf



https://www.nvdb.se/sv/about-nvdb/
https://www.hbefa.net/e/index.html
https://www.smhi.se/forskning/forskningsenheter/luftmiljo/simair-teknisk-beskrivning-1.602
https://www.nilu.no/wp-content/uploads/dnn/23-2012-BDE-IS_NORTRIP-model-description.pdf
https://www.nilu.no/wp-content/uploads/dnn/23-2012-BDE-IS_NORTRIP-model-description.pdf

future scenarios. Also, since emission calculations were performed for individual roads
in parallel with the dispersion modelling, no total national emission for non-exhaust
emissions is presented.

In the following diagrams (Figure 2) Swedish emissions are presented for 2019 and the
two scenarios for 2030. The different emission sectors are defined according to the
GNFR activity categories'* which are presented in Table 1. Note that non-exhaust traffic
emissions are not included in the diagrams, because emissions are calculated
dynamically within the dispersion modelling calculations.

In Table 2 total emissions for 2019 and the two emission scenarios for 2030 are
presented, and the emission reduction compared to 2019 and compared to the
reference scenario 2030 is calculated.

Table 1. GNFR emission sectors and descriptions.

GNFR h)escription
A: PublicPower [Emissions from public electricity and heat production
B: Industry IEmissions from industrial combustion plants

C: OtherStationaryComb [Emissions from small combustion plants

D: Fugitive Fugitive emissions

E: Solvents [Emissions from the use of solvents

F: RoadTransport [Emissions from road transport

G: Shipping [Emissions from domestic shipping

H: Aviation [Emissions from landing and take-off, for domestic

and international flights

I: Offroad Emissions from offroad mobility, such as machinery
used in industry, households, agriculture, railways
and fishing.

J: Waste [Emissions associated with waste handling (except

combustion for energy).

K: AgriLivestock [Emissions associated with livestock and manure
management
L: AgriOther IAll other agricultural emissions, such as fertilizer,

crops and field management

M: Other Other anthropogenic sources
IN: Natural IEmissions from natural sources, such as forest fires.
14 GNFR activity codes:

https://www.ceip.at/fileadmin/inhalte/ceip/1_reporting_guidelines2014/annex_i_rev18-11.xIsx



https://www.ceip.at/fileadmin/inhalte/ceip/1_reporting_guidelines2014/annex_i_rev18-11.xlsx

O: AviCruise

[Emissions from the cruise phase of both domestic and
international flights

P: IntShipping

[Emissions from international shipping.

z Memo

Multilateral operations
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Figure 2. Swedish emissions by sector for 2019, 2030 reference scenario and 2030
alternative scenario for a) NO,, b) PM10 and c) PM2.5.



Table 2. Swedish emissions for 2019 and the two scenarios for 2030.

Pollutant NOx PM10 PM2.5

2030 |2030 2030 |2030 2030 |2030
Year/scenario 2019 | ref alt 2019 | ref alt 2019 | ref alt
Total emission 241 158 151 | 2390| 1815918147 | 1773 | 13448 |13 445
(ton) 829 160 972 7* * * 6* * *
Reduction compared to 24.0% | 24.1% 24.2% | 24.2%
2019 34.6% | 37.2% * * * *
Reduction compared to
2030 reference 3.9% 0.1% 0.0%

* Note that non-exhaust traffic emissions are not included.

In Figure 3 to Figure 8 some examples of emission data are visualized, for road
emissions, small-scale residential heating emissions and shipping emissions.
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Figure 3. Road emissions of NOx for 2019 for Sweden.
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Figure 4. Road emissions of NOx for 2019 zoomed in over Gothenburg. The emissions are
line sources along the Swedish national road database.
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Figure 5. Emissions of PM2.5 from small-scale residential heating for 2019 over Sweden.

PM2.5 emission

01 . g
0

Figure 6. Emissions of PM2.5 from small-scale residential heating for 2019 zoomed in
over Gothenburg. The emission data has a resolution of 100 m.
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Figure 7. Domestic civil shipping emissions of NO for Sweden for 2019.

Figure 8. Domestic civil shipping emissions of NOx for 2019 zoomed in over the southeast
Swedish coast. The emission pattern is based on the SMHI emission model
Shipair.
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3.2 Meteorological data

The meteorology data that is used in the model runs are gridded data for 2019. In the
MATCH model, 3-dimensional meteorological data for all of Europe is needed and data
from the ECMWF weather model HRES® (0.1 degree resolution) is used. For the urban
dispersion modelling, hourly weather data from MESAN® (2.5 km resolution) is used,
together with global radiation from STRANG?’.

The meteorology varies from one year to the next, which can cause variations in air
pollution concentrations and in e.g. precipitation. Generally, cold and stable weather
tends to create atmospheric conditions which promote high air pollution levels while
wet and windy weather tend to have a decreasing effect on air pollution levels.
Emissions from natural sources vary with the meteorology but the anthropogenic
emissions usually vary less between each year.

The year of 2019 was a warm and wet year® compared to the 30-year period of 1961-
1990, which is the standard normal period decided by the World Meteorological
Organization. The warm weather, not only in Sweden but in all of Europe, has effects on
for example ozone and particulate matter. Warm and sunny weather in the summer
months increases ozone production. Warm weather in the winter months decreases the
amount of PM emissions from small-scale heating, thus also likely has a reducing effect
on the concentration levels of particles.

In Figure 9 the temperature and precipitation deviation of 2019 from the normal period
is shown for Sweden.

15 HRES meteorological data: https://confluence.ecmwf.int/display/FUG/HRES+-+High-
Resolutiont+Forecast

16 MESAN meteorological data: https://www.smhi.se/data/utforskaren-oppna-data/meteorologisk-
analysmodell-mesan-arome-api

7 STRANG global radiation data: https://www.smhi.se/forskning/forskningsenheter/atmosfarisk-
flarranalys/strang-en-modell-for-solstralning-1.329

18 SMHI: https://www.smhi.se/klimat/2.1199/aret-2019-varmt-och-blott-1.154497
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Figure 9. Annual mean deviations in temperature (°C) and precipitation (percent) from
the normal annual mean (mean value of 1961-1990) for 20189.

3.3 Dispersion calculations

3.3.1  The CLAIR platform

In recent years, SMHI has built a new air quality modelling toolbox called CLAIR, which
features urban and local dispersion models downscaling modelled regional scale
concentrations of air pollutants, integrated with bottom-up national emission inventories
and models as well as monitoring data.

The CLAIR platform allows parallel execution of urban and/or local scale dispersion
models. CLAIR includes tools to perform modelling using a tiled approach, where urban
scale dispersion modelling is performed for multiple small areas (around 10x10 km?) and
then aggregated to produce a complete dataset (Segersson et al., 2021). This allows for
very high-resolution model results across the whole of Sweden.

The modelling toolbox has undergone thorough evaluations and has been applied for
multi-year exposure simulations regionally and nationally for Sweden aimed at developing
new dose-response functions for health impacts and serves as a core component in a
range of on-going research projects and air quality services currently provided at SMHI.

3.3.2 The modelling concept

A combination of dispersion modelling at regional and urban scale has been used, where
transport over longer distances than around 15 km is described by the regional
dispersion model MATCH (Multi-scale Atmospheric Transport and CHemistry model)
(Robertson et al., 1999; Andersson et al., 2007; Andersson et al., 2014) and transport at
shorter distances is described using the Gaussian model NG2M which is run on the CLAIR
platform. Each model is tailored to capture the most important processes at the spatial
and temporal scale for which they are applied.
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In order to avoid double-counting contributions from sources when adding

concentrations from the regional and the urban dispersion model, the contribution from

local sources is first removed from the regional concentration fields. This is handled by
post-processing scheme named BUDD (Backtrace Upwind Diffuse Downwind). BUDD

a

follows a trajectory upstream to find the concentration unaffected by nearby emissions.

A vertical profile at the upstream location is then allowed to diffuse while travelling
downstream, ensuring that high-level emissions at the upstream location are not
neglected.

The full modelling concept is further described in Segersson et al. (2021). In Figure 10
the concept is presented in a schematic diagram.

EMEP/ECLIPSE SMED Bottom-up emissions NORTRIP
European Swedish road network, traffic data, non-exhaust
emissions emissions point sources, small scale... emissions

ECMWF 3D MESAN 2D
meteorology

2.5x2.5 km?

STRANG
radiation data

meteorology
11x11 km?

A 4 vy vy A 4 A 4

4 N
4 A NG2M
MATCH urban scale dispersion model
regional scale 250x250 m?
chemistry transport model \ ¥ 4
11x11 km? Europe 4 P . )
5x5 km? Sweden ost processing
> NOyx = NO>
statistics
% \ Y,
A 4 v
Regional bias correction Urban bias correction
using regional using urban
background stations background stations
\ 4 A 4 A 4
BUDD

non-local contribution

! '

REGIONAL contribution URBAN contribution

Figure 10. Schematic presentation of the modelling concept used in this study.
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3.3.3 Regional scale dispersion calculations

The chemical transport model MATCH is used to calculate the regional concentration
levels at a 5 km horizontal resolution. A model run is first carried out for all of Europe on
0.1 degree resolution (approximately 11 km). A nested model approach is used to
further increase spatial resolution over Sweden to 5 km. Results from the coarser model
run is used as boundary conditions. This method allows for MATCH to capture
contributions from the entire European continent, and have higher resolution over
Sweden, despite very heavy MATCH calculations on a supercomputing cluster at the
National Supercomputer Centre (NSC) in Link6ping.

Emissions from forest fires are included in the European model calculation, in the form
of daily data from CAMS Global Fire Assimilation System (CAMS-GFAS). Sea salt
contribution to particulate matter is also included in the MATCH calculation.

