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Executive summary

Black carbon(BC) is a component of &ticulateMatter (PM) with short term health impact

and an active substance enhancing global warming due to its capacity to absorb sunsadiation
Polycyclic Aromatic Hydrocarbons (PAHs¥e a large group of organic compounds with

multiple fused aromatic rings presentingdith impacts. The heaviest ones are in solid form,

those with a small nhumber of rings may be volatile and present in gaseous form in the
atmosphere. PM presentt large spectrum of componenssich as dust, BC, organic
compounds, sulphates, nitrates, ammonetec These di fferent compon
warming or cooling effect in the atmosphere.

To mitigate health risks analimate changeproper knowledge regarding the physical and
chemical properties gdarticulatepollutants and particularly carbonacsospecies along with

their fate, transport and transformation through the environmetwrisequentlyrequired.

Fossil fuel consumptiomoth in stationary and mobile sourcésomass burningBB) and
industrial emissions are the key sources ofd@ asscated PAHsSNnto theatmosphereAs

BC hasa short life span, it may be easy to overcome the environmental burden by cutting up or
controllingits emissions

Secondary processes in the atmosphere are also a large sourceR&deMly(Daellenbach

et al., 2020)showed that the oxidative potential concentration is associated mostly with
anthropogenic sources, in particulgith fine-mode secondary organic aerosols largely from
residential biomass burning and coansede metals from vehicular n@xhaust emissions.

Reduction of emissions of BC and PAHSs is linked to the reduction of PM emisEiosiseport
provides an overew of BC, PAH andilsoUltrafine ParticlefUFP)emissions and the effect

of PM emission reductiomeasure®n these species emissiofi$ie investigationhas been
extendedvhenpossibleto the whole spectrum afarbonaceous species like secondary organic
aerosolgSOA) and brown arbon(BrC) which havean impact on the radiative budget and the
PM massThree target sectors have baemsideredtwo of them, small combustion sources,
and road transport because they aeentlajor sources of BC, and Gas Flaring (GF) because this
activity is an important souraaf pollutantsfor both air quality and climate impact in the Artic
regions.

This documentomplete the Guidance document gprioritising the measureECE,2020)y
providing in depth analysis of capacities of techniques to really reduce BC arsl PAHI
serve the review of ELVs (Emission Limit Values) of annéxof the AGP (amended
Gothenburg Protocol) to be carried out in 2021.

Residential wood burning remains a major issugand many effortstill need to benade to

reduce emissionsf PM and BC Advanced or ectabelled stoveand boilersenable PM and

BC emission reductionThe quality and the type of wood is also important and dry wood is
usually recommende&ood practices are also essential (Code of Good Pradeeetoped by

(TFTEI, 2019)). Many policy interventions have led to effective PM and BC emission reduction

in the household sectddowever, if BC emissions is likely to be reduced, particle number is
guestioning during the dilution of emissions. Teerease of available mass for condensation

and lower temperature can increase nucleation processes and then increase the number of
particles.

The determination oPM Emission Factors with more reliable standards is a critical issue.
Methodsshouldinform on the filterable andondensable fractions of particle$o better know
real PM emissions frommall wood appliances and@velop emission inventories more relevant
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for the modelling community who use these data to help the development strategies for policy
makers to both curb air pollution and adverse climate impacts.

With the shift to more stringent regulatioapplied toroad vehicles, PM emissions and all
particulatespeciesncluding BCat the exhaust pipe are likely to decrease. Therdjoreand

brake emissions are turning dominansourcesand they aralso asource of BC even if these
particles are mainly in the coarse redqdiameter > 2.5 pum). Ultrafine parted can also be
emitted by brake uses. The choice of pad material is the main technical way to decrease
emissions even some suction devices could be used to remove most gesticlesakes

At least 90% ofparticulatecarbonaceous species in thas flareflue gas is made dblack
carbon Steamassist Flaresare clearlythe most efficientin termsof soot emission reductions.
However high pressuassistedlarescan be an efficient technique if water is not available on
site. New modalbased on neural tweorks (advanced statistical methodsjuld help to better
assist thdlaring operations to better control soot formation.

To better tackle Climate Change and Air Quatitt onlythrough the BC emission reduction

the emissioaof Brown Carbon (BrCare also importanBrC is a lightabsorbing particulate
matter mainly ceemitted by biomass burning or produced later during the plume dilution. So
far, this species is not very wédlentified,and thee are uncertainties in thadiative properties
assigned to this species in climate models

Key conclusions

Small scale combustion

- Exposure to outdoor and indoor air pollution is known to affect respiratory and
cardiovascular health, and a recent study also shows its effects mtiveofyinction.
Open fireplaces, traditional stoves and cookers as a source of indoor and outdoor air
pollution, can be the origin of environmental inequities (gender, age) particularly in
developing countries. There is a clear advantage to tackle residerod combustion
to both reduce health effects (and associated costs) and rapidly have a benefit on climate
even if the impact is weak compare to other GHG.

- BC emissions fromesidential combustiois by far the largest contributor at the global
scale. In EU27+UK, BC fronstationary combustioemissions is 3 times higher than
BC from thepassenger caemissions in 2018. These emissions are mostly due to
biomass burning and particularly wood burning.

- BCconcentrations in waste gasge usually determined by thermo optical methods and
certainly account for a fraction of organics. OM is usually derived from OC
measurements issued from thermal methods.

- PM emitted by biomass burning from small combusteppliances are mainly
composed of carbonaceous compounds (Elemental Carbon (EC) and Organic Matter
(OM). Most of particles are fine particles with diameter below 2.5 pm. A secondary
production of particles is identified during the dilution of the plunglater in ambient
conditions.

- Birch, Spruce and Pine often exhibit the highest emission factors of PM, BC arsd PAH
Raw fir is a strong emitter of PAAHWood Oak emits the lowest BC. Burning wet wood
is not recommended as presented inGbde of good pretices for wood burning and
small combustion installation@ FTEI, 2019) however some studies showed higher
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PM1, PAH and BC emissions using very dry wood (11%) compared to wet wood (18%)
while the particulate number (PN) is lower for dry wood.

The use of mdern stoves implementing advanced methods to limit the emission of
pollutants like catalytic combustors, wood pellets and masonry stonaddego reach

the emission standards as defined in theblgUhtest ecalesign standard3 he ban of

not ecolabelled wood stove seems the most beneficial in some recent studies. However,
the use of catalytic combustor can increase the emissions of PCDD/F due to the effect
of the catalyst. Organic gases are also largely reduced with modern wood stoves which
involve a pdential positive effect to reduce the secondary organic aerosol (SOA)
potential formation.

Automatic fuel feeding and improvement of air staging combustion clearly improve the
combustion efficiency. Low cost strategies of retrofit air injection on tramtistoves

can reduce PM and BC emissions. High burn rates should be avoided as they are
associated to higher pollutant emissions.

Wood pellet stoves have 2 to 3 times lower PM, EC and PAH emissions than wood logs
in advanced wood stoves. However, theficefncy to reduce particle number is not as
high as expected.

Electrostatic Precipitator would be a good strategy to reduce particles. Efficiency
exceeding more than 99% are commonly obtainecombustion plantshowever in
practice this technology is hsuitable for residence appliances. The efficiency of ESPs

to reduce nanoparticles is not clear yet. Underdealle combustion conditions, after

the ESP during the cooling of the flue gas, organic matter can appear due to condensable
species.

Additionalstrategies like Thermal Energy Storage can help to optimize the heating cycle
from the starup and the shutdown. Starp is a critical phase with high emissions of
pollutants.

The formation of solid particulate matters is highly sensitive to secoitatystance

and uniformity of air distribution in the secondary air modules staging can be
optimized to reduce air pollutant emissions. However, air staging strategy in
combination to reburning in order to reduce NOx can produce RAte known to hae

a high carcinogenic potential.

From(TFTEI, 2019) the following list of new technologies were identified and can be
recommended. New advanced stoves equipped with improved air control, reflective
materials and two combustion chambers; New smart stovksawiomated control of

air supply and combustion, thermostatic control;RVconnected to collect and send
combustion data to the manufacturer for better service; New advanced masonry stoves,
operating at high efficiencies and low emissions; New advape#eét boilers: fully
automated boilers (electronic control of air supply, lambda sensors), condensing boilers,
using standarded pellets; Woodarburettoboilers using log wood or chip wood; Heat
accumulating equipment with heat accumulating reduciog/start frequencies and
operation at partial load, which generates higher emissions than operation at full load,;
Other: flue gas recirculation, reverse combustion, gasifier.

Currently, test procedures for delivering labels are not able to charactesise re
conditions of use of domestic appliances. New normalised test proceduuss be
useful tobetter account for real utilisations of smstlale combustion appliances
(starting phases, closing phases)
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- Harmonized methods to determine the emiss@rcentationsof PM and BGwvould be
necessary For PM methods accounting for condensables like dilution tunnels are
existing

RoadTraffic

Diesel particulate filters (DPFs) have been widely used in the motor vehicle industry for
decades and found to lesteffective, including in their reduction of preature deaths and

other health problems. In parallel, as PM and BC emissions have decreased with very efficient
aftertreatment systems, the PM emissions portion from tires andshisal@ntinuously
increasing. From the recent literature review the following statements can be drawn.

- PM produced by combustion emitted at the exhaust pipe are mostly fine particles below
2.5 um and are mainly composed of carbonaceous species.

- PM, BC, PN (particle number)and PAH emissions are effectively reduced using
tailpipe aftertreatment systems as Diesel Particulate Matter (DPF) or Gasoline
Particulate Matter (GPF). Decreases from 90 to 100% are commonly observed for most
particulate pollutants.

- As an order omagnitude of PMlsemission factors, changes from Conventional to Euro
VI for Heavy Duty Vehicles (HDV) from 33391 to 0.51.3 mg km' can be observed.
The fraction of BC in PM ranges from 10 to 20% in Euro VI HDV vehicles.

- Since emission factors of soligarticles have decreased by at least 2 orders of
magnitude, the counter part is an increase op#reof the OM due to the dilution and
cooling effects producing mainly organic condensable species.

- However, the cooling and dilution effects in the exhglismes produce less and less
absolute emissions of condensables with the implementation of successive Euro
legislations. Aftertreatment systems reduce the intermediate itglatkganic
compounds (IVOC) emissions but there are still several gaps kmtivdedge of these
compounds and their chemical transformation after emissions and in ambient
conditions.

- With the decrease of PM emissions, gasoline vehielen recent, can now produce
more particles. The use of GPF for gasolina key technologyo reduce PN and PM
emissions However, astudy has reported larger genotoxic PAH emissions from
gasoline vehicles (maini§asoline Direct Injection vehiclesven equipped with DPF
compared to diesel equipped with DPF (2 orders of magnitude higher).

- Recent research findings show that different dfemtment technologies have an
important effect on the level and the chemical composition of the emitted particles, and
highlight the importance of the particle filter device condgi@nd their regular
checking to maintain the best performances.

- For norequipped diesel vehicles, the use of biofuels can reduce BC emissions by 30%
and could be an option to achieve sooner the legal air quality thresholds.

- Even if brake, tire and road wear emit mainly cogquasicles, a nomegligeable fine
fraction of PM is emitted. The TSP emissiqgues kmare larger than current Euédv|
emissions and a similar fraction of BC is observed either in exhaust aaghaust PM
emissions. Brakes also produce ultrafine pasicinetals and PAHs, the temperature
greatly affect the PM emissions. BC emissions from brakes are very correlated to PM1
emissions.
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There is no widely used afteneatment system to control brake, tire and road wear
emissions. The type of materials, ahd behaviour of the driver is often cited as a key

to reduce emissions. Some companies have developed brake particles collection system
that would reduce by 80% to 90 % respectively the brake mass and number emissions.

PM resuspension from the roack al® significant This emission is responsible for a
large fraction of total road traffic emissions. It depends on meteorology (wind,
temperature, humidity, precipitation) and the site climatology (land use in the vicinity).

Gas Flaring (GF)

Black carbon emssions from the oil & gas industry by Gas F&asean important source
and particularly in areas surrounding the Artic zarthey affect the radiative budget
and enhance snow meltinBussia, USA, Africa and some Middle East countries are
among thdargestemitting countries.

Usually, at least 90% of carbonaceous species in the Gas Flare flue gas is made of Black
Carbon.

Emissionfactorsfrom GFareuncertain since the combustion conditions can vary and
canbe not monitored enough. The emission factors (EF) can vary over several order of
magnitude generally in the range 0.2 to 2.27'gm

Emission inventories deriving from these EF are thereforertame@nd often gap filled
or assessed by Satellite observations.

Routine flaring from a lack of gagilisationsources is the most important and largest
source of BC emissions from flaring, however, intermittent flaring and continuous
flaring for operatbnal reasons can also be significant sources.

An overview of the potential routes to reduce BC emissions from gas flaring can be broken
down into several type of options.

Usingassociated gas for esite applicationor export (Power, heat, gas generatismn

natural solution to reduce BC and other flaring emissions by avoiding the flue gas
emission. Associated gas utilization virtually eliminates BC emissions, however, flaring
and low gas utilization rates are often common during the first years aiqiaa in

new fields because decisions on gas infrastructure construction are often made only after
production starts In addition, even when it is economigainterestingto utilize
Associated Petroleum Ga8KG), there will typically be some degree ddring for

safety or other operational reasons. Finally, in some cases, no gas recovery solution will
be available or considered feasible.

Under these conditions, other options to minimize BC emissions exist: extraction of
heavy components from the flargds stream.

A flare with multiple tips seems a good example showing good performances on BC
emission reductions.

Steamassisfflaresare clearly the most efficient in terms of suppressing soot formation.
However high presswassistedflares can be an effient technique if water is not
available on site. Steams asstksflares show less emission of very small particles
(below 50nm) compared to air steam asstflares
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The optimization of flare design and combustion conditions is an option thanks to the
use ofComputational Fluid DynamidcJFD) model. Model and control systems can be
used to monitor the flue gas characteristics and control the input data.

New models based on Atrtificial Intelligentechniquesan be used to set optimized
input parametersat lower emission flaring anithereforereduce BC emissions.
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1 Introduction

Ambient air pollution is one of the main global health risks, causing significant excess mortality
andLossof Life Expectancy I(LE), especially through cardiovascular diseases. It causes an
LLE that rivals that of tobacco smoking. The global mean LLE feonpollution strongly
exceeds that by violence (all forms togethieg) by an order of magnitude (LLE being 2.9 and

0. 3 year s,accordigpetievdldietvak, ROROPpased on the calculation of exposure

to Ozone and PM2.9'he ambition to reduce emissions, improve air quality and reduce the
impacts on public health and the envirominen one hand, and questions of cost, technical
feasibility and societal acceptability on the othandasdescribed ifMonks and Williams,
2020)is a key issue

The Convention on Lorgange Transboundary Air Pollution (LRTABf)the UNECE (United

Nation Economic Commission for Europ@yned in 1983s the first international instrument
aiming at reducing air pollutant emissions and decrease its impacts on health and ecosystems.
SeveralProtocols were implemented and the latese, the Protocol to abate Acidification,
Eutrophisation and Ground level Ozone or Gothenburg Protocol amended in 2012, entered into
force on 7 October 201®ursuant tats article 1Q the Protocol is under review following a
Decision of the Executive @&ly (EB) in December 2019. The review process should be
finalised in December 2022.

The Task Force on Techyszonomic Issues (TFTEHas been tasked of a certain number of
activities tohelp the process of review.

