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Abstract

This study shows the capabilities of a benchmarkigiem to identify inconsistencies in emission
inventories, and to evaluate the reason behindegfiaocies as a mean to improve both bottom-up and
downscaled emission inventories. Fine scale botipramission inventories for seven urban areas in
Norway are compared with three regional emissiermitories, ECAMACS, TNO_MACC-II and
TNO_MACC-III, downscaled to the same areas. Themamison shows discrepancies in nitrogen
oxides (NQ) and particulate matter (PMand PM) when evaluating both total and sectorial
emissions. The three regional emission inventaneterestimate NOand PM, traffic emissions by
approximately 20-80% and 50-90%, respectively. iffaén reasons for the underestimation of,PM
emissions from traffic in the regional inventoras related to non-exhaust emissions due to
resuspension, which are included in the bottomrag&on inventories but are missing in the official
national emissions, and therefore in the downsaagibnal inventories. The benchmarking indicates
that the most probable reason behind the underasbimof NQ traffic emissions by the regional
inventories is the activity data. The fine scale,Ni@ffic emissions from bottom-up inventories are
based on the actual traffic volume at the road éiné are much higher than the Nénissions
downscaled from national estimates based on fles$ sad based on population for the urban areas.
We have identified important discrepancies inREmissions from wood burning for residential
heating among all the inventories. These discraparare associated with the assumptions made for
the allocation of emissions. In the ECAMACSs invepteuch assumptions imply high
underestimation of Pptemissions from the residential combustion sectarlan areas, which
ranges from 40 and 90% compared with the bottormugntories. The study shows that in three of
the seven Norwegian cities there is need for furitinprovement of the emission inventories.

Keywords

Emission inventories; benchmarking system; urbafescdownscaled emissions; bottom-up
emissions

1. Introduction

Air pollution in Europe is a political and sociarcern since mid-twentieth century. In December
2013, the European Commission adopted a CleandlicyPPackage that consists of an updated
programme with i) new air quality objectives u@t830, ii) a proposal for revised National Emission
Ceiling Directive, and iii) a proposal for a newaditive to reduce emissions from medium-sized
installations. Air pollution in urban areas is bedog a priority. Among the reasons are that around
70% of the global population is estimated to liwairban areas by 2050 (UN, 2014), urban air
pollution is linked to 1 million premature deathdaveloped countries (UN, 2016), and cities
contribute to 70% of global greenhouse gas emisgioi, 2011). Consequently, a priority focus
exists on developing solutions for the environmiesiiatainability of urban areas.
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Air quality plans are nowadays being developedrran and regional areas where air quality does not
comply with the limit values established by Air QityaDirectives (2008/50/EC). Air quality models

are essential tools to support policy formulatigrelaluating the possible impact of local and

regional emission abatement options on air quatity human health (Thunis et al., 2016a).
Therefore, there is a need for better understaritiegir quality model uncertainties and ensurg the
are fit-for-purposes. The uncertainties mostlyyeala the input data, such as meteorology, boundary
conditions and, emissions, the latter been poiatgags the most uncertain among them (Russel &
Dennis, 2000; Viaene et al. 2013).

Emission inventories are developed at local, regliand national scales, with methods that very
much depend on the purpose, emission source ihtearsl input data availability. The EMEP/EEA
emission inventory guidebook (EMEP/EEA, 2013) suppthe official reporting obligations under
the Convention on Long-range Transboundary AiriRiah (LRTAP) and the National Emission
Ceilings Directive (NEC 2001/81/EC). The guidebatdkties that emissions can be estimated at
different levels, which are expressed as thres téincreasing complexity. Accordingly, tier 1 is
based on statistical activity rate and default siaiss factors; tier 2 uses more specific informmatio
e.g. specific emission factors per type of procedechnology; and tier 3 involves greater level of
disaggregation of activity data and emissions fadtoan tier 2. The selection of the tier will dege
on data availability and the importance of the seuApart from direct measurements of specific
emissions, which usually are scarce and only availfor large point sources, emission inventories a
regional and local scale are built based on twegyy methods, namely “top-down” and “bottom-
up”. In both cases, emissions are estimated ggrtwrict of an activity (A) and the corresponding
emission factor (EF). The most significant differens the spatial aggregation of activity data. In
“top-down” methods, activity data is collected @gjional or national level and then distributed on
space or gridded based on different types of amgilata (e.g. population density, land cover data)
Whilst in “bottom-up” methods, the activity datacisllected at a finer spatial scale (e.g. pointrseu
road links, households) and thereafter aggregatdteaequired spatial resolution.

The spatial resolution of emission inventoriesrigc@l for air pollution dispersion applicationsdan
related studies such as population exposure, haatttecosystem impact assessmenthe

evaluation of programmes for emission reductionsrban areas. For instance, Denby et al. (2011)
identified systematic errors when the assessmeéiigrapean level are based on the typical chemical
transport model resolution of about 50 km. Regi@maission inventories are available at a relatively
coarse resolution for urban scale exposure angsssmt purposes. For instance, the EMEP emission
grid is approximately 50 x 50 km (available at hftpww.ceip.at/) and the new EMEP grid will be
available at 0.1° x 0.1° longitude — latitude reioin. Other regional emission inventories aretbuil
based on downscaling the EMEP national emissioenitory, usually with the help of source-specific
spatial distribution proxies. Examples of downsdaenission inventories are TNO_MACC (Kuenen
et al., 2014) or ECAMACs (Bessagnet et al., 20d@&jlable at approximately 7 km x 7 km, or the
Danish emission inventory available at 1 km x lresolution (e.g. Pjeldrup and Gyldenkeerne,
2011). The development of bottom-up emission inmges is demanding and requires significant
amount of input data and resources. Thereforegtisean increasing use of downscaled emission
inventories as input data for air quality modelleagivities at urban scale. The comparison or
benchmarking of bottom-up and downscaled emissivaritories may contribute to the better
understanding of urban emissions, the identificatibinconsistencies and the improvement of
emission inventories at urban scale.