There are particle emission sources that are diffuse and difficult to describe; for example
dust from agriculture, pollen and other natural sources; which are partly or totally
missing in the emission data used in this modelling. In order to avoid systematic
underestimation of modelled particle levels, a bias-correction is carried out using
hourly/daily regional measurement data for 2019. The daily bias is calculated at the
location of each regional background measurement site, and an interpolation is then
carried out hour by hour over Sweden, where the delta is used to adjust the modelled
concentration fields.

A similar approach is used for regional measurements of NO; and Os, in order to create
the most accurate regional background concentrations for 2019.

For the scenarios of 2030, the same measurement adjustments are used as for 2019, for
particulate matter. It is assumed that the delta seen in regional background is mainly
caused by (primarily natural) emissions that are not included in the emission inventories.
These emissions are thought to be missing for 2030 as well, which motivates the same
delta as for 2019.

Finally, the post-processing scheme named BUDD (Backtrace Upwind Diffuse Downwind)
is applied to the regional concentrations in order to not double count contributions from
urban sources.

3.3.4  Urban scale dispersion modelling

An urban contribution to the pollution concentration levels at a 250 m resolution is then
calculated using the modelling toolbox CLAIR, with the Gaussian dispersion model
NG2M.

In order to efficiently run the NG2M dispersion model, the national domain is divided
into sub-domains here called tiles. Each tile is 10x10 km large and corresponds to a
model run. For each tile, emission sources within the tile and an emission buffer zone
are included in the simulation. The horizontal resolution is 250 meters, which means
that each tile contains 40x40=1600 receptor points.

Within the modelling domain, the urban scale dispersion modelling has been limited to
all (10x10 km?) tiles where at least one person lives, leading to 3738 tiles in total, which
in turn means that concentrations have been calculated at almost 6 million receptor
points. For the tiles where there is no population, the regional scale modelling results
have been used instead, in order to obtain a full result.
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Figure 11. The tiles (sub-domains) where urban scale dispersion modelling has been
carried out can be seen in the map (white cells). For black cells, no urban-scale
modelling is run and the concentrations are only described using the regional
scale dispersion model.

The dispersion simulations are run hour-by-hour, using hourly meteorological input,
hourly emission data and also hourly data for regional background concentrations.

To provide a source apportionment, five emission sectors are handled separately in the
NG2M model. The following sectors have been used in the project (see Table 1 for
information on GNFR sectors):

e Traffic exhaust: GNFR sector F (excluding tyre and brake wear, road abrasion)
e Traffic non-exhaust: non-exhaust calculated using NORTRIP

e Small-scale residential heating: GNFR sector C2

e Shipping: GNFR sectors G, P

e Other sources: GNFR sectors A, B, C1,E, H, |, J, K, L

The different sectors are treated as different source types in the NG2M dispersion
model. Traffic sources are line sources for each road segment and small-scale heating
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are gridded sources at 100 m resolution. Shipping emissions are also treated as gridded
emission sources, while the “other sources” sector contains a mixture of gridded
emissions and discrete point sources for large industrial facilities. The NG2M model
point sources to include effects of plume-rise and downdraft. Gridded emissions may
have different release heights for different sectors.

While the CLAIR system runs on a server at SMHI, the NG2M dispersion model is
executed remotely on a supercomputing cluster at the National Supercomputer Centre
(NSC) in Linkoping. Multiple tiles are run in parallel, and within each tile the NG2M
model is parallelized in time and for substances, allowing for all pollutants to be
modeled in the same run.

In order to model NO,, the CLAIR system first models NOy, then postprocesses the
hourly NOy results to obtain NO; and Os, assuming pseudo steady-state (Berkowicz et al.,
2011). The postprocessing is performed on the same resolution as the NG2M dispersion
model results and the regional background is interpolated to match the local grid.

As a final step in the simulation in each tile, relevant statistical metrics are calculated,
such as yearly means and percentiles relevant to each substance modelled.

Finally, using hourly/daily urban background measurements, a correction is carried out
based on the bias at each measurement site. Correction factors are gradually dampened
with distance from the measurement site. At distances longer than 30 km there is no
influence from an urban monitoring station.

All available hourly and daily measurements with enough data availability (minimum
75%) in urban background are used for PM10, PM2.5 and NO.. Scaling is done on the
annual mean and on percentiles. The scaling factor is applied equally to all source
contributions. The urban scaling is applied to the 2030 scenarios as well in order to
improve comparability between the years.

A validation of model results compared to urban background measurements is carried
out for 2019 and presented in section 4.4, in order to ensure sufficient model quality.

3.4 Exposure calculations

In order to do exposure calculations, spatial population data is needed. In this project,
data from Statistics Sweden is used, which includes gridded number of inhabitants at
250x250 m? grids within urban areas and 1x1 km? grids outside urban areas. The
population data is divided into the age categories 0-15, 16-20, 21-30, 31- 50, 51-65 and
above 65 years. Population data is from the register of total population 2019-12-31.

For the annual average concentrations of PM10, PM2.5 and NO,, population exposure is
calculated for each age category as well as for the total population. Exposure is
calculated for the total concentrations, but also divided into a regional and an urban
contribution. For PM, which is treated as inert in the urban dispersion modelling, the
urban contribution is further divided into source specific contributions from small-scale
residential heating, shipping, road traffic (exhaust), road traffic (non-exhaust) and other
sources.
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3.5 Health impact assessment
3.5.1 Estimation principles and components

Health impact assessments (HIAs) are built on epidemiological findings; exposure-
response functions (ERFs) and population relevant rates describing how frequent the
health outcome is. A typical ERF shows how the relative risk changes with the exposure.
The common health impact calculation has four components: a relevant epidemiological
ERF, a baseline rate for the health outcome in the studied population, the number of
persons exposed and their estimated “exposure” (here pollutant concentration).

The excess number of cases per year has been calculated as:
Ay = (yo* pop) (€® " 4x- 1)

where y,is the baseline rate, pop is the affected number of persons; 8 is the exposure-
response function (natural logarithm of relative risk (RR) per change in concentration),
and x is the estimated (excess) exposure (WHO, 2016b).

Information on the population number and age distribution in different geographical
areas, as well as the base-line rates in the country or region, can often be obtained from
registers or official statistics and could then be seen as objective facts. The exposure
data can originate from different monitoring or modelling methods with potential
differences also in spatial and temporal resolution, which could result in differences in
exposure estimates even for the same case or scenario. The probably most important
and complicated reason for potential differences in the estimated health impacts is the
assumed exposure-response function for the specific exposure, the slope and if there is
a lower threshold below which no association exists. Epidemiological studies, and also
wider literature reviews with a meta-analysis, may produce quite different exposure-
response functions as result of the included data, or for different study locations and
concentration ranges.

Another complicated question in an HIA is how to deal with correlated exposures, for
example fine particles (usually measured as PM2.5) and NO,. When the ERF comes from
a single-pollutant model it is not adjusted for the potential effect of any other pollutant.
In such a case, the ERF for PM2.5 may partly be driven by effects from the positive
correlation with NO; and vice versa. If the health impacts are calculated separately from
both pollutants this may cause an overestimation (“double counting”) of the burden. If
instead only one of two pollutants with causal effects is studied, this would lead to an
underestimation of their total health impacts. In some HIAs this has motivated the use
of ERFs from a multiple-pollutant model. Another pragmatic solution has been to reduce
one of the ERFs by a certain percent.

The impact of PM2.5 on premature mortality, sometimes expressed as years of life lost,
has been the major health effect of air pollution exposure in almost all health impact
assessments regardless of if the national or global burden was estimated. The
established association between particle exposure and mortality continues to be the
major air pollution related health problem according also to the new WHO Air Quality
Guidelines (WHO, 2021). During the more than 15 years that have passed between the
last and new air quality guidelines, new studies have reported adverse effects at much
lower levels than previously reported, which has resulted in more strict guidelines.
Moreover, recent studies of mortality with rather low concentrations of PM2.5 have
reported higher relative risks per unit increase in concentration (steeper increase),
especially for PM2.5 from local sources (Segersson et al, 2021).

Air pollution exposure is however not only associated with mortality, but also associated
with a considerable burden of disease related to morbidity effects, as shown by the
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Global Burdens of Disease Project (GBD 2019 Collaborators, 2020). In the past, most
health impact calculations focused on the effects of short-term exposure on short-term
effects such as the daily number of hospital admissions, based on results from time-
series studies. More recently the focus has changed towards estimation of the impact on
the incidence of chronic diseases, based on ERFs from cohort studies.

As one of the aims of this study according to Naturvardsverket (Swedish EPA) has been
to compare the results with the population exposure modelled for 2019 in this study
with the reported results for 2019 obtained in a parallel study using different methods
to calculate the population exposure, the core health impact calculations are made by
the same author (BF) with the same ERFs and baseline rates as were selected for the
parallel study (Gustavsson et al, 2022). For this reason, the two following sections on
ERFs and baseline rates (3.5.2 and 3.5.3) are almost identical with the corresponding
sections in the previous report (Gustavsson et al, 2022). In addition, some sensitivity
analyses have been included when motivated by reports published 2022.

3.5.2 Mortality

Fine particles have different origin, composition and properties in different places.
Particles may be primary or secondary, natural or anthropogenic, and consist more or
less from minerals, soot, metals, salts etcetera. Thus, depending on the location, spatial
resolution and the particle exposure variables, studies have a different potential to
reflect the association between a specific type of exposure and mortality.

A systematic review of the evidence of associations between long-term exposure to
particulate matter (PM2.5 and PM10) was recently published with the objective to
support the new WHO Air Quality Guidelines (Chen & Hoek, 2020). For natural-cause
mortality, the combined effect estimate across 25 studies was 1.08 (95% Cl 1.06 - 1.09)
per 10 pg/m3. The authors comment that “the large heterogeneity of effect estimates
across studies suggests that health impact assessments in specific locations may have
fairly large uncertainty”. Notable, for the five studies with the lowest mean
concentration, all below 10 ug/m?3 and relevant for Sweden, the combined effect
estimate was more than doubled, 1.17 per 10 pug/m3 (95% Cl 1.12 - 1.23). This higher
relative risk could perhaps be a result of less variation in exposure explained by the
regional background in the underlying studies, and more variation in exposure related to
local sources and within-city patterns.