According to the Decision 2018(ECE, 2018apf theEB of the CRTAP (thirty-eighthsession
(ECE, 2019) Geneva, 1014 December 2018}the revised mandate of the Task Force on
Techneeconomic Issues (TFTE#he Task Forcavill continue among other tasks, to:

i. Investigate cébenefits and tradeffs between mission abatement technologies and
policies under consideration to address air pollution, climate change and biodiversity;

ii. Carry out the tasks specified for it in the biennial workplans approved by the
Executive Body and report thereon to the Working Growstrategies and Review,
while keeping the Working Group on Effects and the Steering Body to the
Cooperative Programme for Monitoring and Evaluation of the bLange
Transmission of Air Pollutants in Europe, apprised of its activities;

iii.  Carry out othetasks requested by the Executive Body for the Convention on-Long
range Transboundary Air Pollution or by the Working Group on Strategies and
Review, subject to availability of adequate financial and human resources;

The biennial workplan(20202021) for the implementation of theConvention aimsat
translaing the vision and strategic prioritieget out in the longerm strategy for the Convention
(2020 2030 and beyon(ECE, 2018b)nto a list of activities to bearried ouby therespective
bodies under the Convention in accordance with their revised mandstadopted by the
Executive Body atits thirty-eight and thirtyninth sessios The workplanalso contains
additional activities of the task forces and centnes mentionedn the mandateswvhich are
decided by the EB, from time to time, as needéu following report was to be addressed

Development of guidance in relation to prioritizing reductions of particulate matter in its
sources that are also significant source®laick carbon

It has been prepared by TFIAM with the supmdTFTEI (ECE, 2020)

TFTEIT BC and PAH emission reductiohdecember 2020 21



Thisdocumenprepared by TFTHE a revew of recent findigs onthe impact on PMmission
reductionon Black Carbon (BC) and Polycyclic Aromatic Hydrocarbons (PA&Hhission
reductionsfor key activity sectorsTheinvestigationhas been extendedhenpossibleto the
whole spectrum otarbonaceous species like secondary organic aer(®®0l8) and brown
carbon(BrC) which havean impact on the radiative budget and the PM mass.

This documentompletes the guidance document gnioritising the measure@ECE,2020)y
providing in depth analysis of capacities of techniques to really reduce BC arsl PAHI
serve the review of ELVs (Emission Limit Values) of annéxof the AGP (amended
Gothenburg Protocol) to be carried out in 2021.

Moreover, this report fulfils the conclusions of the Ldregm Strategy(ECE, 2018b)such as:

(a) Continuing to use the best available science and to further develop th@aotiulant,
multi-effect approach;

(b) Striving for an integrated approach to environmental policymaking that includes
groundlevel ozonenitrogenclimatebiodiversity interactia; integrated nitrogen
management, including its impact on health; the climate chandeerfits of air
pollution policies and measures; and the impact of climate policies on air pollution.

2 Legal framework

2.1 The Gothenburg Protocol

On 4 May 2012during te thirtieth session of theB (30 Aprili 4 May 2012)the Parties to
the Convention on Long range Transboundary Air Pollution addpésticisions to amend the
GothenburdProtocol and its annex¢BCE, 2013)as follows:

- Decision 2012/1 on amendment of annex | to the Protocol;

- Decision 2012/2 on amendment of the text of and annexes Il to IX terdhecol and
the addition of new annexes X and XI;

The objective of the present Protot®lo control and reduce emissionssofphur nitrogen

oxides, ammonia, volatile organic compounds and particulate matter that are caused by
anthropogenic activities and are likely to cause adverse effects on human health and the
environment, natural ecgstems, materials, crops and the climate in the short and long term,
due to acidification, eutrophication , particulate matter or grdewel ozone as a result of long

range transboundary atmospheric transport, and to ensure, as far as possiblehehiano t

term and in a stepwise approach, taking into account advances in scientific knowledge,
atmospheric depositions or concentrations do not exceed the ceN@gtarget regions as de

fined in Annex | of theAmended Gothenburg ProtocdGP).

Nationd reduction commitmentr the PMemissionsareddined for PM2.5 (particle with
diameter below 2.5 pm Black carbon (BC) is a majoconstituentof PM while Polycyclic
Aromatic HydrocarbongPAHS) are traceslements with potentiadarcinogenic effectwWhile
PAHSs arenot cited in the AGP, Black Carbamlargely evokedvithout binding decisions but
with recommendatias on the monitoring of this substance in the ambient air and at the
emissionlt is also encouraged to takgnergic neasures reducing both PM and Bioth (i)

curb climate change effects afii) improve air quality.Some PAHs are covered by the
amendedAarhusProtocol on Persistent Organic Polluta(BCE, 2010) In Annex X of the
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AGP, emissionimit values(ELV s) of particulate matter from stationary sources are proyided
applying to Parties other than Canada and the United States of Anhertics annexELV s

are def i nexpressed as miyl assumiog standard conditions for temperature and
pressure for dry gas (volume at 273.15 K, 101.3kPa)ust 0 and At otal susp
matter 0 ( T $nBsk of peetiales,0f ahytsleagéucture or density, dispersed in the

gas phase at tleampling point conditions which may be collected by filtration under specified
conditionsafter representative sampling of the gas tamaysedand which remain upstream

of thefilter and on the fter after drying under specified conditions.

For combustioninstallations with a rated thermal input < 50 M\Mbinly recommende#8LVs
are provideds follows

Emissions from new residential combustion stoves and boilers with a rated thermal input < 500
kwth can be reduced by the application of:

- Product standards as described in CEN standaedg,(EN 3035) and equivalent
product standards in the United States and Canada. Countries applying such product
standards may define additional national requiremetssidering in particular, the
contribution of emissions of condensable organmompoundsa the formation of
ambient PM; or

- Ecolabels specifying performance criteria that are typically stricter than the minimum
efficiency requirements of the EN product standards or national regulations.

For instance,Table 1 extracted from annex X othe AGP reports ELY for very small
combustion installation particularly in use by households.

Table 1: Recommended limit values fordust emissions released from new solid fuel combustion
installations with a rated thermal input < 500 kWth to be used with product standard§Note: O,
reference content: 13%.)

Dust (mg n13)

Open/closed fireplaces and stoves using wood 75
Log woodboilers (with heat storage tank) 40
Pellet stoves and boilers 50
Stoves and boilers using solicefsithan wood 50
Automatic combustion installations 50

Emissions from existing residential combustion stoves and boilers can be reduced by the
following primary measures:

- Public information and awarenesaising programmes regarding:
)] The proper operation of stoves and boilers;
i) The use of untreated wood only;
i) The correct seasoning of wood for moisture content.

o Establishing a programme to promoteetreplacement of the oldesxisting
boilers and stoves by modern appliances; or

o Establishing an obligation to exchange or retrofit old appliances
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2.2 The EU legal framework

The National Emission DirectiveEU, 2016)is the generalrameworkwhich transposgethe
AGP obligationat the EU levebefining for instancethe nationalemission reductionfor the
main pollutantamong a long list of measurescombat air pollution

As reminded bYALPINE SPACE, 2019)olid fuel combustion in buseholdsepresents about
2.6% of total energy consumption in the EU but contributes more than 4faltemissions

of fine particulate matterThe Ecodesign DirectivdEC, 2009; ETC/ACM, 2016)s a
framework Directive: it does not set binding requirements on products by itself, bughhr
implementing measures adopted on a case by case basis for each product group. The list of
product groups to be addressed through implementing measures is established-callied so
periodic Working Plan. The Directive compiles a list of Ecodesigadvees for specific types
of the Ehergy Use Products directivehich in the case of residential heating are included in
the Commission Regulatiam solid fuels local space heat@C, 2015ajpnd on boilergEC,
2015b) implementing DirectivéEC, 2009)pf the Europan Parliament and of the Council with
regard toEcodesign requirements for space heaters and combination heaters (ECI|t2609)
then statedh (EC, 2015a}hat :

fiParticulate matter (PM) shall not exceed the declared value by more2thaug m= at 13 %

O for open fronted solid fuel local space heaters, closed fronted solid fuel local space heaters
using solid fuel other than compressed wood in the form of pellets and cookd@ragan-3

at 13 % Q for closed fronted solid fuel local space heaters usomgpressed wood in the form

of pellets when measured according to the method described in Annex Ill, point 4(a)(i)(1) or by
more than 1 ¢kg! when measured according to the method described in Annex lIl, point
4(a)(i)(2) or by more than 0,8 kg* when masured according to the method described in
Annex |11, point 4(Ca) (i) (3);0

The limit values defined in the Ecodesign directive iisore ambitious compared to the
requirements of the AGHA recent study in Denmark shows that there are large net welfare
gains from most types of regulation of existing instillations, but the largest gains result from
imposing a differentiated tax or a general ban onewslabeled stove®jgrner et al., 2019)

(Savolahti et al., 2014tudied the impact of the EcoDesign directive in Finlartds study
estimate the impacts of such legislation to the Finnish appliance stock and for reducing
national RVC emissions by the year 2030. EcoDesign will only affect new appliaheeson

the market and due to the long lifetime of commonly used stoves in Finland, there is a notable
lag between the legislation entering into force and achieving visible resuksnission
reduction. In a studied baseline scenario, the implementation of EcoDesign from the start of
2022 will produce 6% reductions to PM2.5 emissions and 4% reductions to black carbon
emissionsin 203Q Although it is a step in the right direction,tékes a long time for the
legislation to have notable effects on emissions, andording to the authors,t al so does
address the single most important appliance type in Finlaadina stoves. Th&gudymeans

that additional measures are needeetiuce emissions in this secttepending on the country
habits.

For the road transpovthich still emita large amount of PNEastwood, 2008the so-called

EURO regulationsare the legal framework in EU to fix EL¥for all type of vehicles. As
summarized for passenger cansd light commercial ehicles the limit valuesfor the last
EURO 6(EC, 2007)egulation provideELVsfor PM in mg/km but also foparticle numbers
(PN) in #/km.

Black carbon emissions are among the core regulatory policy issues in all three industries, and
they have noyetbeen adequately addressed by policymaimswer, 2019)
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Table 2: Euro 6 emission limits for passenger cars and lightommercial vehicles table from
(Rodriguez et al., 2019)

LDVs, LCVs Class 1 LCVs Class 2 LCVs Class 3

Gasolind®?  Diesel® Gasoline  Diesel Gasoline  Diesel
NMHC* 68 - 90 - 108 -
THC* 100 - 130 - 160 -
NOx* 60 80 75 105 82 125
THC+NOx - 170 - 195 - 215
CO* 1000 500 1810 630 2270 740
PM* 4.59 4.59 4.59 4.5 4.59 4.5
PN** 6x101@  6x10M@  x101@ 6x10!  6x10H@ 6x101

Notes:(a) Classes 1 through 3 are weight classes. (b) Gas@insed as a proxy term for positive ignition (PI)

engines(c) Diesel is used as a proxy term for compression ignition (Cl) enginespjdirable to direct injection
enginest unit in mg kmt, ** unit in # k™,

The way emissions are calculated ldygdepends on theslevance of thedriving cycleused
for emission calculationas itwas described iiChen and Borkeileefeld, 2014)for NOx
emissionsameyears beforehteiDieselgate scandal(Archer, 2016)For diesel vehicles, there
was a clear divergence on real emissionstenmologation limits value@-igurel).
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Figure 1. Mean hot NOx emission factors of gasoline (left) and diesel (right) passenger cars and
light commercial vehicles as dunction of model year. Whiskers represent the 95% confidence
interval over the mean. Added are the type approval limit values for Euro 1 to Euro 5 passenger

cars over the homologation test cycle in force in the respective ye@hen and BorkenKleefeld,
2014)
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2.3 Air pollution and climate change: a grey area of international
environmental law?

(Yamineva and Romppanen, 20highlightedt he @ @r ewhere t he | inks
pollution and Climate stan@here are numerous links between air pollution and climate change
policies, but these are poorly integrated into international law ande ther little
acknowledgement of potential synergies. Recently, greater attention has been paid to SLCPs
(ShortLived Climate Pollutantslsome of which contribute to both air pollution and global
warming (BC and CH as example)Reducing emissions of black carbon and methane is
particularly important where SLCPs are concerned, but international law dogst patvide

clear answers as to how such emissions are to be regulated. Methane emissions have
traditionally been coveredylthe UN climate change regime and are part of national reports.
The Kyoto Protocol includes methane in its basket of six greenhouse gases; however, the
geographical reach of its mitigation actioningted. The Paris Agreement, which requires all
countiies to contribute to climate mitigation, does not specify which greenhouse gases it covers.
It is based on a bottowp approach to mitigation where individual countries define the action
they will take and report on it through nationally determined cantidhs (NDCs), in which
potentially any greenhouse gas or substance can be included. In fact, in their intended NDCs
many countries included methane, several mentioned SLCPs and some countries such as
Mexico and Chile specifically mentioned black carbohth®e same time, the dominant focus

of the UN climate change regime has been on reducing carbon dioxide emissions while less
attention has been given to methane, and black carbon (considered as an aerosol and not as a
greenhouse gas) has hardly been dsadist all.

Black carbon emissions are most comprehensively covered in the Northern hemisphere.
Through its 2012 amendments, the Gothenburg Protocol to the CLRTAP includes emissions
reduction targets for fine PM, of which black carbon is a componentougtn theBC
component is not specifieBartiesare encourageith implementing measures to achieve their
national targets for particulate matter, to give priority, to the extent they consider appropriate,
to emission reduction measures which also sigmflgareduce BCto provide benefits for
human health and the environment and to help mitigation oftagarclimate change (article

2.2) andto report ortheir currentBC emissions and projectionshe AGP came into force in
October 2019,7.

In addition action onBC (and methane) has been taken by the Arctic Council through the
adoption of the Framework for Action on Enhanced Black Carbon and Methane Emission
Reductions and, more recently, of a first collective regional goal for reducing black carbon
emissions. The outputs of the Arctic Council are not legally binding. In sum, there is a clear
gap in the regulation of black carbon emissions, as no legal frameworks of global reach are
currently in place to cover this pollutant
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3 Scientific Background

For the best understanding of the report, definitems a scientific backgrourfdbm a recent
literature revieware providedn this section.

3.1 Black carbon and Elemental Carbon

Airborne particulate matter (PM) is a pollutant of concern not only becaitsadverse effects

on human health but because of its ability to reduce visibility and soil buildings and materials.

It can be regarded as a suite of pollutants since PM covers a very wide range of particle sizes
and also has a diverse chemical compmsitHistorically, much of the PM arose from coal
burning and was measured as black smoke. However, in the second half of the twentieth century
in developed countries, there was a reduction in black smoke emissions from coal burning and
PM steadily becamdominated by carbonaceous particles from road traffic exhaust and the
secondary pollutants, ammonium salts and secondary organic carbon. This is exemplified by
the composition of fine particles (referred to as PM2.5) as measured in London, Delhi and
Beijing (Figure2). Steadily, as control strategies have addressed the more tractable sources of
emissions, so sources previously regarded as unconventional have emerged and have been seen
to make a significant contribution to airborne PNhcentrations. Among these are rexhaust

particles from road traffic, cooking aerosol and wood smoke. The particle size distribution of
airborne PM is hugely diverse, ranging from newly formed particles of a few nanometres in
diameter through to particled tens of micrometres in diameter. There has been a great deal of
interest in ultrafine (nano) particles because of suspicions of enhanced toxicity, and as traffic
emissions decrease as a source, so regional nucleation processes have become much bigger
relative contributors to particle number, but not n{&tarison, 202Q)

Delhi
PM, s = 130.1 pg m™3

Beijing
PM, ;=91.2 uyg m™

London
PM, =157 pg m™>

10.6%

- nitrate - sulphate - ammonium
- organic matter - elemental carbon

Figure 2: Major chemical component composition of PM2.5 collected during winter campaigns in
London (North Kensington), Beijing and Delhi. (Online version in colour)Laskin et al., 2015)

Carbonaceous constitueritke BC or Elemental carbon (EC) depending on #ampling
meaurement methodrespectively using purer thermaoptical method and pure thermal
method) and @ganic Carbon (OCare major compounds of PM whatever the location in the
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world. BC is agenericterm that describes a range of carbonaceous substances from partly
charred plant residues to highly graphitized.(highly ordered molecular carbomsttures as

found in graphite) soot that are generated as products of incomplete combustion. There is no
universally accepted chemical definition of
referred to as soot, graphitic carbon, and/or elemental maBmme definitions proposed for

black carbon have focused on its chemical and/or physical propergest$ lightabsorbing
properties), while others are operationally based and reflect the results of measurement and
estimation approaché€how et al., 2018; Long et al., 2018)d reference therédin

BC and OC have antagonist effecn the radiative budget of Earitiaskin et al., 2015)

Organic aerosolc an be <characterized as soatehvisibeo bec:
radiation. However, a significant and hightsariable fraction otarbonaceous and organic

aerosols absorbsadiations. The besknown type of lightabsorbing carbonaceous aerosol is

BC, which represents scetike particulates generated by fossil fuel combustion t@athass

burning BC absorbs solar radiation over a braadctral range, from ultraviolet (UV) all the

way into infraredIR). The effects of BC are especially significant in areasréiaion burning

biomass and coal. Most OC compouatisorb IR and UV radiation strongly but are relatively
transparentte i si bl e (vi s, 4l0R 1T(770000 Tn2nb)0 Oa nndm)n ewaarv e | e |
certain types of OC absorhdiation efficiently intheneddV. ( 30071 400 ramges) and
A new term, Abr own c a rebeatsaentificBiter&yre to destriffése me r g e
type of aerosol¢characterized by an absorption spectrum that smootbitgases from the vis

to UV wavelengths. In additioto their direct effects on vis radiation, both BC and BrC
immersed in cloud droplets absorb light and facilitate watapoation and cloud dispersion,

an additional indirect effechat counteracts the cooling effect of cloud droplet nucledayon

aerosols.