Our study is part of the development of a NorwedianQuality Urban Planning Tool, and it is
performed in the framework of FAIRMODE; the Foruar Air Quality Modelling created for
exchanging experience and results from modellingéncontext of the Air Quality Directive (AQD).

The FAIRMODE network intends to support model usgradministrative levels in their policy-

related model applications by establishing toadgadases and methods to enhance harmonization and
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promote good modelling practices among Member St&ar study is carried out in the working
group on emissions focussing on the understandidgraprovement of urban emissions inventories.
In addition, an Emission Benchmarking ToaEmis tool) was developed (Thunis et al. 2016b;
Guevara et al., 2016), and is employed in thisystadacilitate the comparison between emission
inventories.

The aim of our study is to contribute to the unterding and improvement of urban emissions
through the evaluation of inconsistencies betweastom-up emission inventories developed for air
quality assessment at the urban scale and regiomaiscaled emission inventories. Previous studies
have already pointed out discrepancies betweeprhatp and top-down emission inventories (e.g.
Denier van der Gon et al., 2011; Timmermans ef@ll 3). The novelty of our study lies on the
usefulness of the benchmarking tool that allowssemn experts at administrative level evaluate the
accuracy of emission data at urban scale. Our sthdws with a practical example how the
comparison of emission inventories compiled throdifferent approaches increases the
understanding of emission processes and the agcofdéice emission data. The use of the
FAIRMODE AEmis tool is demonstrated to be a powerful toatemtify the inconsistencies and to
further evaluate the reasons behind them in oadeltimately improve both bottom-up and
downscaled emission inventories. The outcome franstudy is essential for the improvement of
emission inventories and therefore their subsecaplications such as in urban and regional air
quality forecasting systems (e.g. Marécal et 8l1,5) or other applications.

2. Emission inventories
2.1. Urban bottom-up emission inventories

We have selected seven urban areas that are duiparitof the development of a Norwegian Air
Quality Urban Planning tool and of the ImprovedyGiir forecasting system in Norway (ddegaard et
al., 2013). The selected geographical domains septalifferent areas in Norway. Oslo domain
consists of an area of about 38 km x 27 km inclggiiarts of ten municipalities and representing the
most populated of the seven selected areas. B€tGekm x 27 km), Trondheim (14 km x 16 km),
and Stavanger (14 km x 25 km) are the most popllatean areas in Norway after Oslo. Drammen
domain covers an area of about 23 km x 22 km aclddes a small town that has experienced a fast
shift from being an industrial town to an awardég for its environmental and urban development.
Nedre Glomma is a metropolitan region (29 km x &% located at the southeast of Norway and
centred between two towns Fredrikstad and Sarpskenland is a district in the south (16 km x 23
km) that encompasses the biggest industrial paNooivay and the central location of the
petrochemical industry.

Emissions from different sectors have been comgidedll seven Norwegian urban areas following
primarily bottom-up approaches, except in the cdidgrammen where area sources are estimated
according to a downscaling approach that combifd&REemissions with land cover data (CORINE
land cover 2006). The main sectors are traffichlwot-road and non-road, residential combustion,
industrial combustion and shipping. Based on regrdéidation processes by comparing air
dispersion modelled results with observations,@mthe share of traffic emissions in the urbansgrea
the inventories are commonly used as representatitbe years 2012 or 2013. An overview of the
timeliness of the data used for the different siaed sectors is given in Table 1.

For all seven locations, on-road traffic is regiylapdated according to the reference year of the
emission inventory. Emissions are calculated basetthe line emission model included in the
AirQUIS system (Slgrdal et al. 2008). The emissiwdel takes into account: i) “static traffic data”
which refers to the physical characteristics ofrthead network (e.g. road type, width, length,
gradient); ii) “dynamic traffic data” that refers the amount of traffic (e.g. average daily traffic
ADT); and iii) “road vehicle distribution”. The tgpof vehicle includes two levels of detail, i) the
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vehicle class (e.g. light duty vehicle-LDV, heawtylvehicle-HDV, buses), and ii) the technology
class (e.g. Euro class). For each road link aned ofpoad, the different variables are provided and
emissions (g*s/m) are estimated based on the ttaiiyc (ADT), the percentage of emission
calculated for each vehicle class within a veheelegory and a basic emission factor from the
Handbook Emission Factors for Road Transport (HBEE¥.0). The basic emission factors are
corrected based on the ageing of the vehicle fasciion of the mileage, and factors that relatthto
road gradient and speed dependency. The Norwegiad Rdministration provides most of the input
data such as average daily traffic, the speedsfpeed limit of the road segment), and the vehicle
distribution (LDV vs HDV). Other data such as thehicle technology class is obtained from regional
statistics (OFV, 2013). Non-exhaust emissions of favid PM s due to re-suspension are calculated
for six of the geographical domains based on thegpgage of studded tyres, heavy-duty traffic,
traffic speed, number of vehicles and road wetnes®slo however, it is calculated based on the
NORTRIP model (Denby et al., 2013a, 2013b).