A recent Swedish health impact assessment questions the use of the same exposure-
response function for PM2.5 and mortality regardless of the exposure level (Segersson
et al, 2021). It is now well documented that the increase in risk per ug/m?is bigger at
low total PM2.5 concentrations and for the local sources such as traffic, than for the
regional background of PM2.5. It has been shown, even within large cohort studies, that
the scale of spatial variability in concentrations is important for the estimated increase
in mortality per ug/m3 (Segersson et al, 2021). Turner et al (2016) in their multiple
pollution model observed a more than six times higher relative risk (1.26 per 10 pug/m?3)
per absolute increase in concentration for near-source PM2.5 in comparison with
regional PM2.5 (1.04 per 10 pug/m3). Lefler et al (2019) found similar patterns and
concluded that regressions using spatially decomposed PM2.5 suggest that more
spatially variable components of PM2.5 may be more toxic. An important review used
meta-regression techniques to test whether study population or analytic characteristics
modify the PM2.5 -mortality association and to estimate the shape of the concentration-
response curve (Vodonos et al, 2018). The authors found the PM2.5 coefficient to
decrease inversely proportional to the mean concentration. For all-cause all-age
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mortality, a 1 ug/m? increase in PM2.5 was associated with a 1.29% increase in all-age
all-cause mortality at a mean exposure of 10 pg/m?, which decreased to 1.03% at a
mean exposure of 15.7 ug/m3 (the mean level across all studies). Restricted to studies
with mean PM2.5 concentrations below 10 pg/m3, the increase was 2.4% (95% CI 0.8 -
4.0) increase per 1 ug/m?3.

A study of the Canadian community health survey cohort (Pinault et al, 2016) is
interesting because of the low PM2.5 concentrations with a mean = 6.3 pg/m? and the
detailed data on life style. For non-accidental mortality, the relative risk was 1.26 (95%
Cl: 1.19 - 1.34) per 10 pg/m3, and although the lowest measured concentration of PM2.5
was 1 pg/m?3, the authors found no lower threshold for response.

A new important European study is the pooled analysis of eight cohorts in the multi-
centre project Effects of Low-Level Air Pollution: A Study in Europe (ELAPSE). In this
study 325 367 adults were followed-up for an average of 19.5 years, with 47 131
observed deaths. An increase of 5 ug/m?in PM2.5 was associated with 13% (95% Cl 10.6
- 15.5) increase in natural deaths (Strak et al, 2021). Associations tended to be steeper at
low concentrations, levelling off at high concentrations. For participants with exposures
below the US standard of 12 pg/m? an increase of 5 ug/m?3 in PM2.5 was associated with
29.6% (95% Cl 14% - 47.4%) increase in natural deaths.

A recent Swedish multi-cohort study within the Swedish Clean Air and Climate Research
Program (SCAC) high-resolution dispersion models were used to estimate annual mean
concentrations of PM10, PM2.5 and BC at individual addresses during each year of
follow-up, 1990-2011 (Nilsson Sommar et al, 2021). Moving averages were calculated for
the time windows 1-5 years (lag1-5) and 6-10 years (lag6-10) preceding the outcome.
For PM2.5 (range: 4.0 - 22.4 ug/m?3), the estimated increase in SCAC was 13% per 5
ug/m3, as in a Danish cohort (Hvidfeldt et al, 2019) and the European multi-cohort study
ELAPSE (Strak et al, 2021), but less precise (95% Cl -9 - 40%). However, for cardiovascular
mortality the increase in SCAC was bigger and statistically significant, 23% per 5 pug/m3
PM2.5 (95% CI 3 - 48) for lag 1-5 years.

Since a large part of PM10 is PM2.5, and the finer fraction generally is found to be more
toxic, it is not possible to estimate the long-term effects on mortality of both PM2.5 and
PM10 as they were independent, even if some relative risks associated with PM10
exposure have been published.

A systematic review of the evidence of associations between long-term exposure to NO;
and mortality was recently published with the objective to support the new WHO Air
Quality Guidelines (Huangfu & Atkinson, 2020). For natural-cause mortality, the
combined effect estimate across 24 studies was 1.02 (95% Cl 1.01 - 1.04) per 10 pg/m3.
In this case the evidence was considered moderate, but this estimate from single
pollutant models was used as basis for the guideline development (WHO, 2021).
However, associations between NO, and mortality have been sensitive to adjustment for
particles. Results from multiple pollution models report relative risks more in line with
the lower end of the 95% Cl from Huangfu & Atkinson (Turner et al, 2016; Stieb et al,
2021).

Assumed functions and baseline for mortality

Recent studies investigating the associations between the local variation in long-term
levels of PM2.5 and mortality in adult cohorts consistently find much higher relative
risks than typical when all types of studies are considered. High meta estimates are also
obtained when results from studies with low levels are combined, but this is likely
because these results are more than other studies influenced by local sources and
contrasts within cities, and less by variation in the regional background concentrations.
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As the most relevant relative risk assumption for local sources, traffic and domestic
wood burning, we see the original results reported by Turner et al. (2016), Pinault et al.
(2016), Hvidfeldt et al. (2019), Strak et al. (2021) and Nilsson Sommar et al. (2021),
which also were supported by the analyses by Vodonos et al. (2018) and Lefler et al.
(2019). We here apply a relative risk of 1.26 per 10 ug/m3, and 95 % confidence limits
from Turner et al (2016).

For the effect on mortality from the regional background concentration of PM2.5,
mainly long-distance transported particles, and for the urban contribution of NO, we
apply the overall relative risks assumed in the WHO Air Quality Guidelines (WHO, 2021):
1.08 and 1.02, respectively per 10 pg/m3. Given the low regional background levels of
NO; in Sweden in relation to levels in the epidemiological studies, and the before
commonly assumed thresholds, no impacts are assumed from the regional background
of NOz.

The cited studies of long-term exposure and mortality all include only adults, typically 30
years or older when the follow up started. We here estimate the effect of long-term
exposure on persons older than 30 years. Statistics from The National Board for Health
and Welfare (Socialstyrelsen) reported for Sweden 2019 a total mortality of 1338 deaths
per 100 000 persons in the age group 30+ based on data from the national Cause of
Death Register®®.

3.5.3 Morbidity

According to international scientist’s air pollution increases morbidity from a wide range
of diseases (Thurston et al., 2017; Schaffer et al., 2019, Perera et al., 2019). According to
WHO there is strong evidence for ischemic heart disease, stroke, chronic obstructive
pulmonary disease (COPD), lung cancer and acute respiratory infections, and a growing
body of evidence suggesting causal relationships for type Il diabetes, short gestation and
low birth weight and neurological diseases (WHO, 2021). Besides the trend of a growing
list of morbidity outcomes associated with air pollutants, especially PM2.5, the strength
of evidence is judged a bit different by different experts and organizations.

Since a large part of PM10 is PM2.5, and the finer fraction generally is found to be more
toxic, it is as for mortality not possible to estimate the long-term effects on morbidity of
both PM2.5 and PM10 as they were independent, even if some relative risks associated
with PM10 exposure have been published.

Selected exposure-response functions and baselines for morbidity

In this health impact assessment we also for morbidity apply the same ERFs and baseline
rates as were selected for the parallel Swedish study (Gustavsson et al, 2022). These
outcomes and relative risk functions were selected after a literature review initiated by
the Swedish Transport Administration for health cost calculations related to local
emissions from road traffic (Soderkvist et al., 2019; Forsberg et al., 2021), except for
stroke where we apply the relative risk from a more recent European multi-cohort study
(Wolf et al, 2021). These relative risks were recommended to apply when the impact of
local PM2.5 emissions is studied, which usually means exposures upon a regional
background. Because most morbidity studies build on within-city variations in exposure
and the lower side of the exposure range usually is above 5 pg/m3, these risk estimates

19 Cause of Death Register: https://www.socialstyrelsen.se/statistik-och-
data/statistik/statistikdatabasen/
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have not in HIAs been used for concentrations below new WHO Air Quality Guideline for
PM2.5 of 5 ug/m3 as annual mean. The same restriction was used in the parallel study
and thus also in this study.

We have not judged it possible to also calculate corresponding health impacts related to
NO; itself because of the correlation between the pollutants and lack of adjusted risk
estimates.

The selected risk estimates are listed in Table 3 together with the corresponding
baseline frequencies that are applied. National health register data were obtained from
The National Board for Health and Welfare?® (Socialstyrelsen) and the frequency usually
represents 2017. For all diseases except childhood asthma the baseline frequency is
calculated for incident (new) cases. For preterm birth and childhood asthma the baseline
is estimated from prevalence data, the proportion of births that are preterm, and the
proportion of persons with a persistent childhood asthma when they turn 20.

Table 3. Applied relative risks and the corresponding baseline frequencies.