In the literature, two other notions are mentionasl discussed iifLack et al., 2014)(i)
Equivalent black carbon (eBC) A number of commercial instruments that measure the
absorption coefficient of absorbing particl
conversion constant referred to as a mass absorption coefficient (MAC). In order to clarify that
what is being masured may not be 100 % BiCjs sometimesecommenddto use of eBC

when reporting the carbon mass derived from the absorption coeff{gieRefractory black

carbon (rBC): The carbon mass derived from laser induced incandescence (LII) is referred to

as refractory black carbon since it is derived by measuring the thermal emission of the carbon
component of the particle that absorbs the laser energy

fiSootcarbord o r i S o astalso uged asterinicology(Petzold etl., 2013)It contans

carbon with the morphological and chemical properties typical of soot particles from fossil fuel
combustion. Soot carbon particles are formed from agglomerates of spherules composed of
graphitelike microcrystallites. They corstialmost exclusively of carbon, with minor amounts

of hydrogen and oxygemote that this definition excludes any organic species that might be
present as a coating on the spherules.

3.2 Brown Carbon

Figure 3 taken from (Laskin et al., 2015xhows a range of atmospheric carbonaceous
compounds subdivided into operationally defined classes on the basis of theomostrc
methods of bulk particulate matter (PM) analysis. At the top of the chart, BC compounds have
the lowest volatility and strongest lighbsorption properties. While BC is inherently complex

its basic chemical structure and optical properties ar@maaty weltknown. In BC, carbon
atoms are organized in tawbimensional honeycomb graphitic layers stacked together
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perpendicular to the planes of the layers. A large number of electrons delocalized along the
extended network of graphitic layers defines $ftrong broadband absorption properties of the
BC materi al wilj dpectmindependence aokthe (al@sorption coefficiEng

bottom of the chart corresponds to volatile organic compounds with characteristic absorption
in the UV spectral range. hEse organic species are highly relevant to atmospheric
photochemical processes, but they have nearly no direct implications for radiative forcing
determined by the absorption of visible radiation. Between the two extremes of the chart, there
is a broad mge of moderately volatile (refractory) organic compounds with different and
poorly characterized molecular structures. Among them, a subset correspaulsuted
compounds with optical properties relevant to the BrC material. In contrast to BC, the light
absorption coefficient of BrC has strong wavelength dependence with absorption increasing
sharply from the vis to the UV range. The complexity of kghsorbingorganic compounds

and variations in their relative concentrations make it difficult to characterize the molecular
composition and determine which types of molecules or molecular aggregates dictate the optical
properties of BrC. One goal of this reviewasassess the current state of knowledge regarding
the molecular structures of these BrC compounds on the basis of analysis of recent field and
laboratory measurements.

Thermochemical Molecular Optical
Classification Structures Classification

Elemental Graphene Layers Black
Carbon (EC) (graphitic or turbostratic) Carbon (BC)

w

(%2}

[}

c 2 s c
2| | Refractory HPOIY C{c_:: ¢ gr?vtattcs, Colored| |8
‘g Organic Carbon urgc- T DURISHORE, Organic Carbon g
£ iopolymers, efc. @
Z (Nonrefractory) Low-Molecular-Mass (Colorless) f:_’
o| |Organic Carbon| Hydrocarbons and  |Organic Carbon 'f-‘—;_
O/ |(0C) Derivatives (OC)| |O

Figure 3: Optical and thermochemical classification of atmoshperic carbonaceous particulate
matter. BrC material is an ensemble of lightabsorbing (colored) organic compounds with a
variety of molecular structures and moleculespecific optical properties. (Reprinted with

permission from (Pdschl, 2005) Copyright 2005 WileyVCH Verlag GmbH & Co.) (Laskin et al.,

2015)

There is limited understanding of how patrticle optical propertespecially the contributions

of black carbon (BC) and brown carbon (BiCgvolve with photochemical agiraf smoke.
(Cappa et al., 202@nalysethe evolution of the optical properties and chemical compaosition

of particles produced from combustion of a wideietgr of biomass fuels, largely from the
western United States. The smoke is photochemically aged in a reaction chamber over
atmospherieequivalent timescales ranging from 0.25 to 8 ddgsthe USA in a rural
environment(Washenfelder et al., 201f)und tha the majority of brown carbon aerosol mass
was associated with biomass burning, with smaller contributions from biogenically derived
secondary organic aerosol.

There is a key challenge on Br&s a result of the uncertainty surrounding the sources and
properties of BrC, and its tendency to be coemitted and mixed with BC, these aerosols are not
well represented in atmospheric chemistry and climate motmekision of BrC in the
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population of organic carbon (OC) aerosols changes the net effect of OC ftierisg to

close to zero, especially in areas with heavy biomass buidicigeill, 2017) In arecent study

for China,(Sun et al., 2020yorroborates the dominarole of BrC in total biomass burning
absorption. Therefore, BrC is not optional but indispensable when considering the climate
energy budget, particularly for biomass burning emissions (contained and open).

(Xie et al., 2017)measured the light absorption of methaexiractable OC derived from
biomass burnindBB) and gasoline vehicle emissions, which exhibited strong wavelength
dependence with absorption(light absorption coefficierat a giverwavelengthvalues much

higher than 2. The OC generated during BB under high temperature or flaming combustion
shows stong light absorption; the biomass fuel type may also play a role in thebgbtbing
properties of OC generated from BB. However, how biomass fuel type affects the light
absorption of OC from BB is uncertain and merits furtheestigationsGasoline ehicles tend

to emit stronger lightibsorbing OC in winter than in summer. Compared to BB, the light
absorption of OC from gasoline vehicle emissions was of the same magnitude but weaker,
suggesting the importance of gasoline vehicle emissions as a Br@ sourban regions. Nen
extractable OC accounted for a substantial part (~25%) of the total OC from gasoline vehicle
emissions, and further study to measure its potentialdéighorbing properties is warranted.
Definitively, treating organic aeroseals non-absorbing particles would underestimate the
radiative effect of organic aerosolsespecially in urban areas where motor vehicle emissions
are a substantial fraction of the aero8oC from residential wood burninigas also been found

to be a major saue of carbonaceous compounds in France in winterffn&hang et al.,

2020)

Lensing and Photobleaching are two important processes inv@vihq the radiative budget

of Earth(Yan et al., 2018)The lensing effect induces a radiative effect in the atmosphere
depending on the type of material coated. The radiative forcing of an internal mixture of BC
and BrC is larger than the radiative forcing of an internal mixture of BC antigidrabsorbing

OC when theabsorption wavelength varies from 365 to 470 finus, the lensing effect
induced by the internal of mixing BC and BrC cannot be ignored and should be included in
global climate model$2hotobleachinginduces significant changes in the absorptive profgertie

of BrC aerosols, which further influence radiative forcing of the atmosphere. Secondary BrC
can be produced during the aging of BrC, which undergoes rapid photoble@&foing et al.,

2017; Zhao et al., 2013Recently(A. Zhang et al., 2020h amodellingof the global radiative
effect of Brown Carbon showed a potentially larger heating source in the Tropical Free
Troposphere than Black Carbon.

However taking into account the BrC in climate models can leaddinterintuitive effects as

depicted by(Sumlin et al., 2017)ndeedBrC aersol contributes to positive forcing (warming)

over bright terrain throughout the atmospheric aging time scales investigé&udritin et &,

2017) However, with increased atmospheric residence time from 0 to 4.5 (PEDI
EquivalentDay with PAM for Potential Aerosol Mass reactdhe integrate®irect Radiative

Forcing (DRF) efficiency decreases by approximately 27%, from 40.4 #d29.4 + 2.8 W

m' 2 The PED is the time in days to reach the maxina@rosol mass produced in the PAM
reactor.A corresponding decrease in DRF efficiency over grou@bige, fr om 17T 4. 0 N
T 4.3 N ' &or garticW aging from fresh to 4.P. Although approximately half of the
solar spectrumbébs energy is distributed betwe
a significant warming potential over arctic terrain, providing additional momentum for climate
imbalance. However, the change irtiogl properties at longer aging time scales imply that
modetbased estimates of warming diee BrC light absorption could be overestimated
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Given the ubiquity okmoulderingboreal peat firesthis study highlights the importance of
including atmospheriprocessing effects of these aerosols to refine climate models and satellite
retrieval algorithms

3.3 Polycyclic Aromatic Hydrocarbons (PAHS)

PAHs ceemitted with BC during incomplete combustion are believed to be blocked in the BC
matrix and trapped imicro porous structure of BC, due to the high affinity of PAHs for flat
aromatic surfacéAli et al., 2020) PAHs arecolourless white, or pale to yellow organic
compounds. Several routes are involved in its addition to the environment and are often found
as a mixture. It is a group of several hundreds of chemically related compounds with different
structures, toxicity, and persistenseot. These compounds are comprised of numerous
individual compounds having at least two condensed rings. PAHs are characterized by their
multiple aromatic rings with different organic constituents, aromatic rings number and
functional groups attached foetse rings. PAHs are divided into two categories based upon their
molecular weight, those with less than four rings are termed as low molecular weight
compounds, while those having more than four or more rings are high molecular weight
compounds.

Understading the association between BC and PAHSs is critical in order to find out their
negative effects, transport and fate throughout the environment. BC is considered to be purely
ubiquitous in the atmosphere and have a strong sportive power for organicrpelfuteh as
persistent organic pollutants (POPs) and PAHS. It has been revealed that the distribution of
PAHSs in different environmental sections is dependent upon BC distribution due to the strong
sorption ability of BC for PAH$Cornelissen et al., 2005)

PAH are fully involved in the formation of soot particl€sgure4) although, the early stages

of soot formation, namely inception and growth, are highly debated and central to many
ongoing studies in combustion resear@me combustionprocessof fuel starts with the
decomposition reactions of the fuel molecules, pyrolysis and oxidation, and subsequent
recombination and cyclization reactions lead to the formation of polycyclic aromatic
hydrocarbons (PAHsRecent result@Commodo et al., 201Zpnduce to the understanding of
soot formation by providing a framework of molecules that are decisively contributing to this
process, and thereby deepen the knowledge of itsriyimy chemistry at the molecular level.

In the long run, this information could eventually help to improve technologies relying on fuel
combustion to prevent the emergence of harmfypimgucts.

Four PAH are particularly targeted in the legislation:Zoéa)pyrene, bengb)fluoranthene,
benzdk)fluoranthene anthdeno(1,2,&d)pyrengAarhus Protocol on POP®enzo(a)pyrene
and naphthalene contributed the most to the PAH carcinogenic potency of bmmasg

emissionsaccording(Samburova et al., 2016)
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Figure 4. Soot formation pathway from (Frenklach and Wang, 1991; Omidvarborna et al., 2015;
Pang et al., 2013)

3.4 The concept offiCondensables

Condensable®PM (CPM) is a branch of condensable particles under the temperature of the
exhaust gas outléFeng et al., 2018As reminded byEvans, 2019EPA6s speci fic d
of CPM is:

fiMaterial that is vapor phase atastk conditions, but condenses and/or reacts upon cooling
and dilution in the ambient air to form solid or liquid PM immediately after discharge from the
stack. Note that all condensable PM is assurm

CPM is gaseous at tipge-discharge flue temperature, but it immediately enters the particulate
state after releasing into the d¢tomocemeati o
mechanism. This mechanism includes two types of particle formation processes:
ihomogse nnrewbaul eati ono and fiheterogeneous conde
is harmful to the environment and human body. CPM test methods can be divided into two
categories: impinger cooling method and dilution cooling methoanany activity sectors,

analyses ofCPM composition reveals that CPM is dominated by inorganic compaotheat®

the presence dfulphurin the fuel(Yang et al., 2018, 2015, 2014)he organic components

mainly consist of alkanes, esters, and other complex organic compaugdBAHS). The

inorganic components of CPM may contribute sigaifitly to the watesoluble ions in the
atmospheric PM25T he concept of fAcondensabl estei s of
role of carbonaceous species from the emisgijbiigh temperature and low dilutiond the

ambient conditiongcooler temperaire and high dilution)A specific action has been jointly
organized to definenew and common practices to handle condensables in emissions for
modelling activitieSimpson, 2020)

Primary Organic Aerosol$POA) have been traditionally assuméal be norvolatile and
unreactive in atmospheric aerosol models. Although these assumptions are still used by the
great majority of chemical transport models, it has been shown that in many cases, such
assumptions are not corrg@onahue et al., 2009Most measurementd ambient @ganic
Aerosolconcentrations displayed significant negative (particle evaporation after collection on
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the filter) and/or positive artefacts/biases (vapour adsorption on the filter), providing strong
hints about the senviolatile nature of organic aerosd¢iBurpin et al., 2000)

For more than twenty years, dilution samplers have been used to measure POA emission factors.
The use of these samplers was motivated by the-galatile character of primary emissions.
Although some primary emissions are clgagmivolatile, models generally treat them asnon
volatile. The implicit assumption is that the partitioning measured using a dilution sampler is
representative over the full range of atmospheric conditions simulated by the model, and that
the semivolatile primary mass is a small fraction of the total POA.

According to the volatility, POA should be viewed in the broad sense as a continuum of organic
species from light VOCs to solid soot. We can consider seven categories sorted by decreasing
volatility:
i.  Methane (the lighter VOC)
ii.  Non methanic VOC (NMVOC) usually molecules up to 12 carlmortkigher HC could
also be included
iii.  Organic compounds of intermediate volatility (IVOC)
iv.  Semi volatile organic compound (SVOC) which can be splitin SVOC and LVOC (Low
volatile organic compounds)
v. Nonvolatile Organic aerosol or extremely low volatile organic compounds (ELVOC)
vi.  Elemental carbon or black carbon, it contains some atoms of hydrogen but it is mainly
composed of carbon. This species is usually not defined @ganic species.

Categories (i) and (ii) can be always considered in the gas phase regardless of the dilution ratio
and temperature. The definition of a volatile organic compound varies from country to country.

Even within a country, there are often difaces. A general scientific definition of VOC is an

organic compound that evaporates or vaporizes under ambient conditions. These gases are
emitted from various materials. From a legal point of view the definition of VOC can be
different, in the Mitional EmissionCeiling directive: volatile organic compoun@s | Yy R W+ h/ ¢
mean all organiccompounds arising from human activities, other than methane, which are
capable of producing photochemical oxidants by reactions with nitrogen oxides in the presence

of sunligt.