Emissions from area or point sources are relativatgated and some of the sources such as
residential heating and non-road mobile combusirenover a decade old (Table 1). Emissions from
area sources were estimated by Statistics Norwdyaiowing the same methodology that it is
currently used for reporting the official natiomghissions (Statistics Norway, 2014). Emissions from
wood burning for residential heating used in oudgtare based on bottom-up estimates at fine
resolution (e.g. district level; Finstad et al.02@, 2004b), and not such estimates are available f
updated years. Emissions from wood burning wererdehed by the product of the amount of wood
consumed per type of technology (i.e. open fireglamod stove produced before 1998 and wood
stove produced after 1998) based on surveys antbthesponding emission factors, established
based on measurements for Norwegian conditionsTBR2013). An attempt to update wood
burning emissions for official national estimateswdiscaled to the urban areas has existed, and
thereafter tested with air dispersion models. Hseilts showed a large overestimation of PM
pollution levels when comparing with observatioDenier van der Gon et al. (2015) obtained similar
outcomes, highlighting the need for updating ananoaizing official estimates for wood burning
emissions. For this reason, bottom-up wood buramgssions relatively outdated are still used to
represent current situation in urban areas.

Emissions from large point sources are officialiparted to the Norwegian Environment Agency and
they are linked to the corresponding geographiositpn. In the case of industrial emissions that
cannot be linked to a stack or large point souteey are distributed spatially based on surrogata d
at the municipality level, e.g. employment figumneshe industrial sector (Norwegian Environment
Agency, 2016). Emissions from non-road mobile sesiiaclude emissions from construction
machinery, tractors, households and gardening. $tomis were estimated by Statistics Norway based
on the number of registered machinery or equiprimeeach municipality, and the corresponding fuel
sales. In the case of machinery from the indusanal construction sectors, emissions were estimated
based on the diesel consumption according to #istts from the industrial sector. Emissions from
shipping in Bergen, Stavanger and Trondheim ara fBtatistics Norway and were calculated based
on the sale of marine fuels for both national artdrnational sea transport and using average
emission factors. For Oslo, the shipping emissiventory was developed following a tier 3
approach based on the activity data provided bytre of Oslo, and specific emission factors fa th
different types of vessels (Lépez-Aparicio et 2014; 2016).

In this study we focus on the five largest conttitog sectors in Norwegian urban areas in terms of
emission total; on-road traffic, wood burning fesidential heating, industry, shipping and non-road
mobile combustion sources. To facilitate the congoar with downscaled emission inventories, we
have classified and aggregated the bottom-up emnis$nto SNAP sectors (Selected Nomenclature
for Air Pollutants; CEIP, 2016) as indicated in Teal. Small subsectors that are not included in the
discussion are i) non-wood residential heating;oinmercial heating, iii) airport and iv) railways.
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Emissions from these subsectors are only availalfien applicable, for Oslo, Bergen, Stavanger and
Trondheim. Even though the contribution from thgsbksectors to total urban emissions is below 5%
for both NQ and particulate matter (PM), we have included tivethe corresponding SNAP sector,
i.e. SNAP2 for non-wood residential heating antiat@ry commercial heating, and SNAPS for
emissions from airport and railways. We aim athist possible completeness of the SNAP sectors in
the urban areas.

Table 1. Overview of the reference years of the main emission sectorsin the emission inventories.

: Residential L Off-road mobile
Urban areas On-road Traffic . Shipping . Industry
Heating combustion

Bergen 2012 2003 1995/1998 1995/1998 1995/1998
Drammen 2012 2012 n.a. 2012 2012
Grenland 2012 1998 n.a. n.a. 1991
Nedre Glomma 2012 2012 n.a. n.a. 2012
Oslo 2013 2002 2013 1995 2013
Stavanger 2012 1998 1995/1998 1995/1998 1995/1998
Trondheim 2012 2005 2005 2005 2005
SNAP sectors SNAP7 SNAP 2 SNAP 8 SNAP 8 SNAP 3-4

2.2. Downscaled emission inventories

We selected ECAMACS (2007), TNO_MACC-II (2009), d@hd newly improved version
TNO_MACC-III (2011) as downscaled regional invetigsrat European level. For detailed
information about these inventories, we refer t@ken et al., (2014) and Bessagnet et al., (2016).
These inventories are widely used in European A@l®y applications and have supported air quality
inter-comparison exercises (e.g. AQMEII projecttketa et al., 2015). Emissions in the regional
inventories are distributed in macro-sectors: Ergy industries; 2) non-industrial combustion; 3)
industrial combustion; 4) production processespdy transport; and 8) non-road mobile combustion
sources, as the relevant sectors for our studyclasdified according to the SNAP nomenclature
(CEIP, 2016). In TNO_MACC-II and TNO_MACC-III, sems SNAP3 and SNAP4 are merged. The
three regional emission inventories are develogsad on officially reported emissions to the
Convention for Long-Range Transboundary Air Polint{CLRTAP;
http://www.unece.org/env/Irtap/welcome.html), amdnpleted with emissions at the country level
from GAINS model (Amann et al., 2011) or EDGAR (JRO11). In TNO_MACC-II and
TNO_MACC-III, officially reported emissions (CEImd EEA) were the primary data source for EU
Member States and EFTA countries, and GAINS fomfar Soviet Union countries and some Balkan
countries. For Norway, TNO_MACC emission inventsrége based on officially reported data for all
compounds (i.e. CHHCO, NH;, NMVOC, NGO, PMo, PM, s and SQ). The emission data is then
spatially disaggregated to a finer spatial resofufollowing different downscaling techniques. The
gridding of emissions in the three regional emissimventories is downscaled according to different
assumptions, using the proxies summarized in Table

Emissions from point sources in TNO_MACC-II anddhd their geographical locations are taken
from The European Pollutant Release and Transfgiske (E-PRTR database) and combined with
TNO’s own point source database. In the case oiidpremissions from point sources are from the
E-PRTR. In ECAMACSs inventory, emissions from paatirces are taken for the previous European
Pollutant Emission Register (EPER) and combined wattificial land use data.