Outcome/at risk RR from RR per 10 % per 1 | Freq/pers | Freq from
(source)* ng/m? year (source)*
Myocardial Cesaroni G, 1,12 1,1 0,00246 National
infarction/>30 yrs 2014 health
register
Stroke/>30 yrs Wolf et al, 1,44 3,7 0,00253 National
2021%* health
register
Lung cancer/>30 yrs Hvidtfelt U, 1,28 2,5 0,00042 National
2021 health
register
Dementia/>50 yrs Yu X, 2020 1,17 1,6 0,00577 Van Bussel,
2017
Diabetes/>15 yrs He D, 2017 1,25 2.3 0,00400 Norhammar,
2016
COPD/>50 yrs Weichentahl S, | 1,20 1,8 0,00157 Lindberg,
2017 2006
Childhood asthma/-20 | Khreis H, 2017 | 1,34 3,0 0,07500 Oudin, 2017
yrs
Preterm birth Klepac P, 2018 | 1,24 2,2 0,056*** National
health
register
*/ for details see Soderkvist et al. (2019) and Forsberg et al. (2021) **
<15 ug/m? ***/proportion of births

20 National health register: https://www.socialstyrelsen.se/statistik-och-
data/statistik/statistikdatabasen/
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The selection of risk functions takes into account how relevant and established the
presented results are, where meta-estimates (from a literature review) and European
multi-cohort results with relevant exposures were seen as a goal. European multi-cohort
results are used for myocardial infarction (ESCAPE), stroke (ELAPSE) and lung cancer
(ELAPSE). The relative risks applied for PM2.5 and diabetes, childhood asthma, dementia
and preterm birth are all from review papers with a calculated meta-estimate. It is only
for COPD the applied risk function comes from one single large study that was
conducted in Toronto. The selection of these risk functions is further discussed in
reports from the Swedish Transport Administration (Séderkvist et al., 2019; Forsberg et
al., 2021).

3.5.4 Investigated sources and scenarios

This health impact assessment builds on the population exposure calculated in this
study, and is organized to make it possible to add the impacts and still avoid double
counting. Detailed calculations are undertaken for 2019 based on the collected
population data and selected baselines. Relative changes associated with the 2030
scenarios are estimated.

Impact of regional background PM,.s on mortality

We estimate the impact of regional background PM; s on all-cause mortality in persons
older than 30 years of age and apply the overall relative risk assumed in the WHO Air
Quality Guidelines (WHO, 2021) 1.08 per 10 pg/m?3. In lines with epidemiological results
we assume no threshold below which the association not exists.

Impact of urban source PM; s on mortality

We estimate the impact of PM2.5 from all studied urban sources on all-cause mortality
in persons older than 30 years of age and apply a relative risk of 1.26 per 10 pg/m>.

Impact of urban source NO; on mortality

We estimate an impact of NO; itself on all-cause mortality in persons older than 30 years
of age without any specific cut off but only from the urban contribution. We apply the
overall relative risks assumed in the WHO Air Quality Guidelines (WHO, 2021) 1.02 per
10 pg/m?.

Impact of regional and urban PM on morbidity

We estimate the impact only of PM,.s on morbidity, applying the same risk functions
regardless of type of particle source. For diseases and preterm birth, we use a cut off at
5 ug/md.

For restricted activity days the exposure-response relation we previously have applied is
based on old cross-sectional and self-reported results from USA. This is a weak study
design, but the results have been widely used, e.g. by WHO in HRAPIE (WHO, 2013a).
Even if our previous calculations built on the total exposure range must be interpreted
with caution, we in this assessment repeat the same type of estimation.
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4 Results

4.1 Concentration levels

In the following subsections the annual mean concentrations of NO,, PM10 and PM2.5
are presented for 2019 and 2030. For a selection of cities the source distribution is
presented in diagrams.

4.1.1 Concentration levels compared to standards, objectives and guidelines

Modelled concentrations have been compared to the annual air quality standards, air
quality objectives and the WHO revised guidelines, listed in Table 4. It should be noted
that the model results represent urban background at a spatial resolution of 250 m, and
are thus not comparable to local hotspot concentrations. There can be exceedances in
for example street canyons that are not captured at the present resolution.

Table 4. The concentration levels corresponding to the air quality standards, air quality
objectives and WHO guidelines for annual means of NO;, PM10 and PM2.5

(unit ug/m?).
Pollutant NO; PM10 PM2.5
Air quality standard®' 40 40 25

(annual mean)

Air quality objective? 20 15 10

(annual mean)

WHO guideline? 10 15 5

(annual mean)

4111 Exceedances during year 2019

During 2019, there are no exceedances of the annual air quality standard for NO,
according to the model calculations, and only a few grid cells in Stockholm and
Gothenburg with NO; values over the air quality objective of 20 ug/m?3. There are
exceedances of the WHO guideline for NO, of 10 pg/m? in several cities, especially in the
north of Sweden, as well as along major highways.

For PM10 there are no modelled exceedances of the air quality standard during 2019.
There are however exceedances of the air quality objective (and the WHO guideline as

21 The Swedish air quality standards:
https://www.naturvardsverket.se/globalassets/vagledning/luft-och-klimat/mkn-
utomhusluft/sammanstallning-miljokvalitetsnormer.pdf

22 The Swedish environmental quality objectives for clean air:
https://www.naturvardsverket.se/en/environmental-work/environmental-objectives/clean-air/

3 WHO global air quality guidelines:
https://apps.who.int/iris/bitstream/handle/10665/345329/9789240034228-
eng.pdf?sequence=1&isAllowed=y

25


https://www.naturvardsverket.se/globalassets/vagledning/luft-och-klimat/mkn-utomhusluft/sammanstallning-miljokvalitetsnormer.pdf
https://www.naturvardsverket.se/globalassets/vagledning/luft-och-klimat/mkn-utomhusluft/sammanstallning-miljokvalitetsnormer.pdf
https://www.naturvardsverket.se/en/environmental-work/environmental-objectives/clean-air/
https://apps.who.int/iris/bitstream/handle/10665/345329/9789240034228-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/345329/9789240034228-eng.pdf?sequence=1&isAllowed=y

they are the same) in Gothenburg, Malmd and along the major highways, especially
along the E6 from Kungalv and southwards and the E4 close to Stockholm.

For PM2.5 there are exceedances of the WHO guideline of 5 pg/m?3 for the south of
Sweden, up to Gothenburg, Jonkoéping, Norrkdping and Stockholm in 2019. Several
medium sized cities further north, such as Uppsala, Vasteras and Sundsvall also exceed
the WHO guideline. There are no exceedances of the air quality objective nor the air
quality standard for PM2.5 in 2019 according to the model calculations.

4.1.1.2 Exceedances in scenarios for year 2030

There are no annual exceedances of the air quality standards for NO, or PM10 in any of
the 2030 scenarios (note that model results represent urban background, not local
hotspots). For NO,, compliance is achieved also for the air quality objectives, while for
PM10 there are exceedances along major highways, mostly E4 and E6, as well as across
a large part of Malmo. The two scenarios for 2030 show very similar results for PM10.

For NO,, there are exceedances of the WHO guideline of 10 pg/m? in Gothenburg,
outside Gallivare and at a few receptor points in Stockholm. A small decrease in NO,
concentrations can be seen for the alternative scenario in comparison with the
reference scenario, especially close to large industrial emission sources.

For PM2.5 for 2030 there is a small reduction in concentrations, resulting in levels below
5 ug/m? occurring slightly further south than for 2019. Several medium sized cities in
mid Sweden no longer exceed the WHO guideline in 2030 according to the model
results. In Figure 12 the annual mean concentrations for PM2.5 are visualized for 2019
and the 2030 reference scenario, showing values above 5 pg/m?in red and below in
blue. The two scenarios for 2030 show very similar results for PM2.5, therefore the
alternative scenario is not included in the figure.

Annual mean (pg/m3)

Bl <=5,00
I > 500

Figure 12. Annual mean concentrations for PM2.5 for 2019 (left) and the 2030 reference
scenario (right). Concentrations above 5 ug/m? is indicated in red and below in
blue.
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4.1.2 Concentrations of NO:

The annual mean concentrations of NO; are presented for 2019, for the 2030 reference
scenario as well as the alternative scenario in Figure 13. A clear decrease in
concentrations is seen from 2019 to 2030 for all of Sweden, particularly in major cities
and along major roads. Swedish NOy emissions are expected to decrease by 35% from
2019 to 2030 reference scenario (see Table 2). For example, road transport emissions
are expected to decrease by 65% and “other sources”, including work machines, by 40%.

A small decrease is seen for NO, concentrations in the alternative scenario compared to
the reference scenario, mostly close to large industrial point sources. The expected
emission reduction is 4% from 2030 reference scenario to 2030 alternative scenario,
mostly in the sectors Public power and Industry.

Annual mean (pg/m3)

Figure 13. Annual mean concentrations of NO; for 2019 (left) and 2030, the reference
scenario (middle) and the alternative scenario (right) on 250 m resolution.

The relation between regional and urban contribution to NO, as well as the total
concentration levels differ depending on location in Sweden. An example for 2019 and
2030 reference scenario, seen in Figure 14, illustrates the difference between the
contributions in the four cities of Malmd, Gothenburg, Stockholm and Umea. This
example can give an indication of how the expected emission reductions affect the NO,
concentrations in different locations. All contributions are decreased in 2030 compared
to 2019, and in Umea the concentration levels are expected to decrease by 50%. As all
four locations are in the city centers, the urban contributions are decreased more than
the regional contributions.

The modelled concentrations are representative for the 250 m grid cell where the urban

monitoring stations Malmo “Radhuset”, Gothenburg “Femman”, Stockholm “Torkel
Knutssongatan” and Umea “Véastra Esplanaden” are located.
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Concentration contributions to NO, for 2019 and
2030 reference scenario
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Figure 14. Regional and urban contributions to NO; grid concentrations for 2019 and the
2030 reference scenario at urban monitoring station locations in the four cities
Malmé, Gothenburg, Stockholm and Umed in Sweden.

Due to the non-linear behavior of NO; in the relationship between NO4 emissions and
the resulting NO; levels, the urban contributions from different sources cannot be
separated in a meaningful way. Instead the source contributions to NOx (NO+NQO,) can
indicate which emission sources are dominant in different locations. In Figure 15 the
urban source contribution to NOx concentrations are visualized in pie charts for the four
cities of Malmo, Gothenburg, Stockholm and Umea. Malmé and Gothenburg have quite
similar urban contributions, Stockholm has a larger contribution from other urban
sources, and in Umea the contribution from traffic exhaust is completely dominant.