Categories (iii) and (iv) are partitioned between the gas and particle phases depending on the
temperature and dilution ratios. The notion of IVOC is questionable and will be addressed
further in this report. These compounds, which have saturatioemwatons between $and

10°¢ g ' Jmare termed intermediate volatility organic compounds (IVOCs) by Dorethale

(2009). The heaviest SVOC are carboxylic acid, long alkane chains. The IVOC category could
overlap with the VOC since the definition istndear. Recently(Stewart et al., 2020has
analysedand determined emission factors for IVOC for different typedomesticfuels
including wood

Categories (v) and (vi) can be considered only in the particle phase. This phase is composed of
heavy hydrocarbons and organic species.

Species in categories)(tio (iv) can react in the atmosphere and produce aerosol particles, the
products of these reaction fall in categories (iv) to (v) by increasing their molar mass mainly
due to the addition of oxygen atoms.

(Donahue et al., 2012; Murphy et al., 20b&yve proposed a breakdown in volatility classes
based o saturation concentratidiiable3).
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Table 3: Volatility classesof volatile organic compounds(Donahue et al., 2012; Murphy et al.,
2014) AVOC or NMVOC is not given as anexplicit abbrevation here since thy are supersee.g,
typically IVOC and some SVOC.

Description Abbrev. Saturation concentration State in the atmosphere
range (ug m3) at 298K

Extremelylow ELVOC <3.2x 10 Particle

volatility

Low volatility LVOC 3.2 x10% 3.2x 10? Mainly particle

Semivolatile SVOC 3.2x10'-3.2x16G PM and/or vapour phase

Intermediatevolatility IVOC 3.2 x1G-3.2 x 16 Vapour phase, readily

oxidised to SVOC
Volatile* - >3.2 x 16 Vapour phase

Therefore, organic condensables arespeciesbelonging to categories ELVOC toSVOC
primary and secondary(as SOA- secondary Organic Aerosol)n origins. Regarding SOA

from wood burning(Akherati et al., 2020demonstrate the necessity of accounting for
oxygenated aromatics from biomass burning emissions and their SOA formation in chemical
mechanisms.

In areal atmosphere, the evolution of emissions can be described~agie5. In the first
centimetres and meters, freshly emitted prinmganic species tend to evaporate due to strong
dilution, while temperature cooling tends to maintain or condense them in the particle phase.
However, the dilution process is much more efficient than the temperature decrease and
generally the resultingrocess tends to evaporate the primary condensed species. At the same
time, reactions can occur very quickly in the emission plume thanks to the dilution with fresh
air loaded with oxidants.
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VOC: Volatile Organic Compound
IVOC: Intermediate Volatil Organic Compound
SVOC: Semi-Volatile Organic Compound

ELVOC: Extremely Low VOC
S-: Secondary- VO, IVOC, $-SVOC,, P-svoc,

P-: Primary- S-SVOC,, Evoc, p-svoc,
g, p : indexes resp. for gas and particles

VOC, IVOC, S-SVOC,, P-svVOC,
{00 S-SVOC,, EVOC, P-5VOC,

co®
o\‘uW
R

VO, IVOC, P-SVOC,
ELVOC, P-SVOC,

Emissions ¢ .
Distance from sources

10 m 1-10km
NB: A sub category LVOC can be added between ELVOC and SVOC for low volatile organic compounds

Figure 5: Schematic description of enssion ageing in the atmosphere

The IVOC terminologyhas been introduced gather compounds that were too coarse to be
captured by the VOC measurement and too volatile to be captured by a patrticle filter with a
PUF samplindRobinson et al., 2007However, IVOC can be measured by deny8ehauer

et al., 1999) These IVOCs can be viewed as-gasse SVOC that were not captured by the
particle filter.(Schauer et al.,, 19999 sed i ndeed-phaseetsBVY@Cdgher
compound. There is therefore no clear distinction between SVOC and IVOC. Moreover, the
amount of SVOC captured by the particle filter is a function of some experimental conditions
(temperature and organic aerosol loading), which means that the splieb&WeC and IVOC

would depend on those conditiorisgure 6 illustrates the dependence of the partjfase
SVOC on gas+particle SVOC ratio (or SVOEYOC+IVOC) ratio) on the organic mass
loading. Based on this figure, emissions of particles are dependent on experimental conditions
and a part of SVOC emissions could be missing from inventory emissiaisition curves

are known, theycan be usedby modellersto estimate SVOC/POA ratio for an emission

factor by using temperature and organic mass loading.
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Figure 6: Normalized Organic Aerosol Emission factor as a function of organic aerosol loading
for a diesel motorexhaust at 30K (Robinson et al., 2007)

Based on the asphiarspa i Y O3Cdara tmissindy ®osn inventory
emissions(Robinson et al., 200Mtroduced an IVOC/POA ratior gasphase SVOC/particle

phase SVOC ratio to take into account those missing emissions. In their paper, they report a
ratio of 2.8 for emissions from a catahegjuipped, gasolinpowered car and 1.5 for medium

duty diesel engine emissions based repalg on (Schauer et al., 2002, 19980d chose to

use the 1.5 value. This ratio of 1.5 is used to account for IVOC species by most modelling team
working in this field(Bergstrém et al., 2012; Chen et, &019; Couvidat et al., 2018a, 2018b;
Denier van der Gon et al., 2015; Hodzic et al., 2010; Koo et al., 2014; Tsimpidi et al., 2010;
Zhang et al., 2013]Ots et al., 2016)roposed to scale IVOC emissions on VOC based on field
campaigns perform in a urban statior.ondon.

Those resul ts reported ($chauert dt a@l., Z02h 299%re 06 s pu
representative of late 90s American diesel vehicle and are therefore difficuitapatate to a

recent fleet of European passenger cars. However, using measurements on French passenger
vehicles,(Kim et al., 2016}estimated that this factor of 1.5 may be well suited for passenger

cars in France. Howevdhis factor 1.5 is certainly inappropriate as a presentation of the

whole current vehicle fleet It is interesting to note that the EMEP/EEA atlptant emission

inventory guidebook only constraint reported emission factor to be measured on a filter at less
than 52°C. Reported emission factors could gather emission factors at cold, ambient and hot
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temperatures and therefore could gather emissiactorfls having various ggehase
SVOC/particlephase SVOC ratio.

Moreover, with the implementation of particle filters on diesel passenger cars, the amount of
organic aerosols emitted has decreased strongly and therefore, b&3gdref, the fraction

of SVOC in the gas phase is expected to strongly increase due to the decrease of the organic
aerosol loading in the dilution sampler.

Brown carbon ould be a parbf the low volatile organic compounds which could be directly
emittedor produced during the dilutigprocess oformedlater in ambient conditiond-igure

7) asdiscussed ifKampf et al., 2016for nitrogen SOAT he fAgr ey z stalst corr e
of compoundswhich could be not captured kay samplingtechniqie or we could affect to

volatile or nonvolatile species.The evolution of relative ratios between the mass
concentrations of nerefractory organic species and black carl®nnteresting.lt varied

between fuel types and displayed an inverse correlatitih the modified combustion

efficiency (MCE) of the burn@~ortner et al., 2018pnd a positive correlation with aging.

Increasing volatility and/or lower C numbers

The grey zone?

EC BrC SVOC/IVOC NMVOC
| |
LI OC/OM
BC1 R
| |
BC2 Condensation
SOA formation

BC1 by thermo-optical or pure thermal methods
BC2 by pure optical methods

Figure 7: Synoptic description of thecarbonaceous species from graphitic Carbo(EC) to the
NMVOCs

Depending on the aim of the measurement, different sampling strategies are commonly used
for product testing and health studiésey arepresented irfNussbaumer, 2010@nd clearly

show the impat of the methodised to estimaténe PM EF and the way of how condensables

can affect the measuremeriigble 10 and Figure 8). The effects of physicgthenomenavas
illustrated by(Habib and Kumar, 2018)ho have developed portable dilution system for
aerosol measurement from stationary and mobile combustion sdRkM2% emission factors

for wood combustion in gasifier cookstove showed mild decrease (13%) with increasing
dilution ratio from 75:1 to 108:fng knil. However a considerable decrease of 37% {23P

mg km?) was observed foright Duty DieselVehiclewith increase in dilution ratio from 39:1
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to 144:1. Similar decrease in particulate organic carbon emission rates were observed indicating
scarcity of sorptive @anics, and insufficient residence time for condensation limited the
particle formation from vapor phase organic compounds at high dilution ratios.

One important finding b{Giechaskiel, 202@lso illustrate the importance tble configuration

of the dilution samplewasvery important(i.e., open or closedransfer tube to the dilution

tunnel; both allowed in the current regulatiéor) a Euro 4 motcycle More representative of

the actual particulate emissions of the motorcycle (3%#RmMYwer e found for tF
method The closed configuration resulted in lower solid particle emissions due to
agglomeration (30%), but most importantly very high total particle emissiensiricluding

volatiles) (more than one order of magnitude) duddsorption of deposited material in the

transfer tube to the dilution tunnel during higieed driving. Thus, mixing directly at the

tailpipe €.9, open configuration or mixing tee) should be preferred for motorcycle
measurements.

Stack SP SPC DT DS Ambient
DR <10 DR = 100 DR =10 000
T < 50° T <25° T=<25°
3 [ ] h
VOC VOoC VOC VoC vVocC VocC
= o o o a o
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[
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Figure 8. Comparison of PM sampling with PM in the ambient from (Nussbaumer, 2010a)SP:
Filter (Method a) resulting in solid particles SP (total suspended particles TSPEPC: Filter +
Impinger (Method b) resulting in solid particles and condensables SPMT: Dilution Tunnel
(Method c¢) with typical dilution ratio (DR) in the order of 10 resulting in a PM measurement
including SPC and most or all C. DT is identical or slightly smaller than SPC + C du® potentially
incomplete condensation, depending on dilution ratio and sampling temperaturgsince dilution
reduces not only the temperature but also the partial pressure of contaminantspS: Dilution
Sampling with high dilution ratio (DR > 100). PM10: Total Particulate Matter < 10 microns in the
ambient including SP and SOA SOA: Secondaryorganic aerosols, consisting of condensables C
at ambient and SOA formed bysecondary reactions such as photochemical oxidatior5O2 and
other soluable gaseous compounds in the flue gas may be dissolved in the imping#ta.case of
determination of TOC in impingers, the mass of O, H, N, S and other element®ntained in the
organic condensables needs to be accounted for separat&yOrganic compounds that are liquid
or solid at partial pressure in the flue gas and ambientemperature but volatile at sanpling due
to reduced partial pressure by dilution and temperatureabove ambient.

The isse of condensablas critical to calculate the emission factood PM. Recently, a
scientific project suggested ERMEtest method as temporary test method for pas(similar
to heat filter techniquéjom wood heatingKausch et al., 2020 his method is now suggested
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as test method for EN16510 and there is an ongoing verification ptojealidate this test
method. The direct comparison of the ERME sampling method and NS30%8ased on
dilution tunnel)in parallel from the current experimental campaign showed that emissions from
the NS measurements are 11 times higher with 10Bldnfgcompared to ENPME test with 14
mgMJ?L. The differencesangebetween 2 until 60 timeand is largely due to condensables.

To illustrate the complexity of the phenomena just after emisgiBestrand et al., 2018)se

a thermal desorption aerosol gas chromatograph coupled to an aerosol mass spectrometer
(TAGT AMS) connected to an atmospheric chamber. The setupsstite quantitative study of

the impact of combustion conditions and atmospheric aging on the chemical fingerprint at the
molecular level of biomass burning organic aero3alble 4 presents the resulisf these
investigations involving three type of stov&ke secondary production of organic aerosols OA

is the largestor log wood stoves resulting from a more or less dxaiation of a fraction of
primary organic aerosollhese results are in line wi@hou et al., 2018yvhich shows that

aged ERkos(emissiorfactorof reactiveoxygenspecies) under bad combustion conditions were

D 2i 80 times higher than under optimum combustion conditiaisn, (Kodros et al., 2020)

show that fresh emissions from biomass burning exposed t@ahDQ (precursors to the NO
radical) rapidly form OOAOxidized organic aerosal) the laboratorypver a few hours and
without any sunlight.

Table 4. Summary of the experiments and conditions in the chamber before lightsn (after a
homogenization and stabilization period). MCE stands for modified combustiorfficiency and
THC is total hydrocarbon (Bertrand et al., 2018)

Stove Exp MCE N°of *eBC *POA **OA *NOx THC/NOx Cresol/NOx
n° TAG-
pgm?® pgm3  pgm?3 ppb  ppb ppb?  ppb ppb*
AMS
1 0.85 6 17 122 495 98 315  1.1x10
Sove A 2 0.84 7 12 177 785 252 269  1.1x10
(Beech as
logs) 3 0.83 7 6 71 388 90 385  1.2x10
4 0.91 8 5 10 72 128 77 2.7 x1®
5 0.80 7 5 41 143 50 472 1.2 x 10
StoveB ¢ 0.87 7 13 38 202 119 181 5.0x 10
(Beech as
logs) 7 0.82 6 6 45 289 114 243  7.2x1%
8 0.90 7 4 9 53 80 19.6  45x 10
siovee 2 0.97 5 107 10 19 161 5.2 1.2 x 10°
(Softwood 10 0.97 6 130 10 19 205 58 4.7 x10
pellets) 4 0.97 5 144 10 22 228 59 35x10

Notes: * Values retrieved just before light on,¥alues retrieved as integrated OH exposurex=18° molecules cni h

As discussed ifVicente and Alves, 2018he compilation of emission factors presentethe

next sectionderived from fresh smoke sampled at the sethat had usually cooled to ambient
temperature, but undergone minimal photochemical aging. Rather few studies have been
focused on the post emission processing and, thus, data for testing or constraining the chemical
mechanism in smoke photochemistry ralsdare very limited. Photochemical oxidation
produced substantial new OA. Only a small fraction of this new OA can be explained using
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stateof-the-art secondary organic aerosol models and the measured decay of traditional SOA
precursors. The applicatiorf models that explicitly track the partitioning and aging of4ow
volatility organics, including watesoluble species, should be compared to measurements with

a suite of instruments in chamberhis kind of models have been usedin(Kim et al., 2016)

To relate elapsed times and measured concentrations of OC, the condensation of SVOC
between the gas and particle phases is simulated with a dynamic aerosol model. The simulation
resultspresented irfKim et al., 2016)llow to understand the relation between elapsed times
and concentrations in the gas and particle phases. They indicate that the characteristic times to
reach thermodynamic equilibrium between gas and particle phases may be as long as 8 min.
Therefore, if the elapsed time is less than this characteristic time to reach equilibripmagas

SVOC are not at equilibrium with the particle phase and a largerdn of emitted SVOC will

be in the gas phase than estimated by equilibrium theory, leadarg uaderestimation of

emitted OC if only the particle phase is considered or if the ggshase SVOCare estimated

by equilibrium theory.