Emissions associated to non-industrial combustiantp (SNAP2) are mainly allocated according to
total population density. The SNAP2 sector consigiy commercial / institutional stationary
combustion; ii) residential combustion; iii) statery combustion associated with agriculture, foyest
or fishing; and iv) other stationary. In Norwayopand 98% of emissions in SNAP2 sector are from
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residential combustion, most of it from biomass.(ivood burning). TNO_MACC-II and
TNO_MACC-III use internal approaches based on pafmut and wood availability. In ECAMACSs,
emissions from biomass burning are allocated wottffecients defined based on population density
by Terrenoire et al. (2015). These coefficientsengefined at a French bottom-up study that
established that PM emissions per inhabitant shaigdrease when the population density increase.

Table 2: Overview of the proxies employed for gridding emissions by sector in the three regional emission inventories.
TNO_MACC (2007; Denier van der Gon, et al, 2010)

TNO-MACC_II TNO-MACC_Il EC4AMACS
Bessagnet et al., 2016; Denier van
Ref der Gon (2010)
Year 2003 - 2009 2000 - 2011 2009
Improved based on bottom up data
and Industrial land cover
TNO internal estimates (Population Dissagregated based on population

Kuenen etal., 2014 (pers. commun.)

SNAP1 E-PRTR, TNO PS database EPER and Artificial Landuse

SNAP2 Total population and Wood use map

and wood availability) (Terrenoise etal., 2015)
SNAP3 E-PRTR, TNO PS database Improved based -on bottom up data TNO_MACC (2007); E-PRTR and TNO
and Industrial land cover PS database
SNAP4 E-PRTR, TNO PS database Improved based on bottom up data Artificial Landuse

and Industrial land cover

E-PRTR, TNO PS database or Urban

SNAPS . Artificial Landuse
Population
SNAP6 Total population Artificial Landuse
SNAPY TRANSTOOLS network and Total TNO_MACC (2007); Road Network
population and Partly population
TNO PS database, Rail map, - . TNO_MACC (2007); Rail map, Inland
o Shipping; methodology improved,
SNAP8 Shipping map, Arable land, Total . Y and coastal waterways, Arable land,
. estimated differently per sea .
population Population
SNAP9 E-PRTR, Rural population or Total TNO_MACC (2007); E-PRTR and
population Population
SNAP10 Livestock map, Arable land, Total TNO_MACC (2007); Livestock map,
population Arable land, Total population

The emissions in the merged SNAP3 (Combustion inufaecturing industry) and SNAP4
(Production processes) sectors in the TNO_MACC siorisinventories are distributed based on the
information from the E-PRTR database, the TNO mdepoint source database and population. The
TNO_MACC-IIl introduces an improvement in the distrtion of industrial diffusive emissions (i.e.
industrial emissions that cannot be linked to aPREFR facility), and they are allocated based on
industrial land use data from the CORINE classiftrainstead fjersonal communication). This
improvement regarding TNO_MACC-II was introducedatwid an over-allocation of industrial
emissions in urban areas. In ECAMACs, EMEP emissizgre re-gridded into a finer model domain
based on the TNO-MACC spatial distribution for SNeA&hd on artificial land use area for SNAP4.
TNO_MACC emission inventories distribute emissionSNAP5 and 6 based on total or urban
population, whereas EC4MACs does it by using aréfiland use data at 1 km resolution. Regarding
SNAP sectors 7, 8, 9 and 10, ECAMACS based theliibn of emissions on TNO_MACC spatial
distribution. Thus, on-road transports (SNAP7)igributed based on the TRANSTOOL network
(JRC, 2005) for interurban traffic emissions angydation density for urban traffic emissions, and
the remaining sectors (SNAP8, SNAP9 and SNAP1(das population or the corresponding land
cover maps (Table 2).

3. Benchmarking tool: methodology for comparison of emission inventories

For the comparison of bottom-up and downscaled ®atrisnventories, we used theEmis tool
(Thunis et al., 2016b; Guevara et al., 20M6Emis is an IDL-based tool designed to screen and
benchmark emission inventories, and especiallyppasrt the comparison of bottom-up and top-
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down emission estimates at city, regional, and trgstale. The tool was originally designed as a
flagging system to identify inconsistencies in esita inventories, and evaluate the reasons foethes
inconsistencies in order to improve the emissimeimories. The benchmarking was mainly carried
out based on the direct comparison of a bottommueritory (BUP) to the downscaled emission
inventory (TOD) in the macro-sectors and pollutgrass for the seven model domains (i.e. Bar-Plot
in the A-Emis tool). The evaluation is supported by thedusiethe “diamond” diagram (Thunis et al.,
2016b), also available in tieEmis tool, aiming at getting additional insightspossible

explanations for discrepancies between emissioesttre selected areas. The diamond diagram is
designed to identify discrepancies in the invee®end allows an informed evaluation of whether
differences between inventories can be mostlyedl&t differences in the use of emission factors or
in the choice of activity data. For more detailsattithe theory behind the diamond diagram and its
interpretation, we refer to Thunis et al. (2016b).