Urban source contribution (%) to NOx

Malmé Gothenburg Stockholm Umed

m Urban traffic exhaust
\ u Urban small scale heating
= Urban shipping

Other urban sources

Figure 15. The urban source contribution to NOx concentrations for 2019 are shown in pie
charts for Malmé, Gothenburg, Stockholm and Umed. Urban contributions
from traffic exhaust, small-scale residential heating, shipping and other sources
are presented.

4.1.3 Concentrations of PM10

The annual mean concentrations of PM10 are presented for 2019, for the 2030
reference scenario as well as the alternative scenario in Figure 16. There is a clear
south/north gradient in concentration levels, with higher concentration levels in Skane
and lower concentration levels further north. PM10 levels are generally higher in
medium and large cities and along the major roads.
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There is a small decrease in concentrations from 2019 to 2030, however the two
scenarios for 2030 are almost identical in emission totals. A very large portion of the
PM10 concentrations come from a regional contribution, so a decrease in Swedish PM10
emissions, however important, give quite a small effect on Swedish total concentrations.
The decrease in Swedish emissions will give a more significant effect on the highest daily
mean values, which are in general more influenced by local emissions. Also note that a
significant portion of PM10 emissions come from natural sources, which are not
expected to decrease from 2019 to 2030.

As seen in Table 2, a reduction of Swedish PM10 emissions of 24% is expected, excluding
the non-exhaust traffic contribution. The traffic emissions of PM10 are in total however
expected to increase to 2030 due to higher non-exhaust emissions. Comparing the
difference in emissions from 2030 reference scenario to 2030 alternative scenario
conclude that they only differ by 0.1%. The very similar PM10 concentrations for the two
scenario years are thus expected.

Annual mean (unit pg/m3)
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Figure 16. Annual mean concentrations of PM10 for 2019 (left) and 2030, the reference
scenario (middle) and the alternative scenario (right).

In Figure 17 the regional and urban concentration contributions for the four cities of
Malmo, Gothenburg, Stockholm and Umea are presented for 2019 and 2030 reference
scenario. It is clear that the regional contribution is higher in Malmd, and decreasing
further north. The largest cities of Gothenburg and Stockholm have a higher urban
contribution than Malmo and Umea. There are small changes in PM10 concentrations
when comparing 2019 to 2030 in these four cities. The regional contribution is slightly
higher in 2030 in Malmo and Stockholm, due to international shipping. It is to be noted
that the international emissions have different data sources and resolution between the
two years, which might affect the results.

Figure 18 shows the urban source contributions to PM10 for the four cities. It is clear
that non-exhaust traffic emissions are dominant in all cities. In Umea, furthest north,
small-scale residential heating is also a large urban contributor.
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Concentration contributions to PM10 for 2019
and 2030 reference scenario
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Figure 17. Regional and urban contributions to PM10 grid concentrations for 2019 and
2030 reference scenario at urban monitoring station locations in the four cities
Malmé, Gothenburg, Stockholm and Umed in Sweden.

Urban source contribution (%) to PM10
Malmé Gothenburg Stockholm
= Urban traffic non-exhaust
= Urban traffic exhaust
= Urban small scale heating
Urban shipping

= Other urban sources

Figure 18. The urban source contribution to PM10 concentrations for 2019 are shown in
pie charts for Malmd, Gothenburg, Stockholm and Umed. Urban contributions
from traffic - non-exhaust and exhaust, small-scale residential heating,
shipping and other sources are presented.

4.1.4 Concentrations of PM2.5
The annual mean concentrations of PM2.5 are presented for 2019, for the 2030
reference scenario as well as the alternative scenario in Figure 19.

As for PM10, PM2.5 has a large regional background contribution, and concentration
levels are higher in the south and decreasing further north. The urban contribution to
PM2.5 is significant from several emission sectors, unlike for PM10 which has a majority
of its urban contribution from non-exhaust traffic emissions. The major highways are
thus less obvious in the concentration maps.

The concentrations of PM2.5 decrease from 2019 to 2030, but only slightly. This despite
a large decrease in Swedish emissions, approximately by 24% (excluding non-exhaust
traffic emissions). There are several explanations for this rather low effect on
concentrations. An integral part of PM2.5 consists of natural particles, for example sea
salt and biogenic secondary organic aerosols (SOA). These natural contributions are not
expected to decrease from 2019 to 2030. Also, small particles travel far, and PM2.5
concentrations over Sweden are influenced by regional transport from other countries.
There are also chemical aspects to consider for particles. The Swedish primary emissions
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of PM2.5 are expected to decrease by 24% but in regional background a larger part of
the concentration consists of secondary particles formed from e.g. NO emissions,
ammonia and SO2, and from volatile organic compounds (VOCs; largely from forests).

The largest concentration reductions for 2030 are seen in southern Sweden, where
international contribution is largest. This reduction is primarily due to expected
European emission reductions of PM2.5 in the European emission dataset.

The emission sectors industry and ”“other sources”, including machinery, have the largest
expected reduction, over 40%, compared to 2019 for PM2.5. In some locations the
reduction in concentrations is clear, for example near larger industrial facilities on the
north east coast and around Kiruna and Gallivare.

Annual mean (unit ig/m3)
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Figure 19. Annual mean concentrations of PM2.5 for 2019 (left) and 2030, the reference
scenario (middle) and the alternative scenario (right).

Figure 20 illustrates the regional and urban concentration contribution to PM2.5 in 2019
and 2030 reference scenario for the four cities of Malmo, Gothenburg, Stockholm and
Umea. The pattern is very similar to the pattern of PM10, with large regional
contributions, higher in the south and decreasing further north. The urban contribution
is larger for Gothenburg and Stockholm than the smaller cities of Malmo and Umea.

The regional contribution of PM2.5 is slightly higher in 2030 in Malmé and Stockholm,
due to international shipping. It is to be noted that the international emissions have
different data sources and resolution between the two years, which might affect the
results.

The urban source contribution in Figure 21 shows that many sectors contribute to the
urban concentration contribution. In Malmo and Stockholm “other urban sources”
contribute most, and in Umea the contribution from small-scale residential heating is
dominant.
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Concentration contributions to PM2.5 for 2019
and 2030 reference scenario
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Figure 20. Regional and urban contributions to PM2.5 grid concentrations for 2019 and
2030 reference scenario at urban monitoring station locations in the four cities
Malmé, Gothenburg, Stockholm and Umed in Sweden.

Urban source contribution (%) to PM2.5
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= Other urban sources

Figure 21. The urban source contribution to PM2.5 concentrations for 2019 are shown in
pie charts for Malmd, Gothenburg, Stockholm and Umed. Urban contributions
from traffic - non-exhaust and exhaust, small-scale residential heating,
shipping and other sources are presented.
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4.2 Population exposure

In this section the population exposure results are presented for NO,, PM10 and PM2.5,
both for 2019 and the two scenarios for 2030. The same number of inhabitants in
Sweden are assumed for 2030 as for 2019. This assumption is made in order to be able
to analyse the effect of expected emission reductions on health outcomes.

The total population in Sweden in 2019 was 10 312 871 inhabitants. In Table 5 the
number of inhabitants is presented per age span.

Table 5. Number of inhabitants in Sweden per population age span for 2019.

Population age span Number of inhabitants
0-15 1 950 810

16-20 568 698

21-30 1358222

31-50 2636 531

51-65 1 842 658

Above 65 1 955952

Total 10312 871

In Table 6 exposure results are presented for NO,, PM10 and PM2.5 for 2019, the 2030
reference scenario and the 2030 alternative scenario. The mean population weighted
exposure indicate the average annual mean concentration that each person in Sweden is
exposed to. A large decrease, by more than 2 pg/m?3, is seen for exposure to NO, in 2030
compared to 2019. The exposure to PM10 and PM2.5 is also decreasing in 2030, but not
as drastically.

Percentage of the population exposed to levels exceeding annual air quality standards,
environmental objectives and WHO guidelines is also presented in Table 6. Zero percent
of the population is exposed to levels above the annual air quality standards for NO,,
PM10 and PM2.5 for 2019 and 2030. Note that model results represent urban
background, not local hotspot concentrations.

For NO,, 0.1% of the population is exposed to levels above the air quality objective in
2019, but in 2030 none of the population is exposed to exceedances. In relation to the
WHO guideline 9% of the population is exposed to NO; levels above 10 pg/m3in 2019.
This number decreased to 0.4% in 2030.

For PM10 1.4% of the population is exposed to levels above the environmental objective
(and the WHO guideline as they are the same) in 2019. In 2030 the percentage is
increased to 2.3% due to slightly higher regional concentrations in southern Sweden,
and total PM10 concentrations around Malmé are very close to 15 ug/m?3.

Regarding PM2.5 there is no exposure to levels above the environmental objective of 10
ug/m?3, however 47% of the population is exposed to levels above 5 pg/m?in 2019 and
35% in 2030.
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Table 6. Exposure results presented for NO;, PM10 and PM2.5 for 2019 and 2030
reference scenario and alternative scenario. Percentage of population exposed
to concentration levels exceeding air quality standards, air quality objectives
and WHO guideline is presented.