3.5 Ultrafine Particles

Ultrafine particles (UFPs) are aerosols with an aerodynamic diameter of 0.1 pm (100 nm) or
less. There is a growing concern in the public health community about the contribution of UFPs
to human health. Despite their modest mass and size, they domirextesrof the number of
particles in the ambient air. A particular concern about UFPs is their ability to reach the most
distal lung regions (alveoli) and circumvent primary airway defenses. Moreover, UFPs have a
high surface area and a capacity to adsasbbstantial amount of toxic organic compounds.
Harmful systemic health effects of PM10 or PM2.5 are often attributable to the UFP fraction.
Combustion sources are the main sources of YEBsiIni et al., 2019; Kwon et al., 2020)
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10 um (Coarse) 2.5 uym (Fine) 0.1 uym (Ultrafine)

Total mass‘ 1 1 1
Particle number‘ 1 64 1,000,000
Surface area
’ per particle 1 | 0.0625 | 0.0001
Total surface area
per mass 1 4 100
* Filtered in proximal » Reaches peripheral || Higher adsorbed toxic
airway airway material on surface
» May irritate skin, » Cannot enter * May enter systemic
mucosa systemic circulation circulation

Figure 9: Comparison of the surface area of particles with different diametersThe diagram
assumes that all particles in each category are perfect spheres, have the same density, and are
present in an equal amount of mass. The mass, particle number, and surface aref coarse
particles are all arbitrarily designated as 1. Other numbers are relative to the coarse particle. The
large surface area and ability to enter circulation are the two most significant characteristics of
ultrafine particles that make them more toxic than other larger particles (Kwon et al., 2020)

When inhaled, UFPs can pass through the respiratory tract with high efficiency down to the
alveoli due to their small size. A small fraction of UFPs penetrate the alveaétary barrier

and can thus be distributed throughout thdybwia the circulatory system. Because of this
property of UFPs, extrapulmonary diseases related to PM exposure may be particularly
attributable to UFR Furthermore, UFPs are thought to be more threatening than larger PM due
to their higher specific surfa area (total exposed surface area per unit of mass). Large surface
area and high surface reactivity enable UFPs to adsorb, for a given mass of PM, greater
guantities of hazardous metals, and organic compounds that can generate oxidatiigsteess

9.

At the exhaust pipe of a vehiate in a plume of a heating syste-Ps can quicklyevolve
and/or disappeahroughdeposition,condensation and coagulatiprocessegarticularly for
the smallest UFPsIn clean environment the nucleation miorganic (Sulate, nitrate,
ammonium)@and organic compounds can be a secondary soutfeR¥(Bessagnet and Rosset,
2001; Kulmala et al., 2014The size o801 100 nm is the lower limit of the parted range
where particlehawe the highest time of residence usually between 0.1 um apoh1n this
range ofparticles the deposition processareknown to bethe lessfficient
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3.6 Overview of BC/PAH/PM 2.5 emissions inthe EMEP countries

At the global scale®M emissions are mainly driven by biomass burning emissions as depicted
in (Klimont et al., 2017)with a large contribution of residential combustion and wildfire
emissions Tableb).

Table 5: Sectoral emissions of particulate matter in 2010, ECLIPSE V5a, Gg year(Klimont et

al., 2017) (a) Values are middleof-the-range estimates based on the ranges reported (Stettler

etal., 2013; Yim et al., 2015)and based on global fuel consumption and ranges of emission factors

from (Kinsey, 2009) (b) GFED3.1 without agricultural waste burning that is included based on

GAI NS esti mates inedgat eMdOy viaAagrei chualsteudr on TPM
matter); PM1 not available in GFED1 here assumed equal to PM2.3repat to (Randerson et al.,

2017)for the last GFED version.

PM10 PM2.5 PM1 BC oC OM
Agriculture 6555 3848 2883 337 1313 2364
Residential combustion 23078 21857 20742 4163 8852 15329
Industrial proceses 12162 8340 4135 462 633 823
Large Scale combustion 11561 6420 3812 136 164 248
Oil and gas, mining 1706 571 412 226 93 120
Transport- road 3339 2925 2524 1349 1116 1451
Transporti non road 861 823 795 363 217 283
Waste 1388 1272 876 97 751 977
International shipping 1856 1758 1612 120 398 517
International aviatiof®’ 30 30 28 10 10 13
Global anthropogenic 62537 47843 37819 7264 13548 22125
Forest and savannah firff5 48207 33014 33014 2268 19489 31363
Global total 110744 80858 70834 9532 33037 53489

In the EU28, the main emitting sector by far is tlesidential sector, followed by road
transport and open burning of wast&igure10). The lowest ratio BC/PM2.5 is also for the
residential combustion sectqgurell). This ratio of 10% correspostb the ratio proposed

in EEA guidebookKuenen and Trozi, 201@nd(Klimont et al., 2017Jor the combustion of

solid fuels. This low ratio refers to previous workgAlives et al., 2011; Fernandes et al., 2011;
Goncalves et al., 201and is based on Emission Factors sueament method which accounts

for condensables. For solid biomass like wdbe corresponding EF is 74G@j™. To be more
specific it i s wr i Sihcethecondendalbieecontpé&néntignotexpected o k :
to include any BC, in case a filterabbnly approach is used an EF of 10% * 740 = 74 g/GJ
can be assumed for BC. Therefore, one can expect an
measurement method does not account for condensgdBlagentos and INERIS, 2018)
highlighted that BC should be calculated over the TSP d#@édas been found in coarse
particles of industrial installations atts could led to an underestimation.
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Table 6: Main 10emitting sectorsin EU28 for Black Carbon

Cale Name
1A4bi Residential: stationary
1A3bi Road transport: passenger car
5C2 Open burning of waste
11B Forest firegnatural wildfires)
1A3di(i) International maritime shipping
1A4cii Agriculture/Forestry/Fishing: Ofbad vehicles and othanachinery
1A3bii Road transport: Light duty vehicles
1A3Dbiii Road transport: Heavy duty vehicles and buses
1A2qviii Stationary combustion in manufacturing industries and construction: 1IR
1A2qvii Stationary combustion in manufacturifigdustries and construction: Other
1000
100
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1

& § ¢§
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Figure 10: EU28 official emissions in ktor t/year (Gg or Mg) for BC, PM2.5 andPAH (as the sum
of benzo(a)pyrene benzdb)fluoranthene, benzdk)fluoranthene and indeno(1,2,3cd)pyrene) in

2018 for the main emitting NFR sectorgrefer to Table 6). Sectors areordered in decreasing
magnitude for BC emissionscomputed from the EMEP database(EMEP/CEIP, 2020).
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BC/PM2.5

Figure 11: ratio BC/PM2.5 for EU28 official emissions in 201&omputed from the EMEP database
(EMEP/CEIP, 2020)

GasFlaring is another important sector in oil and gas indudtrilas a strong impact on climate

in Artic areasdue to emissions from the LRTAP countrtbat is why it has beetargeted in

this report In addition to major global breservoirs, such as those in the Middle East and
United States, huge amounts of untapped oil lie in Arctic red{ohs et al., 2019)Gas flaring

is a conventional method for disposing of gaseous and liquid hydrocarbons through combustion
at oil/gas production and processing sites due to a lack of pipelines and otinengjasrtation
infrastructure, as well as for protection against the dangers opoeesurizing industrial plant
equipmentiHuang and Fu, 2016Pespite continuaBC emissions near the Arctic Ocean via

gas flaring, the climatic impact of BC related to gas flaring remains uncé@aio et al., 2019)
present simulations of potential gas flaring using an earth system model with comprehensive
aerosol physics to show that increases in BC from gas flaring can potentially explain a
signfficant fraction of Arctic warming. BC emissions from gas flaring over high latitudes
contribute to locally confined warming over the source region, especially during the Arctic
spring through B@nduced local albedo reduction. This local warming invokesote and
temporally lagging se&e melting feedback processes over the Arctic Ocean during winter.
Their findings imply that a regional change in anthropogenic aerosol forcing is capable of
changing Arctic temperatures in regions far from the aerosotsoua timelagged, sedce-

related Arctic physical processes. They suggest that both energy consumption and production
processes can increase Arctic warming. In their studies they used two emission inventories. The
BC emissions in Arctic regions north 60°N were 19 Gg yrlin the reference inventory
(Lamarque et al., 201@nd 80 Gg yr'in an updated inventory with gap filling with satellite
imagery. Recently, the ECLIPSE (evaluating the climate and air quality impacts efiwbabrt
pollutants) emission inventory has consideredfgasg-related BC emission&Stohl et al.,

2013)

Thisdocument prepared by TFTEI covers road transport (all types of vehicles), residential small

appliances burning solidiéls stationary combustion plants using solid fuesl flares. BC
emi ssions from shipping are covered in the
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technical document on maritime shipping emissions, reduction techniques and determination of
their costs of December 2020.

The Guidance Document on the Reduction of Emissions from Agriculture Residue Burning
prepared by TFTEI is in progress and will be availableairly 2021.

3.7 Co-benefits of Air Quality and Climate Change mitigation through BC
emission reductions

A recent catributionto the review of the Gothenburg Protoamh prioritizing the actiosito

reduce PM and BC emissiof&CE, 2020)underline thatBC emission factors still are
uncertain, and future research might come to chdr@eresults slightlyAccording to current
legislation, PM2.5 and BC emission reductions throabkolute cebenefit technologies
decrease with 73% and 79% between 2020 2080 in a region with the EU27, Norway,
Switzerland and the United Kingdom. In the EECCA region, these figures are 36% and 64%
respectively and in the non EBBRlkan + Turkey region of 39% and 73% respectiviiythe

EU, again, it is the introduction of aw installations (including pellet stoves) to control
emissions from household stoves and boilers that are inducing largest emission reductions. The
improved engine exhaust technologies in difselled vehicles and machinery are also
important in this ceegory. Relative cdenefit technologies contribute with 2% of the emission
reduction for both PM2.5 and BC and are engine exhaust technologies in diesel engines and
high-grade coal in stoves. The most important trafiedechnology for this period is newe
installations in household fireplaces. On top of current legislati@ne are still several clean
technologies that could be utilised more to reduce emissions further by 2030. The remaining
absolute cébenefit technologies constitute 59% and 87% of RiM2.5 and BC emission
reduction potential. In this category, emissions from wood fuels used in household stoves and
boilers can be reduced more through increased introduction of newer installations and pellets
stoves. Ensuring a 100% effectiveness of am®pen burning, using briquette stoves and
newer installations in households using coal stoves, and installation of kitchen filters to reduce
emissions from coking/BBQ are other technologies in this category. Technologies with relative
co-benefits havealatively small potential, whilst technologies to reduce PM2.5 emissions from
industrial processes, fireplaces, and from biomass combustion in industrial furnaces are the
most important tradeff technologies.

To improve the communication and start depahg a common understanding on B@re is

a clear need to develop simple metrics for BAdestablisinga B@ Footprinto c oasc ep't
proposed by(Timonen et al., 2019¢ould be a first stepBC Footprint would allow the
comparison of different BC emission sources and levels of atmospheric BC concentrations, and
would enable more efficientommunication regarding the climate, health, and air quality
impacts of BCAnalogous to CQ it would be an efficient tool for BC emission mitigation and
impact assessment and would support the development of new BC emission mitigation
technologies and ession reduction policies.

Figure 12 from (Samset et al., 2023howsthe mitigation potential of a single emission
component plotted versus the effort it requires to achieve emergence of a mitigationesignal
which component can give the most bang for the buck. Tdusef quantifies the latter as the

total amount of mass that is mitigated (emissions avoided) aiofit@mergence. This gives a

first order indication of the amount of effort required to implement our idealized mitigation
scenarios. The figure correlatssirface temperature change in 2100 with the cumulative
mitigated mass (in megatons; see the sidebar for the precise units). The size of the symbols
scales with the time of emergence, with large symbols showing earlier emergence times. This
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analysis confirm that for mitigation tdoe rapidly effective at reducing the rate of global
warming, targetingdC emissions(where they are not eemittede.g. with S&) would be
efficientd however, with dow final payoff. However, in recent studies likdakemura and
Suzuki, 2019)it has been shown thtte decline in surface air temperatures wétiuced BC
emissions is weaker than would bexpected from the magnitudeof its instantaneous
radiative forcing at the top of the atmosphere
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Figure 12: Potential versus effort for single forcer mitigationfrom (Samset et al., 2020)

To explore the conceivable range of future air quality and, in particular, of population exposure
to PM2.5 which has been associated with thetrharmful health impactéAmann et al., 2020)
develop a series of alternative emission scenarios up tod2@48 global levelBuilding on a

widely accepted economic growth path with its structural economic changes, these scenarios
combine different assumptions on the key policy areas that have been identified as critical for
air pollution trends in the past, i.e. (a) energy/climatépo(b) agricultural policies and (c)
dedicated pollution control policie8. Clean Air scenario explores the theoretical potential of
achieving clean air worldwide through a combination of further ambitious policy interventions
in four areas, i.e. (i)raditional air pollution policies, (ii) energy and climate policies, (iii)
agricultural policies and (iv) food policies. In particular, the scenario assumes full
implementation of the best emission control technologies that are currently available on the
market and, with a visionary perspective, policies and meashsedescribed byAmann et

al., 2020) in addition to improved human health (SD® Bnprove human health and
wellbeing), particularly in urban areas (SQE& Sustainable cities and communitiesyjean

air scenario would deliver a host of-benefitsin other policy areas through several pathways.

For mitigating climate change (SDG d 2limate action), some of the measures will not only
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reduce emissions ofMR2.5 precursors but will simultaneously reduce emissions that contribute
to temperature increase. In particular, &missions of the Clean Air scenario will be about
40% lower than in the reference case in 20404 83%, andblack carbon by 90% (Figure

13).
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Figure 13: Emission reductions from the policy scenarios. 2018 legislation includes all controls
that have been decided by 2018 accordifdmann et al., 2020)

A recent studyHarmsen et al., 202@pntributed with an imtgrated assessment motaked
scenario analysis of Bfbcused mitigation strategies aimed at maximizing air quality and
climate benefits. The impacts of these policy strategies have been examined under different
socioeconomic conditions, climate ambitipasnd BC mitigation strategies. The study finds
that measures targeting BC emissions (including reduction -@mitted organic carbon,
sulphurdioxide, and nitrogen dioxides) result in significant decline in premature mortality due
to ambient air pollutio, in the order of 4 to 12 million avoided deaths between 2015 and 2030.
Under certain circumstances, BC mitigation can also reduce climate chang®aainly by
lowering BC emissions in the residential sector and in high BC emission scenarios.éstill, th
effect of BC mitigation on global mean temperature is found to be modest at best (with a
maximum shorterm GMT decrease of 0.02 °C in 2030) and could even lead to warming (with
a maximum increase of 0.05 °C in case of a hdalthsed strategy, wherel @erosols are
strongly reduced). At the same time, strong climate policy would improve air quality (the
opposite relation) through reduced fossil fuel use, leading to an estimated 2 to 5 million avoided
deaths in the period up t02030. By combining bothgaglity and climate goals, net health
benefits can be maximized.

(Miller and Jin, 2019)stimate the projected tons of BC emissions avoided under recently
adopted policies and the potential to further redBiCeemissions by accelerating the global
implementation of soefree standards for vehicles, engines and fuels. It also evaluates the
implications for global temperature pathways and societal costs that include climate and health
damagesThe authors estinba that currently adopted policies will reduce globaload diesel
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black carbon emissions to 40% below 2010 levels by ZDi3€y show projected global diesel

BC emissions for five policy scenarios in comparison with a 75% reduction in global diesel BC
emissions from 2010 to 2030, corresponding to the level of BC reduction targeted by the CCAC
Scientific Advisory Panel(Shindell et al., 2017)Policies that have been adopted or
implemented since 2015 are projected to avoid 2 million tons of diesel BC emissions
cumulatively from 2015 to 2030, equivalent to a 16% reduction in cumulative emissions
compared with a baseknwithout these policiedMore than 70% of these BC reductions are
attributable to soefree standards in China and India. Nevertheless, currently adopted policies
are still insufficient to achieve a 75% reduction in global diesel BC emissions from 2010 to
2030.