4. Resultsand Discussion

A preliminary comparison of urban N@missions estimated according to bottom-up methads
emissions, for the same areas, according to tlvdstaled regional emission inventories shows a
lack of consistency among all the urban areas. Mewd& M, and PM s emissions in TNO_MACC-

Il are generally higher than in the BUP. Other ssadhas reported similar differences when
comparing total downscaled emissions with bottonestimates (Kuenen et al. 2010; Maes et al.
2009). In other to shed light on the causes ofrdsncies, an evaluation at the sector or subsector
level is needed, as total values could also betaffieby compensation of errors, i.e. overestimation
and underestimations in different sectors. Thisise@resents an evaluation of emissions for omroa
transport (SNAP7), residential combustion sectwoed burning (SNAP2), non-road mobile sources
and machinery (SNAP8) and industry (SNAP3 and SNAP4

4.2. On-road transport sector

The benchmarking shows similar BUP/TOD ratio forAAN (on road transport) in each area when
comparing with the three TODs (Figure 1). As pregly described, TOE.4umacsis based on
TNO_MACC (Table 2) and thus explains this similarfeor the seven areas, Nénd PM,
emissions in the BUPs are higher than in the ti@Bs.

The BURW10t0 TOR1 ratios are above a factor 2. The reason of tlsisrépancy is on non-exhaust
PM emissions due to re-suspension that is accodioted the BUPs, whereas officially reported
emissions to the CLRTAP from Norway only includéamobile tyre wear, brake wear and road
abrasion as non-exhaust emissions in SNAP7. Thertianpce of including re-suspension as a
subsector in the official reporting of emissionsighlighted in our study, as we underestimate
national emissions of PM. For instance, in Oslossioins from re-suspension account for about 34%
of total road transport P)emissions. Moreover, cities exposed to icing agvicthg conditions, and
the use of studded tyres, experience recurreneearees of PM limit values (Amato et al., 2014 and
references therein). The evaluation of measurggtiag at resuspension are therefore needed, and
consequently re-suspension needs to be accountgddmission inventories.

BUP\ox/TODyox ratios are a factor above 2 for Drammen, Nedrer®a and Oslo. For PM
however, BUBw,sand TORy25s sSeem to show similar emission values except fantbnen where
BUP is much higher than TOD. The reason behindlifierent results obtained for Drammen is not
clear and additional effort need to be put in tha@gation of this emission inventory. A higher ghar
of diesel vehicles in BUP than in TODs could expldie higher BURox than TORQox, and similar
BUPsy25and TORw2s NO traffic emissions in Oslo are very much due ts€lievehicles, as 92% of
total NQ, emissions are associated with heavy duty vehibleses and diesel light duty vehicles (i.e.
passenger cars and other light duty vehicles) bamnely 8% is associated with gasoline passenger
cars. In TNO_MACC-II and TNO_MACC-III, NEtraffic emissions in Oslo domain associated with



306 diesel vehicles are around 86% and 90%, respegtiVbke share diesel versus gasoline seems to be
307 similar among the inventories. The reason behisdrdpancies in NOemissions may be then in the
308 activity data, as emission factors in BUP and e Nlorwegian national emissions (Statistic Norway,
309 2014), and therefore in the TOD, are from HBEFANrway, national emission are estimated

310 following a Tier 3 according to EMEP/EEA (2013) debook and based on fuel sold, number of
311  vehicles per category, and driving patterns (StesisfNorway, 2014; Norwegian Environment

312  Agency, 2016), whereas the emissions in BUPs aedyamong other variables, on the amount of
313  traffic per road link expressed as average dadificr (ADT).

314  Traffic emissions for the four most populated urbaeas are plotted on diamond diagrams (Figure 2)
315 in order to shed light on possible reasons of isistaencies between BUPs and TODs. The

316  comparison is carried out with TNO_MACC-III as lbsest represents the year of the BUPs. The X
317  axis of the diamond diagram represents the emidaiior ratio (ef_BUP/ef_TOD) while the Y axis
318 represents the activity data ratio (A_BUP/A_TOD%. #&result, the distance from the X and Y origin
319  provide information on the deviations made in teahsmission factor and activity, respectively

320 (Thunis et al., 2016).

NO, - SNAP7

allnna.,

S
5
[+2]
(
1(
” PM SNAP7
i | MNHMM
",(A
& PM SNAP7
0
O TOD = TNO_MAC QTOD=TNO_MACCII =
321
322 Figure 1. Ratios of emissions of NO,, PM; and PM, 5 from bottom-up inventories (BUP) to downscaled emissions for the
323 SNAP7 (Road Transport).

324  The disposition of the symbols representing,NEM,o and PM s emissions from traffic (TRA in

325  Figure 2) indicates that there may be inconsiseanici term of the emission factors as they areaspre
326  on the horizontal axis (Thunis et al., 2016b). EhaBUR-\1d/ef TODby10 for the four model domains
327  are calculated to bel, and higher than ef_BUWR, Jef TODs\.5 These values indicate

328  overestimations of By in the BUPs. This supports previous observatiganging the existence of
329  resuspension when we estimate emissions offMhe BUPs.
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331 Figure 2: Diamond diagrams for Bergen, Oslo, Savanger and Trondheim benchmarked against TNO_MACC-III.