Year/scenario | NO; PM10 PM2.5
2019 5.08 9.95 5.21
Mean population ié)jr?a;eserence 3.10 9.72 5.01
weighted exposure
(annual mean, pg/m?) 2030
alternative 3.03 9.72 5.01
scenario
2019 0% > 40 0% > 40 0% > 25
Percentage of
population exposed to 203I?a§ieference 0% > 40 0% > 40 0% > 25
levels exceeding the Air seenario
quality standard 2030
3
(annual mean, pg/m’) | e mative 0%>40  |[0%>40 | 0%>25
scenario
2019 0.1% > 20 1.4% > 15 0% > 10
Percentage of
population exposed to gé);?a:oference 0% > 20 23%>15 | 0%>10
levels exceeding the Air
quality objective 2030
3
(annual mean, pg/m’) | e mative 0%>20 |23%>15 | 0%>10
scenario
2019 9.2% > 10 1.4% > 15 47% > 5
Percentage of
population exposed to ié)jr?a;eserence 0.4% > 10 2.3% >15 35%>5
levels exceeding the
WHO guideline 2030
(annual mean, pg/m?) .
’ alternative 0.4%>10 2.3% >15 35%>5
scenario

In Table 7 exposure results are presented per age group for NO2, PM10 and PM2.5 in
2019, and results for 2030 are seen in Table 8. A general conclusion is that exposure is
higher in the age span of 21-50 years. An explanation is that these age groups more
often live in urban areas, where there are more emissions and higher concentrations of
pollution.
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Table 7. Exposure results presented per age group for NO,, PM10 and PM2.5 for 2019.

Mean population

weighted exposure NO; PM10 PM2.5
(ng/m’)

Total population 5.08 9.95 5.21
Age 0-15 years 4.92 9.96 5.21
Age 16-20 years 4.85 9.90 5.19
Age 21-30 years 5.79 10.18 5.30
Age 31-50 years 5.35 10.07 5.25
Age 51-65 years 4.88 9.84 5.16
Age 66+ years 4.66 9.73 5.13

Table 8. Exposure results presented per age group for NO,, PM10 and PM2.5 for 2030.
Note that both scenarios give the same exposure results for particulate matter.

Pollutant NO: NO: PM10 PM2.5

Vewpopunion 200 oo |20 s 00k

weighted exposure |reference |alternative . .

3 . . alternative alternative

(ng/m°) scenario scenario . .
scenario scenario

Total population 3.10 3.03 9.72 5.01

Age 0-15 years 3.02 3.00 9.74 5.02

Age 16-20 years 2.97 291 9.67 4.99

Age 21-30 years 3.46 3.38 9.93 5.08

Age 31-50 years 3.24 3.17 9.84 5.05

Age 51-65 years 3.00 2.94 9.62 4.96

Age 66+ years 2.88 2.82 9.52 4.93

4.21 Exposure to NO:

In Table 9 the exposure contribution from urban sources and regional background is
shown for 2019, 2030 reference scenario and the 2030 alternative scenario. A slight
majority of the exposure contribution come from regional background. In the 2030
scenarios the urban contribution decreased more than the regional contribution,

compared to 2019.
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Table 9. Exposure results for NO; presented as a contribution from urban sources and
regional background for 2019, 2030 reference scenario and 2030 alternative

scenatrio.
2030 2030
Year/scenario 2019 reference | alternative
scenario | scenario
Mean population weighted exposure (ug/m?) | 5.08 3.10 3.03
Expossure contribution from urban sources 250 125 101
(ng/m>)
Exposure contribution from regional 256 1.85 1.82

background (ng/m?)

In Figure 22 the number of people exposed to different concentration intervals of NO; is
shown and also presented per age group. About 6 million people are exposed to NO;
annual concentrations of maximum 5 pug/m?3, roughly another 3 million are exposed to
levels between 5 and 10 pg/m?3and less than one million people are exposed to levels
above 10 pg/m?in 2019.

Exposure to NO, for 2019
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m Age 0-15 ® Age 16-20 mAge21-30 = Age31-50 ®m Age 51-65 Age 66+

Figure 22. Number of people exposed to NO; in concentration intervals, presented per
age span interval for 2019.

In Figure 23 the exposure to NO; for different concentration intervals is seen for 2019
and the two scenarios for 2030. A clear shift towards lower exposure is seen for the
2030 scenarios compared to 2019, where more people are exposed to low
concentration levels (up to 4 pg/m?3) in 2030 compared to 2019.
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Exposure to NO, for 2019 and 2030
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Figure 23. Exposure to NO; presented for 2019, the 2030 reference scenario and the
alternative scenario in concentration intervals. Note that above 10 ug/m? the
bins are larger.

In Figure 24 the source contribution to mean population weighted exposure is seen for
NO for 2019, 2030 reference scenario and 2030 alternative scenario. The urban NOy
contributions decreased from 2019 to 2030 relative to the regional background
contribution. Especially exposure to urban traffic exhaust has reduced by 2030.

Source contribution (%) to mean population weighted exposure to NOx

2019 2030 reference scenario 2030 alternative scenario

L L

Figure 24. Source contribution to mean population weighted exposure to NOx for 2019,
the 2030 reference and alternative scenario.

= Regional background

= Other urban sources
Urban small scale heating

= Urban shipping

= Urban traffic exhaust

4.2.2 Exposure to PM10 and PM2.5

In Table 10 and Table 11 exposure results are presented for 2019 and 2030 for different
source contributions to PM10 and PM2.5. Note that the two scenarios for 2030 are so
similar that the exposure results are the same. The regional background exposure is
dominant, both for 2019 and 2030 for particulate matter. The urban contributions to
exposure are similar for PM10 and PM2.5 for small-scale residential heating, shipping
and exhaust emissions from traffic. For non-exhaust traffic emissions PM10 has
significantly larger exposure contribution than PM2.5, by approximately a factor of 10.
Also exposure from other urban sources is larger for PM10 than PM2.5.
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The calculated exposure reduction from 2019 to 2030 is about 0.2 pg/m? for both PM10
and PM2.5. About half of the reduction is from regional background and the other half
from reductions of small-scale residential heating, exhaust emissions from traffic and
other urban sources.

Table 10. Exposure results presented for different source contributions for PM10 and

PM2.5 for 2019.
Pollutant PM10 PM2.5
Mean population weighted exposure (ug/m?) 9.95 5.21
Exposure contribution from urban small-scale 018 018
residential heating (ug/m?) ) ’
Expossure contribution from urban shipping 0.03 0.03
(ng/m”)
Exposure contribution from urban road traffic
3 0.04 0.03

(exhaust) (ug/m°)
Exposure contribution from urban road traffic 0.58 0.05
(non-exhaust) (ug/m?) : '
Exposure contribution from other urban sources

3 0.15 0.11
(ng/m’)
Expossure contribution from regional background .97 4.80
(ng/m’)

Table 11. Exposure results presented for different source contributions for PM10 and
PM_2.5 for 2030. The two scenarios have the same exposure results for PM.

Pollutant PM10 PM2.5
Mean population weighted exposure (ug/m?®) 9.72 5.01
Exposure contribution from urban small-scale 013 013
residential heating (ug/m’) : :
Exposure contribution from urban shipping (ug/m?) |0.04 0.04
Exposure contribution from urban road traffic 0.02 0.01
(exhaust) (ug/m®) : :
Exposure contribution from urban road traffic

3 0.56 0.06
(non-exhaust) (nug/m°)
Exp0s311re contribution from other urban sources 0.12 0.09
(ng/m’)
Expossure contribution from regional background 387 469
(ng/m>)
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In Figure 25 the number of people exposed to different concentration intervals of PM10
is shown and presented per age group for 2019. Most of the population is exposed to
levels between 5 and 15 pg/m?3.

Exposure to PM10 for 2019
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Figure 25. Number of people exposed to PM10 in concentration intervals, presented per
age span interval for 2019.

Figure 26 presents the exposure contributions to PM10. The bar chart to the left
illustrates the regional background and urban contributions to exposure, and the pie
chart to the right presents the urban contributions from different urban sources. It is
clear that the regional contribution is dominant, and in regards to urban contributions,
the non-exhaust traffic emissions contribute to the majority of the urban exposure.

Exposure contributions to Urban source contribution (%) to
PM10 for 2019 exposure to PM10 for 2019
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Figure 26. Exposure contributions to PM10, divided into a regional and an urban
contribution (left) and the urban exposure contribution further divided into
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contributions from traffic - non-exhaust and exhaust, small-scale residential
heating, shipping and other sources (right).

Figure 27 shows the number of people exposed to different concentration intervals of
PM10 for the 2030 reference scenario. Figure 28 shows a comparison between the
exposure to PM10 for 2019 and the 2030 reference scenario. There is a reduction in
exposure from 2019 to 2030, however there are slightly more people exposed to PM10
concentrations above 15 pg/m?in 2030. This is because of slightly higher concentrations
in Malmé due to small differences in the regional background between 2019 and 2030,
where 2030 showed higher PM10 emissions from international shipping and the total
PM10 concentrations are very close to 15 ug/m3.

Exposure to PM10 for 2030 reference scenario
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Figure 27. Number of people exposed to PM10 in concentration intervals, presented per
age span interval for the 2030 reference scenario.
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Figure 28. Exposure to PM10 for 2019 and the 2030 reference scenario.
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Figure 29 shows the number of people exposed to different concentration intervals of
PM2.5, per age group for 2019. Slightly more than 6 million people are exposed to
PM2.5 concentrations in the interval 4-6 pg/m3.
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Figure 29. Number of people exposed to PM2.5 in concentration intervals, presented per
age span interval for 2019.

Figure 30 presents the exposure contributions to PM2.5. The bar chart to the left
illustrates the regional background and urban contributions to exposure, and the pie
chart to the right presents the urban contributions from different urban sources. The
regional contribution is very dominant, and in regards to urban contributions, several
sources contribute significantly. Small-scale residential heating is the largest sector
contributor to the urban exposure, followed by other urban sources.
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Figure 30. Exposure contributions to PMZ2.5, divided into a regional and an urban
contribution (left) and the urban exposure contribution further divided into
contributions from traffic - non-exhaust and exhaust, small-scale residential
heating, shipping and other sources (right).