In Finland, climate impact of Finnish air pollutants and greenhouse gases using multiple
emission metrics have been investiga(gdpiainen et al., 2019)This study assesses the
climate impact of Finnish air pollutesiand greenhouse gas emissions from 2000 to 2010, as
well as future emissions until 203Bigure 14). The pollutants included are SONOX, NH;,
norrmethane volatile ganic compound (NMVOC), black carbon (BC), organic carbon (OC),
CO, CQ, CHs and NO, andtheirstudy is the first one for Finland to include all of them in one
coherent dataset. These pollutants have different atmospheric lifetimes and influence the
climate differently; hencetheylook at different climate metrics and time horizons. The study
uses the global warming potential (GWP), the global temperature change potential (GTP) and
the regional temperature change potential (RTP) with different timescales for estimating the
climateimpacts by species and sectors globally and in the Aithiey compare the climate
impacts of emissions occurring in winter and summer. This assessment is an example of how
the climate impact of emissions from small countries and sources can be estanated,
challenging to use climate models to study the climate effect of national policies in a multi
pollutant situationTheir methods are applicable to other countries and regions and present a
practical tool taanalysethe climate impacts in multipldimensions, such as assessing different
sectors and mitigation measures. Witileir study focuses on shelived climate forcersthey

found that the C®emissions have the most significant climate impact, and the significance
increases over longer tint®rizons. In the short ternemissions of especially CkHand BC

played an important role as well The warming impact of BC emissions is enhanced during
winter.
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Figure 14 Fi nni sh 2010 eeaguivalenis)asa pluldétemission weighted by various
global metrics described in(Kupiainen et al., 2019) CO; is separated out and the net impact of
the nonCO: is given by the star.
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In Denmark,based on a modelinstudy,(Bjarner et al., 2019pundthat there are large net
welfare gains from most types of regulation of existing instillations, but the largest gains result
from imposing a differentiated tax or a general ban orgumtabéed stovesThe gains mainly

derive from the regulation of woodburning stoves located in urban areas. Thus
supplementing the existing regulation of new installations, with regulation of existing
installations would result in a significant welfare impnmant in DenmarkTheyfind it likely

that this would also be welfare improving in many other parts of Europe and North America
where regulations are currently primarily aimed at new installations.

Over Swedish citiegSegersson et al., 201found the major part of the premature deaths is in
their assessment related to local emissions, with road traffic and residential wood combustion
having the largest impac&mong the local sources, RWC and road traffic cause the most
premature deaths. UWgj PM2.5 as an indicator attributes most deaths to RWC, while using BC
puts more weight on road traffic exhaust. It is also concluded that fine traffic related particles
(<2.5 um) are likely a more important cause of mortality elased with longterm exmpsure

than the coarser wear related fractioni(2(bpm).The health impact from RWC, together with

the uncertainties related to this category, indicates a clear need for improvement of the emission
inventories. Considering that the health impact of RW(airts of Europe may be comparable

to that of road traffic, the same level of detail in the description of emissions should be aimed
for. This is far from the case today, with few cities having inventories of heating appliances.
Also, to allow quantificatin of uncertainties in the source attribution, more monitoring data in
areas dominated by RWC would be neededhajor finding is that using relative risk factors
representing withirtity comparisons owsing BC as an indicator for PM from local
combustiorsources, the local sources of PM cause more premature deaths as conipgargd to
Range TranspartWhen risk assessments are instead based on the total PM10 or PM2.5
concentrations,a n d usi ng corresponding relaci weo ri s
comparisons, LRT is normally attributed a larger impact and there is an evident risk of
underestimating the impact of local sources. The results emphasize the importance to resolve
within-city gradients in the concentration field when assessing populatiosuweepand raise

more concern to reduce local PM and BC emissioswiedishcities.

Exposure tooutdoor and indoor air pollution is known to affect respiratory and
cardiovascular health, and a recent st{Mgher et al., 20213lso show its effects on cognitive
function. Concentrations and magnetite content of airborne particulate matter (PM) in the
indoor environment arising from burning peat, wood or coal in residential open fires. Highest
indoor PM2.5 ¢ on¢iemntitinmes the \WHOecorontende 2-h mean)
occurred when peat was burned® f&aobHl wwed bLE7D
%). Conversely, highest concentrations of coarser PM (PRIAPwere associated with coal

bur ni ng?3,wkhJower gonaentrations emitted duringbn i ng of wXd»amadl ( 10
peat (°B Theygfourd a negative association between open fire usage and cognitive
function as measured by widelged cognitive tests such as word recall and verbal fluency
tests. The negative association was largeststatistically strongest among women, a finding
explained by the greater exposure of women to open fires in the home because they spent more
time at home than meitheir findings were also robust to stratifying the sample between old

and young, rich andger, and urban and rural areas.
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4 Mitigation measures for PM emissions and its impact on
BC and PAH emissions

In the following sectionsa general overview of technologies to reduce emissibparticulate
matter focussing on BGnd OrganidMatter (OM)asPAH. Althoughultrafine particles(UFP)
are not in the main scope of this repamtanalysis of tradeff or co-benefits on these species
arereported from the literature adéscribedecause these specas linked to BC emsons

A recent literatureeviewis proposed to illuminate th@le of technologesto abateemissions

of partculate species

In section4.1, the small combustiorappliances in the residential sectoe addressed with
some inputgrom studies addressing larger installatiovigch provide additional information
extrapoldable in acertain extento the technologies applied to small scale devices

In section4.2, theroad traffic sector igovered The role ofusualaftertreatment systems
reduce BCOM and (UFP) will be emphasizé. The role of tyre and brake abrasion is also
addressed.

Section4.3is devotd to thegas flaringactivity which isof major importancgarticularlyin

the Artic regionsboth for health and climate issué3C emissions is the main carbonaceous
particulate emissions emitted figring with very uncertain emission factors.

4.1 Small combustionappliances in the residential sector

4.1.1 General overviewf measureso abate PM and BC emissions
A wide range of emissiofactors is reported iiNussbaumer, 2010ddr residentialwood
combustion in practice in those tim&able7), while emission factors of medium and large
scale applications mainly depend on particle removal equipment, related to national or local
emission limit values. Compared to rdifé emissionfactors, far lower emission levels are
achievable for correctly operated 2010 modern combustion devices.

Table 7: Typical PM emission factors for various appliance types for wood combustion indicated
as solid particles sampled on hot filters (not including condensable organic compounds) in real
life operation today (left), and achievable bespractice PM emission leels under ideal conditions
(right). *only if operated at full load, which cannot be guaranteed for space heating. From
(Nussbaumer, 2010a)

Appliance type Typical PM emission Achievable PM emission
factors today (mg MJ?) levels (mg MJY)
Open fireplaces 50 to > 1000 50-100
Wood stoves & closed insappliances 20 to > 1000 15-25
Log wood boilers without heat storage ta 20* to > 1000 Not recommende(
Log wood boilers with heat storage tank 20 to > 100 10- 20
Pellet stoves & boilers 10- 50 10- 20
Automatic wood combustion plants
With cyclone 50- 300 50-100
With simple ESP 25-50 15-35
With advanced ESP 5-15 5-15
With fabric filter <5 <5

A hostof newtechnologieallows significantreductionsof PM2.5emissionsespeciallyfrom
biomass combustiorfAmann et al., 2018)These innovativesmall scale combustion
technologiegepresenturrentbestavailabletechnology andtheir commerciabvailability has
beentriggeredoy stringeninationalemissiorregulationgor smallcombustiorfacilitiesin some
countries. The following examples are provided Gdmann et al., 2018)
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1 Woodchip boilers with low emission& to 60 kWth) a wood carburettor using updraft
gasification withactivated charcoal filter effeahdanenhanceduel suction technology
enableu | t r BMdmissionof 0.9 mg m® at 13% OZat full loadon test bench

1 Pellet boilers with low emissior(8 to 35 kWth): an nderfeed pellet combustion with
integrated prticulate separation using cyclone effactused. ThéPM emissions are
0.9 mg ¥ at 13% OZ full load on test bench)

T Pellet boilers with | ow emissions @nd int
to 18 kWith):it is a condensingellet boiler with up to 107 % thermal efficienayth
efficient combustion controladjustable boiler temperature (28 °C to 85 4id
possibility to upgrade with Stirling engine for povgemeration and combination with
solar thermal collectors and phetitaics PM emission obtained at® mg n?® at 13%
02 (at full load on test bench)

1 Pellet boilers with low emissions and integrated heat pufhpsto 16 kwWth):this
product combines the use of pellets, ambient heat and elegbriedyction. A softwar
adjusts the system to the most economical or efficient operational demknding on
the homeowners preference®M concentration obtained i¥ mg m® at 13% O2(at
full load on test bench)

1 Log wood boilers with low emissions and integrated heatga(10 to 30 kW):
a wood carburettor boiler with rotating combustion chamber and heat pump hybrid
systemis used whicltan be combined with photovoltai¢3V emissions aré7 mg m
3 at 13% O2at full load on test bench)

1 Log wood stoves with lovemissions and high energy efficien@sto 10 kWth)it is a
log wood stove with two combustion chambers, high energy efficiency with up to 93
%. The PMemissionsare20 mg n? at 13% OZat full load on test bench)

From (TFTEI, 2019) the following list of new technologies were identified. New advanced
stoves equipped with improved air control, reflective materials and two combustion chambers;
New smart stoves with automated control of air supply and combustion, thermostatic control,
Wi-Fi-connected to collect and send combustion data to the manufacturer for better service;
New advanced masonry stoves, operating at high efficiencies and low emissions; New
advanced pellet boilers: fully automated boilers (electronic control of air ysulgphbda
sensors), condensing boilers, using standardized pellets; Wéwbdrettorboilers using log

wood or chip wood; Heat accumulating equipment with heat accumulating reducing stop/start
frequencies and operation at partial load, which generatesrhgghissions than operation at

full load; Other: flue gas recirculation, reverse combustion, gasifier

As reported in(ETC/ACM, 2016) in relation to small combustion installations, primary
measures of emission reduction include technological activitigsdocing primary emissions
from incomplete combustion, such as TSP, PM, CO, NMVOC, PAH, PCDD/F as well as heavy
metals and S¢)and NOXx.

The quality of fuels is also of major importance, sucla@snsfor preventing or reducing
emissiongeported byKubica et al., 2007)

For coal:

- precleaning, prereatment of raveoals and improvement of their quality to reduce the
fine subfraction that achieves the reduction of ash content and sulphur content as well
as chlorine and mercury;

TFTEIT BC and PAH emission reductiohdecember 2020 51



- modification of the fuels granulation by means of compactification processgs,
briquetting, pelletizing, selection of grain size in relation to heating appliances
requirements (stove, boilers) and supervision of its distribution;

- replacing of coal by upgraded solid derived fuel, biomass, oil, gas. For example, thermal
upgradingofaw coal will reduce the fuel 6s vol at
to around 9 %) to produce fismokel esso fue
contents are ranged about 2%);

- regulating coal quality
for wood:

- avoiding the combustion of redgd wood (frequently treated with chemicals), in order
to reduce emissions of S@nd metals, among others;

- application of combustion;

- homogenization and stabilization of the moisture contents in the fuel, especially in the
case of solid biofuels;

Seconday measuresan be applied temall combustion installations to remove emissions, in
particular of PMbut are more rarely applied to small domestic applianSasultaneously,
emissions of pollutants attached to the PM, such as heavy metals, PAHs and R@Dage
reduced. For particulate matter the following options can be consioel@djer combustion
plants(ETC/ACM, 2016; Kubica et al., 2007)

- cyclone separators: to achieve high effectiveness 8994, units with multiple
cyclones (cyclone batteries) are applied, and reyltlones for increased gas floates;

- electrostatic precipitators with an efficiency between 99,5% to 99,9%) or fabric filters
(with efficiency about 99,9%).

Wood combustion appliances, stoves in particular, can be equipped with a catalyst. When flue
gas passes through the catalytic bastor, smoke that otherwise would leave the chimney as
dirty, wasted fuel is recirculated and burnt. The catalyst decreases emissions caused by
incomplete combustion by reducing the temperature that smoke catches fire at so that it can
safely burn while till inside the stove. The catalytic converter is a cellular or honeycomb heat
ceramic monolith covered with a very small amount of platinum, rhodium, or combination of
these. It is usually placed inside the flue gas channel beyond the main combustibercham
How efficient a catalyst is in reducing emissions depends on the catalyst material and on its
construction (active surface, the conditions of flue gases flow inside converter, temperature,
flow pattern, residence time, type of pollutants, etc.). fegation of a catalytic stove is a little

more complicated compared to a reatalytic one because they have a lemgerated catalyst
bypass damper which is opened for starting and loading and the stove has to be burned hot
before the catalyst is engag@étiis means that these stoves are most effioetill load unlike

to the norcatalytic stove. Further, the catalytic element degrades over time and must be
replaced; its durability is largely in the hands of the stove user. However, due to thefgetater
capacity and efficiency, the fuel load lasts longer. A key issue with regard to emissions and
secondary measures are the emissions of condensable compounds, which form particulate
pollutants shortly after emission. Condensable compounds are compheiiress from an
emission reduction point of view. They should be included in emissions inventories in order to
more accurately represent the particle emissions from stoves. Secondary measures with
reference to NOx and S@re not applied for small combigst installations due to technical

and economical restrictiorfgubica et &, 2007)
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(TFTEI, 2019) proposes a list of good practices for small combustion appliances to reduce
emissions of PM and BC. In order to reduce environmental impact and to improve energy
efficiency, careful consideration should be given to the type, size and instatiequirements

of the heating device. When choosing a new heating system for a house, alternative heating
systems other than wood boilers and stoves and with less emissions and higher efficiencies
should be considered,; this includes heat pumps, phot@msl&olar boilers and connection to

a local heating network. If a wodtkating installation is chosen, the following practices are
recommended in the document:

(a) Choose a heating installation that uses best available techniques to reduce emissions and
increase efficiency. Emissions from automated heating installations, with automatic
control of air supply, feed and ignition, and, consequently, decreased influence of user
and wind speed, are considerably lower than those from manually operated heating
devices

(b) Choose a heating installation that matches the size of the space to be heated and that is
adjusted to its function (primary or additional heating source). The heat demand should
be calculated based on the volume of the room(s) to be heated, with dige i
of heat dispersion, degree of insulation of the building and outdoor temperature. A
heating installation that is too large for the room will overheat the space quickly and
will have to be operated with slow, smouldering fires much of the timavoad
overheating the room, resulting in high emissions and low efficiency. An undersized
heating installation can be damaged by frequent-fileg to keep up with heat
demand. Heating installations of the correct size will use less firewood;

(c) Choose a a#ified heating installation or one bearing a high energy efficiency label or
ecclabel, if possible. Certification or labelling guarantees the appropriate quality of the
heating installation and compliance with safety regulations and/or minimum efficiency
and emission requirements;

(d) Choose a heating installation according to available indoor or outdoor firewood (logs,
pellets, chips) storage capacity;

(e) Avoid installing an open fireplace. Heating with an open fireplace is inefficient and
results in significah emissions; poor indoor air quality can cause a fire if burning
material leaps out;

() Ask for a user manual when purchasing a heating installation. The user manual should
be easy to read and to use and should contain all necessary information spedfic to th
heating installation, especially regarding its proper use;

(g) Foresee that the combustion air for the heating installation is extracted from outside the
house, through proper piping. This ensures safer operation and reduces heat loss.
Requirements concermgninsulation, airtightness and ventilation of eneedfjcient
buildings should be taken into account for the management of air intake for the heating
installation;

(h) Use licensed/qualified technicians for the installation of the heating device;

() Ensurethat the flue gas channels and chimney are well placed. The chimney must
extend above the ridge of the roof and adjoining buildings. The diameter of the flue gas
channels must be adjusted to the heating installation in order to avoid a bad chimney
draft ard the risk of a chimney fire. Have the flue gas channels and the chimney installed
by a specialized technician. Corners in the flue gas channel and horizontal lines should
be avoided,;

() Use stateof-the-art technologies to ensure good discharge conditiorexfraust gases.

Successful policy interventions that have led to effective reductions of air pollutant emissions

in the household sector include (i) awareness campaigns, informal platforms, qualification of
focus groups, product declaration, (ii) and est@dvice at the site, (iii) subsidies for thorough
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building renovation, for the switch to other fuels or the upgrade to new facilities, (iv) a ban of
the use of solid fuels, as well as (v) measures in combination to fight energy féwesyn

et al., 2018) In addition, integration of smart flue gas abatement technologies with other
technologiess emerging.