332  Traffic emissions are plotted on the area thatcaigis higher activity in the BUP than in the

333 TODrno_macc-ni, €specially for Bergen and Oslo (Figure 2). Thok laf detailed information about the
334 location of emissions, and the method used to dieagte traffic emissions entail discrepancies on
335  activity for urban areas as shown by the diamoadrdim. As previously stated, TNO_MACC uses
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the TRANSTOOL road network and population datallimcate interurban and urban traffic
emissions, respectively. This is because TRANST@Lses on interurban transport and only
considers motorways and main roads. The percewnfamtal traffic emissions that TNO_MACC
assigns to urban traffic based on population ietestimated. The highest differences would be
observed for the areas with highest urban roader&tdensity, as it is the case of Oslo and Bergen
(Figure 2). This source of uncertainty has beenipusly stated in Ferreira et al. (2013). Similarly
Maes et al. (2009) established that the downscalopgoach poorly reproduced the spatial surrogates
for on-road transport. BUPs inventories are mdeelyi capturing the spatial variations within the
urban area, since the road network used to estitnatemissions at the road link level is more
detailed, includes more updated traffic variabteg.(ADT) and contains secondary and local roads
along with the motorways and main roads.

4.3. Residential combustion sector _ wood burning

Emissions from non-industrial combustion plants A#18) in Norway are mainly associated with the
residential sector and due to wood burning, astiié second most important heating source after
electricity (http://www.iea.org/). The comparisohBUPg, s with the three TOPs for the residential
combustion sector shows several discrepanciesr@Rju Emissions from area sources in Drammen
are downscaled according to an approach based d&PEhissions and land cover data for
residential heating, emissions are calculated toidpeer than in EC4AMACs, TNO_MACC-II and
TNO_MACCH-IIL

The comparison with TNO_MACC-II shows that PMemissions in the BUPs are lower, whereas the
comparison with TNO_MACC-II shows that BUP and TQB wacc-i are similar or BUR .5 is

slightly higher (i.e. Stavanger and Trondheim; F&g8). These differences reflect the modifications
introduced in TNO_MACC-III with respect to TNO_MAGIT, which show that emissions from

wood burning in urban areas have been reducedtétimplementation of a new approach.

10 ¢

BUP / TOP

PM, , - SNAP2
01l *
OTOD =TNO_MACC-IIl @TOD = TNO_MACC-II| mTOD = EC4MACS

Figure 3: Ratios of PM, 5 emissionsin BUP to PM, s emissions in TOD for the SNAP2, Non-industrial combustion (top left).

The comparison of BUPs with EC4AMACSs shows oppagiselts, as Pk emissions in the BUPs are
calculated to be much higher than emissions reguftom the downscaling, and the ratio of BUP to
TOP:cavacs reaches factors between 2 and 7. EC4AMACSs assumaesrhissions from wood burning
sharply decreases with population density and tber¢hese emissions are allocated in sparsely
populated areas. This assumption is based on anbaip study carried out in France and thereafter it
was extrapolated to the whole Europe (Terrenoied.eP015; Bessagnet et al., 2016). This
assumption is valid for some European countriel sisd-rance, where the main heating sources in
urban areas are electricity and natural gas, widled burning is mostly used as heating in rural
areas. However, this assumption is not valid forvy, where wood burning is generally used as
heating source also in urban areas. Domestic waodry has been reported to be an important
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anthropogenic source of PM emissions in Nordiesjtand contributor to PM pollution levels. For
instance, in Oslo (Norway), Lycksele (Sweden), @48weden) and Helsinki (Finland), local
domestic wood burning emissions have been estinigtsdurce apportionment and measurements to
contribute by 30-50%, 40-80%, 5-30% and 14%, resgey, to urban background concentration
levels in winter (see review in Denby et al., 2009)r these reasons, it is fair to conclude that
EC4MACs underestimates PM emissions from wood loigrfor residential combustion in urban

areas in Scandinavia and Finland.

The diamond plot shows that RMand PM s emissions from wood burning based on BUPs and
TODrno_macc-n are consistent in Bergen (Figure 2). The benchmanierformed for Stavanger and
Trondheim indicates that activities may be higimethe BUP emission inventories, whereas for Oslo
is slightly lower. As indicated at the beginningtlis paper, emissions from wood burning are a
decade old in the BUPs and the years are not ¢ens&mong the urban areas. Results for Stavanger,
Oslo and Trondheim refer to 1998, 2002 and 20Gpeetively (Table 1), whereas TNO_MACC-III
emissions are based on 2011 activity data. Woodihgiactivity depends on the climatic conditions,
thereby long and cold winters will result in higlvesod consumption over the consumption during
shorter and milder winters. In addition, the unai@ties in wood burning emission estimates are,high
for instance in Oslo it has been reported to bera®0% (Denby et al., 2009). Wood burning is
therefore one of the sectors that needs a spétgatian, and regular updates to best represent the
reference year are required. Figure 4 shows timesstor biomass consumption and R\ missions
from residential heating in Norway from 1998 to 20Differences are observed from year to year on
annual emission values, and they may be explaigatifferent meteorological winter conditions.
Norway has significant climate variations as it@®va span of 13 degrees of latitude, thus annual
national average temperature or wood consumptiaridwery much smooth the local variations.
Variations from year to year may be higher at Iacale such as in urban areas. Based on our
knowledge of emissions from the residential heaitinigorwegian urban areas and on the outcomes
from the benchmarking, emissions in TNO_MACC-IIIywapresent better local scale in the selected
Norwegian urban domains than TNO_MACC-Il and EC4AMAC

4.4. Non-road mobile sources and machinery

In Norway, non-road mobile sources and machineNA8) contribute to around 20% of the total
national NQ emissions. Figure 4 shows the time series fog 8l@issions from SNAP8 and the
corresponding subsectors, and a decrease is oideone 1999 to 2014, specially significant from
2008. The biggest contributing subsectors is shigpdollowed by national fishing and non-road
mobile sources associated with industry and coctstmut The two latest subsectors have not
experienced a significant change with time, whesbgigping exhibits a pronounced decrease.