Figure 31 shows the number of people exposed to different concentration intervals of
PM2.5 for the 2030 reference scenario. Figure 32 shows a comparison between the
exposure to PM10 for 2019 and the 2030 reference scenario. There is a reduction in
exposure from 2019 to 2030. Table 12 presents the number of people exposed to PM2.5
concentrations above 5 pg/m? (the WHO guideline) for 2019, 2030 reference and 2030
alternative scenarios. About 1.2 million less people are exposed to levels above 5 pg/m?
in 2030. Approximately 40 000 less people are exposed to levels over the WHO guideline
in the 2030 alternative scenario compared to the 2030 reference scenario. However 35%
of the Swedish population is still exposed to levels above the WHO guideline in 2030.

In Table 12 the number of people exposed to PM2.5 levels above 5 pg/m3is listed per
age group for 2019 and 2030 reference scenario, together with the average exposure for
those exposed to levels above 5 pg/m3. Fewer people are exposed to levels above 5
pug/m3in 2030, but the average exposure for those who are exposed to levels above 5
ug/m?iis slightly higher in 2030, indicating a sharper gradient in concentration decrease
over Sweden.

In Table 13 the number of people exposed to PM2.5 levels above 5 pg/m?in 2019 and
the 2030 reference scenario is presented. The average exposure to PM2.5 is presented
for those who are exposed to levels above 5 pg/m3.
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Exposure to PM2.5 for 2030 reference scenario
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Figure 31. Number of people exposed to PM2.5 in concentration intervals, presented per
age span interval for the 2030 reference scenario.

Exposure to PM2.5 for 2019 and 2030

5000 000
4500 000
4 000 000
3500 000

S 2500 000
22000 000
£ 1500 000
Z 1000 000 ' .
500 000 .
o — I I L

- -2 23 34 45 56 67 78 -9 9-10 10+
Concentration interval of PM2.5 ( pg/m3)

m2019 m2030 reference scenario

Figure 32. Exposure to PM2.5 for 2019 and the 2030 reference scenario.

Table 12. Number of people exposed to PM2.5 levels above 5 ug/m? for 2019, 2030
reference scenario and 2030 alternative scenario.

2030 reference | 2030 alternative

Year/scenario 2019 . .
scenario scenario

Number of people exposed

to PM2.5 levels > 5 pg/m® | 4 848 125 | 3 658 046 3 619908
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Table 13. Number of people exposed to PM2.5 levels above 5 ug/m?in 2019 and the
2030 reference scenario. The average exposure to PM2.5 is presented for those
who are exposed to levels above 5 ug/m>.

Year/scenario 2019 2030 reference scenario
Number of PM2.5 Number of
people exposure conle exposed PM2.5 exposure
exposed > 5 where >5 peop P 3 where > 5 pg/m?
pg/m’ pg/m? >5 pg/m
Ai‘e’;’r'sls 890 686 6.31 671 825 6.54
Agyee;f;zo 259 661 6.29 192 726 6.54
Agyeez;w 696 944 6.27 510 050 6.48
Ag;ezl;so 125 7616 6.29 960 629 6.48
Agyeegifs 845 392 6.29 645 576 6.49
A}%:a?:+ 897 826 6.31 677 243 6.53
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4.3 Estimated health impacts
4.3.1 Mortality

The modelled population exposure for 2019 was used to calculate preterm mortality in
persons older than 30 years of age, assuming different exposure-response functions for
regional background PM2.5 and PM2.5 from urban sources, and an impact on mortality
of NO; itself only for the urban contribution of NO; (Table 14).

Table 14. Long-term exposure and premature deaths per year (with lower and upper 95%
confidence interval limits) in persons older than 30 years of age.

Type of exposure Estimate 95% LCL 95% UCL
Regional background PM2.5 3296 2408 3566
Urban small-scale residential heating | 433 318 457
PM2.5

Urban shipping PM2.5 80 59 85
Urban traffic exhaust PM2.5 79 58 84
Urban traffic non-exhaust PM2.5 122 89 128
Other urban sources PM2.5 254 187 268
Urban sources NO; 428 213 841
Total (urban sources) 4692 (1 396)

When adding the yearly number of preterm deaths attributed to the regional
background PM2.5 levels and to the PM2.5 exposure from urban sources, the total
number becomes 4 264 deaths. When the yearly number of preterm deaths attributed
to PM2.5 and to NO, from urban sources are added, the total number becomes 1 396
deaths. The premature deaths attributed to the regional background levels, plus the
deaths due to the urban source contribution, totally become 4 692 premature deaths
per year.

If the effect of PM2.5 on total mortality only exist above an annual mean of 5 ug/m? and
a relative risk of 1.08 per 10 ug/m3 (95% Cl 1.06 — 1.09) is assumed, the estimate total
number of premature deaths becomes 417 (95% Cl 304 —451). If the effect of PM2.5
only exist above an annual mean of 5 pg/m?3 but the relative risk from the pooled
cohorts in the European ELAPSE Study of 1.28 for 10 pg/m3(95% Cl 1.22 — 1.33) is
assumed (Strak et al, 2021), the estimate number of premature deaths becomes 1 443
(95% Cl 1054 — 1523). When the cutoff at 5 pg/m? is kept, but relative risk in ELAPSE
estimated for exposure levels <12 pg/m?* of 1.68 (95% Cl 1.30 — 2.73) for 10 pg/m?3is
assumed, the estimated number of deaths per year associated with exposure above 5
ug/m?3 increases to 3 542 (95% Cl 1 384 — 4 204).

4.3.2 Morbidity
The impacts of PM2.5 on morbidity are calculated as existing only above an annual

mean of 5 pg/m?3 without separation of the particle sources. Table 15 shows that the
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attributed numbers of new cases of Diabetes and Cardiovascular diseases (Stroke and
Myocardial infarction) are much higher than the number of lung cancer and COPD cases.

Table 15. Long-term exposure to PM2.5 (total) above 5 ug/m3 (WHO air quality
guideline) and estimated number of health outcomes per year (with lower and
upper 95% confidence interval limits).

Health outcome Estimate 95% 95%
LCL UCL
Myocardial infarction >30 yrs 115 10 216
Stroke >30 yrs 433 78 653
Lung cancer > 30 yrs 46 16 75
Dementia >50 yrs 218 78 324
Diabetes >15 yrs 512 196 745
COPD > 50 yrs 71 44 87
Childhood astma < 20 yrs 193 56 281
Preterm birth 104 34 152

If the relative risk functions are assumed to be correct for all levels of PM2.5 and no cut
off is used, the estimated yearly numbers become four times higher.

4.3.3 2030 scenarios

Actual demographic data and baseline frequencies for the health outcomes are lacking
for the 2030 scenarios. If only the exposure levels would change according to the model
results, the total PM2.5 exposure would be 4% lower for the total population older than
30 years of age. However, because the impact on mortality is calculated separately for
the regional background and the urban sources, it is relevant to note that the first
population exposure would be about 2% lower and the latter 22% lower, which indicates
how much the attributed number of preterm deaths would change if everything else
stays the same. As the two scenarios for 2030 are so similar for PM exposure, these
conclusions are valid for both scenarios.

If instead the assumption is that there are impacts on health outcomes only when the
annual mean of PM2.5 is above 5 ug/m3, the total population exposure above 5 pg/m?3
among persons older than 30 years of age would be 12% lower in 2030 compared with
the 2030 scenarios. The change is very similar for other age groups.

We assume an impact on mortality only for NO, from urban sources, and this population
exposure would 2030 become approximately only half of the 2019 exposure.
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4.4 Model validation

A model validation was carried out where model results were compared to urban
background measurements. Model results were validated before an urban bias
correction was applied, in order to ensure sufficient model quality also where there are
no urban background measurements available.

The software DELTA tool?*, developed in the framework of FAIRMODE?, is to support
European air quality modellers in the diagnostics and assessment of air quality modelling
performances under the EU 2008 Ambient Air Quality Directive (European Commission,
2022).

DELTA tool compares modelled and measured timeseries of pollutant concentrations in
given locations. A minimum data availability (currently 75%) is required for statistics to
be produced at a given measurement station. The software calculates a number of
statistical indicators and a Model Quality Objective (MQO)?, defined as the minimum
level of quality to be achieved by a model for policy use. The MQO is constructed on the
basis of the observation uncertainty.

How well model results compare to measurements at a station, according to the MQO,
can be visualized in a Target diagram. If the station is plotted inside the green circle
(T<1) the MQO is fulfilled. The Target diagram also provides information about whether
the model error is dominated by bias (either negative or positive), by correlation or
standard deviation. MQO must be fulfilled for at least 90% of the available stations.

In Figure 33 the Target diagram from the DELTA tool software shows the comparison of
model results to urban background measurements of NO,. There were 13 stations
available with hourly data, of which 12 had a minimum data availability of 75%. The
Modelling Quality Objective (MQO) is passed for 11 out of 12 stations (the comparison
with the measurement site in Landskrona fails due to a very high standard deviation).
The quality objective is thus met for more than 90% of the stations and the modelling
system is of sufficient quality according to the validation method recommended by
FAIRMODE.

In Figure 34 all PM10 stations in the Target diagram pass the MQO. There are notably
only 5 stations available on an hourly resolution in urban background. The diagram
shows that the model errors are dominated by low correlation, a common problem
when modelling PM10.

Figure 35 shows the Target diagram for all PM2.5 stations. There are only five stations
on an hourly resolution of which four have data availability over 75%. These four
stations pass the MQO. Also for PM2.5 the model error is dominated by correlation
issues.

To conclude, the modelling system passes the validations for NO,, PM10 and PM2.5
according to the MQO defined in FAIRMODE.