The Arctic Council has recognized the climate and health benefits of reducingistubrt
climate forcers, and has therefore encouraged work to reduce black carbon (BC) emissions in
the Arctic (ACAP, 2015, 2014)Artic is a key region and observatory doalyserelevant
measures tdoth combat ClimateChange andAir Pollution. The AC has developed atof
recommendation@norepolicy orientedhan echnicaly oriented}o reduce BC emissions from
residential heatingSome of these recommendations are provided hereafter

- Establish emissia limits for new and resold stovesif such standards do nexist, or
more stringent emission limits,existing standards can be improvéd. a prerequisite,
this mitigation action wouldequire a study of an agreement on a suitabhssion
measuremergrotocol that wouldorm the basis for establishing the standard.

- Introduce voluntary black carbon emissiontesting and ecolabelling by interested
producersto drive further product design anelvard innovation by producers.

- Introduce legal instruments that wouldenable local authorities to implemésans on
wood burning in certain areadere many people are affected by paoquality. Burn
bans in certain areas@rtain times can help to improve local girality and health.

- Establish national or regional changeout programmes to promote the replacement
of older woodburning stoves with lovemissionwood stove appliances.

- Introduce regular stove inspectionscombined with maintenance to reduce
emissions from aging cledsurning stoves.

- Introduce regular end-user information campaigns to educate households operating
wood-burning stoves and boilers on their correct use and climate and health benefits.

- Establish fuel wood guidelines or information campaignsto reduce particle
emissions tfough increased fuel homogeneity.

- Advocate the development and use of stoves with improved combustion efficiency
or increased heat storage capabilities influence the choice of residential wood
combustion technology and development.

- Support transition from wood stoves to pellet stovego replace wood fuel with
cleaner fuel.

- Develop uniform BC measurement methods and emission limitsThe Arctic
countries that are members of the European Union could encourage EU member
countries to reach@nsensus on a BC measurement protocol and wood stove emission
limits to reduce particulate and black carbon emissions from awaauing stoves and
boilers.

- Establish uniform BC reporting guidelines. A common framework for BC
inventories would be of greatse when comparing BC emission inventories across
nations, and across scenarios in various countries. The updated CLRTAP Gothenburg
Protocol is a natural arena for such work. The AC countries could be active promoters,
make joint statements and work actwevith the LRTAP secretariat argpecialized
groups to help develop uniform BC reporting guidelines.

- Create a regional toolbox for developing national action plans or equivalent
measures The Arctic countries could share information and experiences egtrd to
the development of national action plans whose primary or secondary aim is to reduce
black carbon emissions from residential wood combustion. Such mitigation plans and
actions should consider emissions, impacts, mitigation instruments and measdres
their costeffectiveness
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- Facilitate information sharing. A lot of work is underway to reduce PM/BC emissions
from residential wood combustion, and knowledge is constantly evolving. Examples
include task forces under the Arctic Council, projects urtie Nordic Council,
reporting requirements under the Convention on Long Range Transboundary Air
Pollution and directives from the EU. ACAP is in a position to gather this knowledge
on a papArctic level and facilitate capactyuilding by making the infamation more
easily available.

- Encourage shared research efforts to close knowledge ga@C inventories and
reduction strategies have to overcome knowledge gaps and inherent uncertainties. The
number of knowledge gaps could be reduced more efficientipiby research at a
regional level. The Arctic region hosts substantial research capacity and many BC
relevant research projects aregwing or planned. It would be interesting to explore
the potential for even more structured cooperation and developrhéntould be done
through common research programmes and/or demonstration projects under ACAP or
other coordinated projects.

- Run demonstration projects To verify the effect of mitigation instruments and
measures.

4.1.2 Performancesf modernappliances compared t@tlitionalonesunder real
uses

From theFigure 15 from (Tytgat et &, 2017) it becomes clear that PM emissions vary
significantly withinand between different types appliancesin general, more recent devices
with newertechnology show lower PM emissions compared to the older devices, which are
more onthe left inthe graph. It is important to note thatthis study,the majority of the
collected data originatédsom tests in laboratory, either following standard test procedures or
simulating real lifeoperation. Most tested stovaee several years old, makingdifficult to
estimate emissions from stoves with most retextinology incorporated.

In addition to the overview of the available wood combustion deyicesented irfTytgat et
al.,, 2017) an overview is alsscluded oftechnologieghat can result in a reduction of the
emissions. Two strategies existachieve the latter.

1 First, it can be done by means of source control, in which espestiallg design and
air flow prove to be crucial elements. Source control measures typoallio achieve
optimal combustion at real operation conditions. This effquaitcularlyvisible in the
reduced emission rates of more recent stoves, which contain these typssafes. It
is this effect that is visible.

1 Secondly, enaf-pipe solutiongan also result in reduced emissions. A widely used and
commercially availble technologyis electrostatic precipitation. This technology is
based on the collection of PM on@ectrode. In practice, this appears to reduce part of
the emissions, but the achieweduction is highly dependent on the circumstances and
the used ste. A second endf pipe solution is the incorporation of a catalyst inside
the combustion chamber or inside diemney. This is mainly effective for the reduction
of CO and organic substances and is &stable for PM. Fluctuating efficiencies are
repated and in some cases, there is a riskohing harmful byproducts. Correct use
and maintenance of such systems is therefopertant.

An important conclusion frorfiTytgat et al., 2017y that a considerable knowledge geqists
on several subjectEirst, there is a limited amount of data collected undaklife conditions.
Additionally, the interpretation and comparison of emissionktenature and in legislation
appear to be difficult because of the difference in theofismits. In literature, emissions are
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based on energypputto allow comparisonbetween differentyppes of stoves. The legislation
on the other handelies on emissionger volume of air. The latter is highly stove specific and
often not known, which makescamparison between different stoves very difficult.

Another aspect with a lot @mbiguity is the formation of secondary organic aero&BA).
The formation of this fraction of particulate matter occurs when the exhaust eyaisése
chimney and end up in the atmosphere. Under the influence of various eftetoed, the
organic omponents present in the exhaust gases will react. Consequemgly, faaction of
particulate matter is formed. The concentration of SOA emissions aafrtiee same order of
magnitude as the concentration of primary PM during the combustaoess. Therecise
mechanism of SOA formation is very complex and depeindnvarious factors, making the
guantification of this fraction in real life very difficult. SIN&®OA are formed after leaving the
chimney, most tests do not measure the SOA fraatibith caild result in a significant
underestimation of redife PM emissions.

Several aspects play a role in this variateug, used technology, test method and operational
conditions. The latter is mainly focused thre behaviourof the user of a wood combusti
device. Elements such as the type of wased, the degree of humidity, the fire lighting
procedure etc. all have a direct influenceeonissions from residential wood combustion. In
the standard tests, the experimentaiditions are based on the moptimal conditions while

in reality a lot of theconditions are far from ideal, resulting in large differences between lab
and reallife tests.

An important problem with estimating reiile emissions is that consistent information of
typical or average e userbehaviar is lacking. As a result, assumptions currently miade
scientific literature on (pseudo) real life emissions can proof to be completely diffetetter
understanding of these aspectstif§ required. This can be done pgrforming surveys with
reaklife users in order to gain knowledge about their operatianstbve. Another problem is
that a small fraction of real usems.d.people burning wettontaminated wood in old stoves)
could have a relatively high contributiom the totalemissions. Thereforgood knowledge of
best, average andlorstcasescenarios and theoccurrence is essential to estimate the total
reatlife emissions.
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Figure 15: Boxplot summary of all data points (number givenbetween brackets) for each type of
wood combustion appliance. *category containing outliers above 1000 mg/MJ fro(ytgat et al.,
2017)

Chemical composition of PM is affected by humerous combustion parar(ietpre 16), but

is often not considered in energy transitions, despite varying toxicity among chemical
components(Lai et al.,2019)analysed®M2.5 emissions from combustion of solid fuels (coal,
wood, and straw; whole and pelletized) in a variety of stoves (cookstoves and heating stoves;
traditional and serjasifier, including forced versus natural draft and fixed versus
redprocating grate). To assess the effects of fuel and stove type on PM2.5 comptttion,
measured elemental carbon (EC), organic carbon (OC), -selidrle OC, watesoluble
inorganic ions €.g. SQu, Cl, Kp), and organic molecular markers. PM2.5 emissifstom
traditional stoves were mostly carbonaceous9@®% organic matter (OM),-6% EC, and less

than 2% inorganic ions. In contrast, segasifier stoves emitted more inorganic PM2.5: on
average, ions comprised 65%, 9% was OM, and 4% was EC. Withinethiegasifier
cookstoves, forcedraft cookstove emissions had lower OM-3%) and higher ion
concentrations (888%) than the naturalraft cookstove (84% OM,30-83% ions). Across a
range of different fuels and stovesdpve types would influence emitted PM composition

more than fuel type, underscoring the impact of combustion conditions on PM chemical
composition
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Figure 16: A visual summary of(Lai et al., 2019)findings

The experience of new boikein the industry can also inspire the technologies to apply for
smaller scaleombustion systemas described ifOberrberger et al., 2017) o satisfy the

market demand for fudlexible low-emission biomass combustion systemsew approach
basedn anupdraft gasifier directly coupled with a multi-stage gas burnemanda boiler has

been developedn the gasifiersami-volatile ash forming elementsd. mainly potassium K)

are released in the hot charcoal combustion zone and are precipitated again in the upper regions
of the fuel bed. Therefore, an almost particle free product gas can be achieved which can then
be efficiently combusted at low excess air ratios in the subsequentstage burner. In this

paper the principle of ash embedding in the gasifier is described with a special focus on the K
chemistry. Combining this approach with appropriatel bed coolng measures the new
technology can be applied for a wide spectrum of biomass fuels reaching from conventional
wood fuels over short rotation coppice to agricultural fuels/residues such as miscanthus and
olive stones. Test runs performed at adahle teing plant confirmed this high fuel flexibility

and the possibility to operate this system at almost zero CO and OGC emissions adwsell as
emissions of less than 5 migldncv ™.

Impact of PM reduction strategies on ultrafine particles

(Wang et al., 2020&@xplored ultrafine particle emissions during residential combustion under
both laboratorycontrolled and realorld rural household condition(&igure17). Significant
ultrafine particle emission €. with emission factors between 2 x!1b 2 x 16° particles per

kg of fuel) are found for both coal and biomass. High emissions of particle massitation
often occur at the beginning of the combustioa the first 30 min after fire start) while high
emissions of particle number concentration occur in a later combustion periddQadin).
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Ultrafine particles account for over 90% of the enditigtal particle number concentration from

3 nm to 10 em. These emissions eshygmadtten ul t r a
a decade in indoor environment under which household residents are directly exposed. In
addition, they show that theresi notable inconsistency between reducing PM2aSsbased
emissions and reducing ultrafine particlamberbasedemissions among various control
strategies that were proposed for reducing pollution from residential combustion. Both
Acl eaner 0 dsuhatlare deaigned tosrédoce PM2.5 emissions are found to be not
necessarily effective in reducing ultrafine particle emissions, even increase their emissions in
some cases. These findings indicate that the overlook of ultrafine particle emissions from
residential solid fuel combustion can lead to potential health risk to household residents,
especially to those vulnerable onesg( the elderly and children) who are more sensitive to
indoor air pollution. More attentions are needed on ultrafine papatlation and its potential

health risk in comparison to using the PM mass concentration index alone.
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Figure 17 Comparison of PM2.5 and ultrafine particle emission factors from residential
combustion. When burning threedifferent coals, the same stove was used. Error bar represents
standard deviations among repeated experiments. Bit, Ant, and SC mean bituminous, anthracite
and semicoke coals, respectivelyWang et al., 20D)

4.1.3 Impact of ombustion conditionsn PM and BC emissions

As explain in(TFTEI, 2019) poor combustion results in reduced energy efficiency and higher
emissions of air pollutants, especially of fine particulate matter, and creates creosets build

on the interior surfaces of the chimney flue, reducing the chimney draft and creating a chimney
fire hazard. There are three phases of wood combustion, mainly in reference to the temperature
of the procesd(i) drying; (ii) pyrolysis; andiii) gasification anadcombustion.
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- Drying. When wood is heated, water begins to evaporate from its surface. Evaporation
typically starts below 100°C. Up to a temperature ofi 260°C wood loses the water
it contains. As evaporation occurs, the temperature inctirabustion chamber
temporarily decreases, slowing the process of combustion and decreasing the thermal
efficiency of the heating installation. This is the main reason for not using unseasoned
wood. The wetter the wood, the more energy will be requiredyt dnd the lower the
efficiency of wood combustion. High moisture content in wood leads to incomplete
combustion, reduced thermal efficiency and increased emissions of air pollutants.

- Pyrolysis. At a temperature of around 200°C, wood starts to break date volatile
substances and solid carbon. The volatile fraction of owmdre than 75 per cent of
the whole mass of woddevaporates. At around 400°C, most of the volatile components
have evaporated.

- Gasification and combustion This phase, startingebwveen 500°C and 600°C and
continuing up to about 1,000°C, consists of complete oxidation of gases.

Combustion is completed when all wood components have completed their chemical reaction
with oxygen. However, 106 complete combustion of wood is a purdigdretical concept due

to limiting conditions, such as the right degree of mixture between air and fuel, which is quite
difficult to achieve in a short time. When the conditions for complete combustion are not ideal,
emissions of harmful substances inceeas reality, during combustion, the three above
mentioned phases overlap in a complex way, rather than occurring at distinct moments in time.

From the literature, it is clear that particle formation and emission is closely related not only to

the fuel poperties but also to the combustion conditions and processes of the furnace
(Obaidullah et al., 2012 he effect oktovetechnology and¢ombustionconditions orgas and
particulateemissions fronresidentialbiomasscombustion has been studied (Bhattu etal.,

2019) Theyhave systematically examined the gas and particle phase emissions from seven
wood combustion devicéEigure18). Among total carbon mass emitted (excludinglGO

emissions were dominant, together with nonmethane volatile organic compounds (NMVOCS)
(107T40%). Automated de vgnitudedowesr @H( 10t ©d 2Xkg03 6dr dye
of wood) and NMV ®OwodYcOmpardditolbatgperkted devices (CGH

0.257T k080 wpod; NMVREDHSf oHDA)I9 07T 90% of t he
were emitted in the starting phase of batplerated devices, except for the first load cycles.
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Figure 18 Visual summary of the effetct of combustion onorganic pollutant emissions(Bhattu et
al., 2019)

Partiatload conditions or deviations from the normal recommended apg@inditions, such

as use of wet wood/wheat pellets, oxygen rich or deficit conditions, significantly enhanced the
emissions. NMVOCs were largely dominated by small carboxylic acids and alcohols, and
furans. Despite the large variability in NMVOCs emussstrengths, the relative contribution

of different classes showed large similarities among different devices and combustion phases
(Figurel9).