The BUPSs for the seven norwegian cities are nosistent regarding the completeness of emissions
representing SNAPS8 neither the year of referencoeiristance, both Grenland and Nedre Glomma
lack emissions from non-road mobile sources suchahinery in the construction and industrial
sectors, and shipping is missing in Drammen, Grehtnd Nedre Glomma. The incompleteness in
the BUPs would explain the marked differences ofeskin total emissions with TODs (Table 3). The
benchmarking exercise shows that emissions frorroatd mobile sources based on BUP are lower
than those reported by the TODs for both,M@d PM, (Figure 5, left panel). The BUBx/TORox
ratios are between 0.3 and 0.5 for most of therudraas, and in Trondheim the ratio Bldto

TOP\ox reaches around 0.1. BR\R/TODgy10 ratios show higher inconsistencies reaching values
around 0.2 or even below 0.1 in the case of Troimdlla@d TOQno maccs An hypothesis to explain
these differences lie on the bottom-up emissioeritaries, as they are more than a decade old when
even complete, i.e. in Bergen, Oslo, StavangerTamdndheim (Table 1). However, emissions from
non-road mobile combustion sources have significddcreased along time (Figure 4). Hereby, the
comparison between BUP and more updated TODs wealdt on the opposite result, BUP > TOD.
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Figure 4: PM, s emissions from residential sector in Norway from 1990 to 2014 and the corresponding activity data (left)
and NOx emissions from non-road mobile sources and machinery (SNAP8) and corresponding subsectors (right).

The most probable cause would be the proxis ugedllficating and gridding emissions in the TODs
as part of the downscaling processes. For instamabile machinery associated with the
manufacturing industry and other mobile soucesaloeated based on total population. This results
in an over-allocation of emissions in urban aréadlorway, non-mobile sources associated with
construction and industries is the third biggesttigbuting subsector to SNAP8 (Figure 4), therefore
an over-allocation may results in significant diffieces as those observed in our results. At the
beginning of this chapter we indicated that totalssions of PM in TODs are reported to be higher
than total PM emissions in BUPs. Higher PM emissiisom SNAP8 will contribute to the total
overestimation of emissions in urban areas.

4.5. Diverseindustry

Emissions from the industrial sector are low intladl analysed urban areas except for Grenland,
which holds an industrial complex with several &ppint sources. In Bergen and Oslo,,NO
emissions from the industrial sectors are much tawéhe BUP than in TNO_MACC-II and
EC4AMACSs (Figure 5). Emissions from SNAP3 and SNABdtors that cannot be linked to a specific
E-PRTR facility (i.e. diffuse emissions) are mergedNO_MACC-II and gridded based on total
population. This approach results in an over-atiooeof industrial emissions in urban areas, which
has already been pointed out in previous studiegy&a et al., 2014). The improved TNO_MACC-
Il addressed this issue, and diffusive industiaissions are distributed based on the industrial
classification from the CORINE land cover map (BaB). Consequently, BUB,/TODyox (rno_macc-

my ratio approaches 1 for most of the urban areaBO4MACSs, emissions from SNAP3 and SNAP4
are distributed according to TNO_MACC and artifi¢and-use, respectively. This approach seems to
show consistent results, and similar to those teddsy TNO_MACC-III for some of the domains. In
Oslo domain, the ratio BUWBy to TODyox is Very low. To our knowledge, there are no imaott
industrial sources in Oslo geographical domain,thedcontribution from those existing is almost
negligible to NQ pollution levels. There may still be an over-atibion of industrial emissions in
populated areas. Dios et al., (2012) pointed oautthe inaccuracy of the E-PRTR information, i.e.
total amount of emissions released and geograploication, but the evaluation of the E-PRTR for
Oslo does not seem to show inaccurate results. HaWEORINE land cover dataset for Oslo shows
large areas classified as industrial land usessd heeas are mainly commercial and storage fasiliti
located in the urban area and clearly distinguihflom residential areas. Therefore, the use of
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CORINE land cover to allocate diffuse emissionthereason for an over-allocation of industrial
emissions in urban areas.
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Figure 5: Ratios of NO, and PM;, emissions in BUPs to emissions in TODs for the SNAP8, Non-road transport (left) and
SNAP3+4, industry (right).

It is also important to highlight that CORINE lacdver data is from 2006, and therefore it may not
register some of the urban transitions from indaisto more environmentally friendly urban areas.
This may be the case of Drammen, were BUP emississea sources are calculated based on
downscaling approaches using CORINE land coveneidlay data. The results show that Drammen
is a very industrial urban area, which does natespond with the current situation.

BUPsm1d TODpmio Shows very low values and below 0.1 for most efulban domains. The BUP
considers PMsemissions equal to Ply] and therefore emissions of the PM coarse fracierset to
zero. The BUBy,.§ TODgpy 5 ratios are similar to those obtained for BMr slightly closer to 1 (no
shown in figure). Assuming that emissions of the &rse fraction is zero involves that we
underestimate P emissions from the industrial sector in the BUflustry is a minor contributor to
emissions and to air pollution levels, thus we dbexpect that it will affect the total emissionstioe
subsequent evaluation.