24 DELTA tool: https://agm.jrc.ec.europa.eu/

25 FAIRMODE (Forum for Air Quality Modelling in Europe): https://fairmode.jrc.ec.europa.eu/

26 EAIRMODE guidance document on modelling quality objectives and benchmarking (version
3.3): https://data.europa.eu/doi/10.2760/41988
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Figure 33. Target diagram from the DELTA tool software visualizing the comparison
between the model results and hourly urban background measurements of
NO;. All but one station (marked with different coloured symbols) pass the
MQO.
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Figure 34. Target diagram from the DELTA tool software visualizing the comparison
between model results and hourly urban background measurements of PM10.
All stations (marked with different coloured symbols) pass the MQO.
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Figure 35. Target diagram from the DELTA tool software visualizing the comparison
between model results and hourly urban background measurements of PM2.5.
All stations (marked with different coloured symbols) pass the MQO.
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5 Conclusions

5.1 Concentration levels of NO,, PM10 and PM2.5

Concentrations of NO,, PM10 and PM2.5 have been calculated for the whole of Sweden
for the year 2019 as well as two scenarios for 2030. Calculations have been performed
using a new methodology, allowing almost seam-less combination of modelling at
regional and urban scale without double-counting emissions. The concentrations have
been calculated at 250x250 m? resolution, producing a uniquely complete and detailed
dataset at national scale. The methodology used can well reproduce the measured
pollution levels at most urban background stations in the modelling domain. The spatial
resolution of 250 m captures concentration gradients that are of importance for
exposure calculations. The same modelling concept could however be applied to
calculate concentrations at higher resolution. An important strength of using dispersion
modelling to calculate concentrations is the direct relation with emission inventories,
allowing for source attribution and scenario evaluation that is consistent with emission
inventories and projections.

For NO,, the urban sources are dominating. This is expected, considering the relatively
short lifetime of NO; in the atmosphere. There is also a decrease in the regional
contribution from the south to the north of the country. The urban source
apportionment (for NOy) is similar between the three of the four cities studied in detail
(Stockholm, Gothenburg, Malmo and Umea), where traffic is the dominating sector,
while shipping and “other” are smaller, but still important. In Ume3, the urban
contribution from the shipping sector is very small.

Comparing the results for 2019 and the 2030 scenarios, mainly the urban contribution
decrease, which is expected since NO, is dominated by contributions from local sources.
Also, since the main contributing sector for NO; is the traffic sector, there is a large
decrease in the NO; levels between 2019 and the 2030 scenarios. The decrease is largest
in urban areas.

For PM10 the spatial pattern is rather different from NO,. The urban contribution is
much smaller and PM10 overall is more “regional” in character. The regional background
decrease from the southeast to the northwest, though the Stockholm area has higher
concentrations than the surrounding region. For all four cities studied in detail, non-
exhaust traffic is the largest urban contributor to PM10. In Ume3, the relative
contribution from small-scale residential heating is larger than for the other three cities.

Between 2019 and the two 2030 scenarios, there is only a minor decrease in the PM10
levels. Between the 2030 scenarios there is almost no difference.

For PM2.5, the spatial pattern is similar to that for PM10, though the levels are lower.
Also, the regional part of the total concentrations is even higher than that for PM10.
Stockholm and Malmo have similar sector contributions, where traffic is the largest
contributor to the urban concentrations, while for Gothenburg small-scale residential
heating is slightly larger than traffic. For Umead, small-scale residential heating is
dominating the urban concentrations, while the shipping contribution is negligible.

There are many sources of uncertainties involved in the calculated exposure. The
emission inventories are probably the most important. For some sources, e.g. small-
scale residential heating, also the dispersion is uncertain, given that emissions occur
within residential areas and the initial dispersion is difficult to describe.

By combining dispersion modelling with available measurements, maximal use of the
available information can be achieved. In this project a relatively simple bias-correction
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is performed using measurement data at both regional scale and urban scale. The
correction is most important for PM at regional scale, where some diffuse natural
sources are not included in the emission inventory. However, since this correction is
carried out using the total concentrations, it does not reduce uncertainties in the
relative contribution from different sources. This means that presented total
concentrations are more certain than the relative contributions of different urban
sources.

An uncertain assumption regarding non-exhaust emissions from traffic relates to the
size-distribution of PM generated by the different wear processes. The concentrations of
non-exhaust PM2.5 in this study is based on a different ratio between the fine and
coarse mass in traffic non-exhaust PM10 than in other studies (Segersson et al, 2017;
Soderkvist et al, 2019; Segersson et al, 2021). In this study, the default configuration of
the NORTRIP model has been used, suggesting around 8% of PM10 is smaller than 2.5
micrometres in diameter (i.e. PM2.5). In previous studies a higher estimate, around 20-
30%, has been used.

Despite increasing traffic volumes, the exposure due to non-exhaust PM from road-
traffic shows almost no change until 2030. A possible explanation is that the change due
to increased traffic volumes is largely cancelled out by the reduction in use of studded
tyres in southern Sweden. There are several sources of uncertainty related to this 2030
projection, one important example being changed road wear due to heavier electric
vehicles.

If 20% of traffic non-exhaust PM10 is assumed to be in the fine fraction, and the impact
on mortality is calculated with the higher risk estimate for the urban contribution, the
impact would be estimated higher than if the calculation is based on PM10 and a typical
risk estimate of 4% per 10 pg/m?3, or the short-term effect only (Meister et al, 2012), but
there would be no risk of double counting. However, in this study the impact on
mortality from traffic non-exhaust PM10 is likely underestimated due to the focus on
PM2.5, assuming a low proportion in non-exhaust PM10.

5.2 Population exposure

The annual average population weighted exposure is 5.08 pg/m3for NO,, 9.95 ug/m3 for
PM10 and 5.21 pg/m3for PM2.5 in 2019. A large decrease, by approximately 2 pug/m3, is
seen for exposure to NO, in 2030 compared to 2019 (slightly more in the alternative
scenario). The exposure to PM10 and PM2.5 is also decreasing in 2030, but not as
drastically, by about 0.2 pg/m?3.

A general conclusion is that exposure is higher in the age span of 21-50 years. An
explanation is that these age groups more often live in urban areas, where there are
more emissions and higher concentrations of pollution.

Zero percent of the population is exposed to levels above the annual air quality
standards for NO,, PM10 and PM2.5 for 2019 and 2030. It is to be noted that the model
results represent annual averaged urban background concentrations, not local hotspot
concentrations.

For NO,, 0.1% of the population is exposed to levels above the air quality objective in
2019, but in 2030 none of the population is exposed to exceedances. In relation to the
WHO guideline 9% of the population is exposed to NO; levels above 10 pg/m3in 2019.
This number decreased to 0.4% in 2030. A slight majority of the exposure contribution is
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from regional background. In the 2030 scenarios the urban contribution decreased more
than the regional contribution, compared to 2019.

For PM10 1.4% of the population is exposed to levels above the environmental objective
(and the WHO guideline as they are the same) in 2019. In 2030 the percentage is
increased to 2.3% due to slightly higher regional background concentrations in the
Malmao region. It is clear that the regional contribution is dominant, and in regards to
urban contributions, the non-exhaust traffic emissions is the most important source.

Regarding PM2.5 there is no exposure to levels above the environmental objective of 10
ug/m?3, however 47% of the population is exposed to levels above 5 pg/m?3in 2019 and
35% in 2030. The regional contribution is very dominant, and in regards to urban
contributions, several sources contribute significantly. Small-scale residential heating is
the largest sector contributor to the urban exposure, followed by other urban sources.

5.3 Health impacts

The 2019 exposure was used to calculate preterm mortality assuming effects down to
the lowest concentrations. A higher relative risk for PM2.5 was assumed for urban
sources than for the regional background. An impact on mortality was assumed only
from the urban contribution of NO, above the regional background. When adding
preterm deaths per year attributed to regional and urban PM2.5 exposure, the total
number becomes 4 264 deaths. When the yearly number of preterm deaths attributed
to urban sources of both PM2.5 and NO, were added, the total number of deaths
becomes 1 396.

These estimates for 2019 are lower than in a parallel study where the modelled
exposure levels were higher (Gustavsson et al, 2022). At the same time these estimates
are considerably higher than numbers reported for Sweden in reports from the
European Environmental Agency, for example in ETC-HE Report 2022/10 (Soares J et al,
2022). In that report the main results are based on the estimated impacts on all-cause
mortality in people over 30 years for concentrations above an annual PM2.5 of 5 pg/m?3
(using a 1x1 km? grid resolution), assuming a linear increase in the risk of mortality of 8%
per 10 pg/m3, which for Sweden 2020 resulted in estimated 369 premature deaths due
to exposure above 5 pg/m3. When we for 2019 assumed an effect of PM2.5 on total
mortality only above 5 pg/m? and the relative risk 1.08 per 10 pg/m?3, the estimated
number became 417. However, we estimate as many as 3 542 preterm deaths per year
with the same threshold combined with the relative risk reported for exposure levels
<12 ug/m3 in the large European ELAPSE Study (Strak et al, 2021).

It is striking how the estimated excess mortality is depending on the selected exposure-
response function, and if it applied for all concentrations or only above a specific
threshold. When the impacts in Sweden are assessed it is important to consider (1) how
the relative risk increase with the concentration even at the lowest observed
concentrations (Strak et al, 2021), (2) how the exposure-response relationship is
steepest (highest effect estimates per concentration) at low concentrations (Vodonos et
al 2018; Chen and Hoek, 2020; Strak et al, 2021), and (3), how the effect estimates
become higher with more accurate exposure data (Vodonos et al, 2018; Segersson et al,
2021). Epidemiological results from research cohorts in Nordic countries suggests that it
would be a serious mistake to follow the default assumptions chosen by EEA when
countries like Sweden are studied.

The large influence of the selection of risk functions on the obtained results is of course
also obvious when impacts on morbidity are estimated. For several of the outcomes
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included in this study there are alternative meta-coefficients available, and for stroke
the applied relative risk seems to be higher than the potential alternatives.
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Figure 36. Annual mean concentrations of NO; in 2019 for the four cities of Malmé,
Gothenburg, Stockholm and Umea.
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