The distribution of emissions from industry androad transport is very much based on a tier 1
according to EMEP/EEA (2013) guidebook, as it ysgsulation or land cover as proxies to allocate
emissions. The results obtained in our study irtditfaat tier 1 involve high uncertainties and insmo
of the cases an over allocation of emissions ihligigopulated areas.

5. Conclusions

This paper presents the comparison between sevemnbap emission inventories for seven urban
areas in Norway and three downscaled regional émigsventories (EC4AMACS, TNO_MACC-II

and TNO_MACC-III). The comparison focuses on,NPM;,and PM s emissions and on on-road
transport, residential combustion, non-road trartspad industry sectors. Our study shows the benefi
of comparing emission inventories developed acoorth different approaches in order to improve
emissions in urban areas.
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Total emissions of NQand PM from downscaled emission inventories ageimeral not similar to
bottom-up emission inventories defined for the samiban areas. Discrepancies in the on-road
transport sector are prevalent among the selectas aand downscaled emission inventories usually
underestimate both PlMand NQ emissions. Non-exhaust emissions due to resuspeissprobably
the main reason of discrepancies for,gMhich is included in the Norwegian bottom-up esina
inventories, but it is not in the regional estinsafier the country. Re-suspension is an important
source that needs to be taken into account a®ptreé design of programmes to reduce population
exposure to PM levels above limit values. Thissigezially relevant in urban areas exposed to icing
and de-icing conditions, and with the use of vedsakith studded tyres. National official emissions
reported to UNECE by Norway does not include thissgctor, but automobile tyre wear, brake wear
and road abrasion. This is one of the limitatiohthe use of downscaled official emission inverderi
for air quality modelling at urban or regional sal

NO, emissions from on-road transport are estimatds:tmuch higher by means of bottom-up
methods than from downscaling are. National emmssfoom on-road transport are estimated
following a tier 3 approach based on fuel salekijcle fleet composition and driving patterns. The
disaggregation of emissions from on-road transpautban areas in regional emission inventories is
performed based on population. This proxy entailgel activity and therefore an underestimation of
traffic emissions in the urban area. This phenomarezurs especially in urban areas characterized
by high urban road network density. The bottom-ppraaches are more likely capturing the spatial
variations within the urban area, as several viesahre defined as unique values at the road link
level. Therefore, on-road traffic emissions frora #even bottom-up emission inventories are likely
more accurate than traffic emissions from downscedgional emission inventories. A way forward
in the developing and improving of regional andoglbemission inventories would be the nesting of
bottom-up inventories for urban areas, along withimprovement of the current European road
network information.

The benchmarking shows significant discrepancietherestimates of wood burning emissions
according to bottom-up and downscaled approachespioxies selected for the spatial allocation of
emissions are the main reason behind the discrieggaric ECAMACS, an approach developed from a
study in France was then extrapolated to the wlalepe. This assumption is not valid for countries
as Norway, as it results in a significant undeneation of PM s emissions from wood burning in
urban areas. This can be the case for other Eunaqmantries in northern latitudes where wood
burning is very much used as heating source inrualb@as. Wood burning for residential heating
depends on local conditions, economy or even allfactors. Our study shows the importance of
local knowledge on the selection of assumptionspangies for the spatial allocation of emissions.
Thus, it is important to investigate the possibibf including knowledge and studies at local lawel
the development of European regional emission itoregs. In addition, wood burning activity
depends on the climatic conditions; therefore, demiify the need for regular updates of the wood
burning sector in the seven bottom-up emissionritorges to best represent the reference year.

Other sectors such as diffusive industrial emissamd non-road mobile combustion sources shows
important discrepancies. One of the reasons imttmmpleteness of some of the bottom-up emission
inventories, especially for two urban areas (i.edi¢ Glomma and Grenland). Another reason for
discrepancies is the use of population or land cageancillary data. The use of population resalts

an overestimation of emissions in populated areels as cities. Land cover has shown to be an
improvement in the case of diffusive industrial esions. However, the relatively outdated land cover
data does not reflect the fast urban developmeperéenced in some urban areas from industrial
cities to more environmentally friendly populatedas. This can be the case of one of the bottom-up
emission inventories, i.e. Drammen, which areacsiare developed according to downscaling
processes using land cover data. There is a needfosources and ways of acquiring ancillary data
that represent current conditions in urban arepergencing fast urban planning and developments.



530 The benchmarking carried out here has strengthemettust on the urban emission inventories for
531  Oslo, Bergen, Stavanger and Trondheim. For thestbtieer Norwegian cities, this study shows the
532  need for further improvement of the urban emisgmentories: in Grenland and Nedre Glomma
533  there are missing sources from the off-road seetbile the inconsistencies identified in Drammen
534  make recommendable a revision of the inventory odlogy used to compile the urban scale

535 inventory. The study also shows how the data frieerégional emission inventories cannot be

536 readily used in Norway, as there are important imissources in particular from resuspension, road
537 traffic and biomass burning in the downscaled eimmssif intended for use in urban areas.

538 The discrepancies found between downscaled andrbatp emission inventories may have

539  significant implications for their subsequent usédr instance exposure assessments or the

540 evaluation of policy measures. Hence, the assiimiiaif bottom-up emission estimates and its local
541  ancillary data by downscaled regional emissioniimeees may improve the quality of the regional
542  inventories, and their subsequent applications.
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Highlights

¢ The capability of a benchmarking system to improve emission inventories is shown.
* The regional emission inventories cannot be readily used in urban areas in Norway.
¢ Regional emission inventories underestimate NOx and PM10 urban traffic emissions.