The largest BC emismns are observed forgawood stove during the cold starbeyshow that
specific improper operating conditions may even for advanced techndimggt result in the
emission reduction of secondary organic aerosol (SOA) forming compounds and thus not
reduce the impact of wood combustion on climate and health.
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Figure 19: Combustion phases peci f i ¢

i a v erohwpaddof gad~GH#®, COgNOlaryl

NMVOCs) and particle (eBC) phase compounds for device-7 of all investigatel conditions (1:
Pellet boiler, 2:Logwood Boiler, 3: Industrial Wood Chip Moving Grate Boiler, 4:Pellet stove, 5:
Single-stage Combustion Logwood Stove, @wo-stage Combustion Logwood Stove, 7: Twstage

Combustion Logwood Stovgfrom (Bhattu et al., 2019)

It has been shown previously tine literaturethat PAHs form in large quantities and may be
emitted under high temperature-atarved wood combustion conditiofEriksson et al., 2014)
illustrates that PAHs can also form during a few minutes following addition of fuel on glowing

embersinawo d

stove

at

ower

temperatures

(4007

with five rings or more increases with increasing temperature. It cannot be ruled out that this is

because of gas/particulate partitioning differences, as the lower temperaineded with

more concentrated organic emissions. In gasification res@bhecktudy of thermal degradation

in the absence of oxygen) one typically distinguishes between primary tars that consist of
primary pyrolysis products of cellulose and lignin sashmonosaccharide anhydridesg(
levoglucosan), and methoxyphenols formed at low temperatures. As the combustion

temperatur

e i

ncreases

t hese

ar e

further

br ok

aromatics (>700 °C). At even higher temperatutee yields of PAHs increase strongly. At
such high temperatures, PAHs are also one of the few classes of organic compounds that are
stable enough to survive. Based on this reasoning the strongly increasibg understood as

PAH/OA ratio and decreasamncentration of OA for the intermediate phaseHafh Burn

compared to the fuel addition phase. Gasification theory also predicts that EC formation and
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emission increases as the temperature is further increased above the optimal temperature
window for PAHformationFigure20.
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Figure 20: Average wood stove particulate emissions at nominal and high burn rates in mg and
mg/MJ for the three combustion phases and the full cycle. Error bars represent range of
observations (n = 2)Eriksson et al., 2014)

In summary, previous data also support that PAH emissions from wood stoves can be strongly
elevated at air starved combustion conditiatisigh heat release rates, even more so than found

in (Eriksson et al., 2014 he most efficient way of reducing PAH emissions from wood stoves
may therefore be to target combustion conditions with too high heat release rates that result in
air deficits related to the functionality of the specific stove.their study, fast burning
conditions with less than 5%.@ the flue gases, corresponding to heat release rates of more
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than 23 kW, were shown to coincide with increased PAH emissions. Wihkileumbers are

stove specific, this phenomenon is (qualitatively) likely not. Measures to avoid these situations
may potentially reduce adverse effects on human health and possibly also havbdhefito

of reducing black carbon emissionsFurthermore, missions of the potent greenhouse gas
methane are also enhanced during this kind of intense incomplete combustion. The traditional
recommendations to wood stove and boiler users and manufacturers are to avoid slow, low
temperature combustiond., moist tuel and poor insulation.he (Eriksson et al., 2014tudy

illustrates how excessively high heat release rates are also undesirable, because of the emissions
of particulate PAHs

Time-resolved particle emissions from a conventional wood stove were investigétielsen

et al., 2017)with aerosol mass spectrometry to provide links between combustion conditions,
emission factors, mixing state of refractory black carbon amdigations for organic tracer
methods. The addition of a new batch of fuel results in low temperature pyrolysis as the fuel
heats up, resulting in strong, shtived, variable emission peaks of organic aer@switaining
markers of anhydrous sugars, sasHevoglucosan (fragmentrafz 60). Flaming combustion

results in emissions dominated by refractory black carborroemitted with minor fractions

of organic aerosol and markers of anhydrous sugars. Full cycle emissions are an external
mixture of larger orgnic aerosetominated and smaller thinly coated refractory black carbon
particlesPAHsare primarily associated with refractory black cadsontaining particles.
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Figure 21: Evolution of refractory BC ad PAH emissions duringa combustion cyclefrom (Nielsen
et al., 2017)

They hypothesise that at very high burn rates, the central parts of the combustion zone become
air starved, leading to a locally reduced combustion temperature that reduces the conversion
rates fronpolycyclic aromatic hydrocarbons to refractory black carbon. This facilitates a strong
increase of polycyclic aromatic hydrocarbons emissiéigu(e 21). A very high bun rate

results in increased full cycle mass emission factors of 66, 2.7, 2.8 and 1.3 for particulate
polycyclic aromatic hydrocarbons, refractory black carbon, total organic aerosol and m/z 60
(mass to charge ratiojespectively, compared to nominal buate Figure22). At nominal

burn rates, full cycle emissions based on m/z 60 correlate well with organic aerosol, refractory
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black carbon and particulate matter. Hoee\at higher burn rates, m/z 60 does not correlate
with increased emissions of polycyclic aromatic hydrocarbons, refractory black carbon and
organic aerosol in the flaming phase. Their new findings can be used to advance source
apportionment studies, recks emissions of genotoxic compounds and model the climate
impacts of refractory black carbon, such as absorption enhancement by Ensiefjned in
section3.2
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Figure 22 Full cycle emission factors of OA, rBC PAH and m/z 60 for nominal (NB), high (HB),
and very high (VHB) burn rate in mg/kQoatch fuel, Where Kghateh fuel refers to the dry weight of the
whole batch. The results are basedn 7, 6 and 3 cycles, respectively. The contributions to the full
cycle emissions are given for the three phases: fuel addition, intermediate, and burn out. Error
bars represent the variation of the full cycles and are given as the standard error of the e
(Nielsen et al., 2017)

In order to evaluate nesteady phase contribution to the total emissions of a pellet stove in real
domestic operations, particulate matter and gaseous emis@femsurini et al., 2015)
determired separately for different operating conditiares, ignition, partial load, increase in
power and nominal load. TSP (Total suspended particulate) was sampled with a dilution system
and characterized for TC (total carbon), PAHs (polycyclic aromatic bgdoons), the main
soluble ions, Ni, As, Cd and Pb. Gas monitoring shows that CO and NO emission factors in
ignition phase markedly differ from other operating conditions: NO emission factor is lower,
while CO one is much higher, since it is a productnebmplete combustion. Starp phase
emission factors are also higher for TSP, Cd and other products of incomplete combestion,
TC and PAHs. Despite being a nsteady phase, the increase in power phase emission factors
appreciably differ from steadyate ones only for PAHs. Moreover, the PAHs emitted in-non
steady state phases have a higher toxicological burden. In conclusion, in order to evaluate the
real impact of pellet stove on the environment, transient conditions should be taken into
account. Thk ignition phase, even though it lasts only 20 min, can significantly contribute to
pollutant emission.
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(Horak et &, 2017)analyseddifferent domestic heating boilers (automatic, efier, with
downdraft combustion and gasification) and three types of fuel (lignite, wood and mixed fuel)
were examined in 25 combustion tests and correlated with the emissions of particulate matter
(PM), carbon monoxide (CO), total organic carbon (TOC) and 12 polycyclic aromatic
hydrocarbons (PAHs with MW = 17878 gmol?) focusing on particle phase. The highest
emission factors of PAHs were measured for boilers of old construction, such-fiseovater
(5.8929 mgkg?) and boiler with dowsdraft combustion (3:64.1 mg/kg). Modern types of
boilers produced much lower emissions of PAHs, in particular, automatic boile3(8.61g

kgl) and gasification boilers (0.7 mgkg™). In general, the irficient combustion at reduced
output of boilers generated 114.7 times more emissions of PAHs than the combustion at
nominal output of boilers. They recommended to operate boilers at nominal output with
sufficient air supply and to use the proper fuelrinimize PAHs emissions from domestic
heating appliances.

(Toscano et al., 2014jas investigated themession from realistiaitilisation of wood pellet

stove Higher concentration of PM, up to 72% more than those measured in steady state
condition, was showim this study A higher emission factor has been observed also for carbon
monoxide (CO), total carbon (TC) and polycyclic aatim hydrocarbons (PAHS) especially
during unsteady combustion phaseg (ignition phase) which significantly affect the emission
factor in particular when the pellet stove works for short time (less thanThis)shows that
longer usesinder steady cobustion are encouraged to optimilse combustion.

Impacts on nanoparticles

A recentliterature review identified combustion conditions that may result in increasing
amounts ofnanoparticles NP) emissions(Trojanowski and Fthenakis, 2019 hese are
associated with the device type, its operatiom #re fuel usedThey often see an inverse
relationship between the total PAH mass and its NP fraction. It is reported that PAH emissions
could be up to 100 times higher if a staverenot operated properly, although NP production
would be decreasedlso, it is reported that, if an advanced system's heating load is decreased,
cordwood and automatic wodiled boilers (pellet and chips) may have trouble modulating,
causing them to cycle frequently and generate more mass PAH emissions, but lower NPs. It is
a cause for concern that NPs may be undetected as by virtue of their large surface to volume
ratio they adsorb larger amounts of reactive compounds and, therefore, may induce a more
pronounced pranflammatory response than larger particles of the sam@aona.

A significant, and unexpected finding is that as conventional units are displaced by modern,
moreefficienttand Acl eaner o systems, an increase in
more efficient boiler systems PAH levels are being decreased; causing one to argue what is
more important NPs or PAHs? Particle distribution of batete fired appliances (wood

stoves) varied significantly during a burn cycle, while wood log and continuous fed boilers
showed a fairly constant particle size distribution. These differences are likely to influence the
biological effects induced by wood smoke patrticles and theréfbes been recommended to
explore how combustion conditions influence the particle properties, their possible health risks,
and reactivity within the environment.

Although a lot of work has been done to understand the health effects associated with RWC
NPs, but little is known about the environmental fate of RWC NPs and their effect on climate.
In addition, NP emission data from wood burning processes undewaeddl operating
conditions are lacking. Several studies show results ofchiaeacterizationhut morphology
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and chemical composition data are limited. Predicting or studying the aggregation,
agglomeration, dispersion, size, solubility, surface area, charge, and composition are all
necessary parameters to better predict the environmental fatengritealth concerns of
biomass combustion NPs. While biomass is often considered and encouraged as a renewable
energy source, it is important to not ignore consequences of poor combustion practices and NP
production. Several articles have suggested pathtwageduce NPs such as emission control
strategies or higher quality fuel sources. Emission control devices suggested for large biomass
boilers include ESPs and condensing heat exchangers but their effectiveness in controlling NP
has not been assessed.

Thisbehaviar on fine particles is coherent with the study\wlang etal.,2020Bot h ficl eane
fuels and stoves that are designed to reduce PM2.5 emissions are found to be not necessarily
effective in reducing ultrafine particle emissions, even increase thessiems in some cases.

These findings indicate that the overlook of ultrafine particle emissions from residential solid

fuel combustion can lead to potential health risk to household residents, especially to those
vulnerable onese(g, the elderly and chdren) who are more sensitive to indoor air pollution.

Based on experimental measuremer(Bd 81 i k et foemulate the Zo0oihg)
operational recommendations reduce fine particle~P between 17 nm and 544 hnTo
reduce the production dhe particlesduring biomass combustion, the surface temperature of
the combustion chamber waltsust be above 308C. Also, during the ignition of fuel in a
heated chamber, there is a significantly lower productidimefparticlescompared to a cold

start. That leads to boiler power modulation being preferred to cyclic boiler swiatiiagd
ignition. In general, automatic boilers produce a lower nominal emission of FP compared to
manual stovesThe results achieved are summarized by the expression of the nominal FP
emission presenting the number and mass emission corresponding to burningdekgloie

tested automatic boiler fed by spruce pellets produced a nominal FP emission of &§3 mg
during the testing operation cycle. The tested manual stove, fed by beech logs, produced a
nominal emission of 1043 mg Rkgn the same size range of particles during the similar testing
cycle.

In (Ozgen et al., 20173wo common types of wood (beech and fir) were burned in commercial
pellet (11.1 kW) and wood (8.2 kW) stoves following a combustion cycle simulating the
behaviourof a realworld user(Figure23). Ultrafine particulate matter (UFBEjameter< 100

nm) was sampled with three parallel multistage impactoraaalysedor metals, mainvater
solubleions, anhydrosugarsotal carbon, and PAH content. The measurement of the number
concentration and size distribution was also performed by a fourth multistage impactor. UFP
mass emission factors averaged to 424kgg:* for all the tested stove and wood type (fir,
beech) combinations except for beech log burning in the wood stoven(§3RBguer?).
Compositional differences were observed for pellets and wood UFP samples, where high TC
levels characterize the wood log doumstion and potassium salts are dominant in every pellet
sample. Crucial aspects determining the UFP composition in the wood stove experiments are
critical situations in terms of available oxygen (a lack or an excess of combustion air) and high
temperature. Whereas for the automatically controlled pellets stove local situatogs (
hindered akfuel mixing due to heaps of pellets on the burner pot) detertmenemission levels

and composition. Wood samples contain more potentially carcinogenic PAlksesjtect to

pellets samples. Some diagnostic ratios related to PAH isomers and anhydrosugars compiled
from experimental UFP data in the present study and compared to literature values proposed
for the emission source discrimination for atmospheric aerest#nd the evaluation usually
limited to higher particle size fractions also to UFP.
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The study of(Bertrand et al.,, 2017)using an atmospheric smog chambaimed at
understanding the chemical nature and quantifyethession factors of the primary organic
aerosols (POA) from three types of appliances for residential heating, and to assess the
influence of aging thereon. Two, old and modern, logwood stoves and one pellet burner were
operated under typical conditioriSmissions from an entire burning cycle (past the -start
operation) were injected, including the smoldering and flaming phases, resulting in highly
variable emission factors. The stoves emitted a significant fraction of POA (up to 80%) and
black carbon. Aer ageing, the total mass concentration of organic aerosol (OA) increased on
average by a factor of 5. For the pellet stove, flaming conditions were maintained throughout
the combustion. The aerosol was dominated by black carbon (over 90% of the primary
emission) and amounted to the same quantity of primary aerosol emitted by the old logwood
stove. However, after ageing, the OA mass was increased by a factor of 1.7 only, thus rendering
OA emissions by the pellet stove almost negligible compared to tke wih stoves tested.
Therefore, the pellet stove was the most reliable and least polluting appliance out of the three
stoves teste(Figure24) in terms of total carbitaceous species
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Figure 24: Primary and secondary aerosol emission factors of carbonaceous aerosol calculated for
three types of stove (averaged over the replicates). The emission factors for the seeon
emissions were determined at OH exposure5 x 1P molecules cn? hour. The top panels illustrate
the variability within the results. On graph (a), the box encompassdbke minimum and maximum
values of POA and BC EF normalized to that of the averag&he average value is indicated in the
bolted line in the middle of the box. The actual value isoted on top. On graph (b) the box
encompasses the minimum and maximum OA enhancement ratio (dark green). Stove A is a wood
stove from before 2002stove B is awood stove from 2010, and stove C is an automated pellet
stove from 2010i from (Bertrand et al., 2017)

4.1.4 Innovativesolutionsto reduce PM

Laboratory studies of woekurning cookstoves demonstrate that secondary air injection can
greatly reduce the emission of harmful air pollution, but these experimental advancements are
not easily translated into practical cookstovsigies that can be widely adopté@aubel et al.,
2020)use a modular cookstove platform to experimentally quantify the practical secondary air
injection design requirement®.¢, flow rate, pressure, and temperature) to reduce mass
emissions of particulate matter (PM), carbon monoxide (CO), and black carbon (BC) by at least
90% relative to a traditional cooking fifg€aubel et al., 2018)Over the course of 111
experimental trialsthey illuminate the physical mechanisms that drive emission reductions,
and outline fundamental design principles to optinezistingcookstove performance.

Using the experimental datthey demonstrate that lowost €10$) fans and blowers are
available tadrive the secondarffow andcan be independently powered using an inexpensive
thermoelectric generator mounted nearByis system can be plugged on an existing
installation. Furthermore, sizeesolved PM measurements show that secondary air injection
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inhibits particle growth, but the total number of particles generated remains relatively
unaffectednot shown in the table)

Table 8. Mean performance and emissions metrics for a three stone fire (TSF) and the modular
431 stove (MOD),and the percent change of each metric from TSF to MOBrom (Caubel et al.,
2018)

TSF MOD Change (%)
Firepower (kW) 5.3+04 4.93+ 0.06 -7+8
Thermal efficiency (%) 23.3+0.7 26.2+0.4 12+ 3
CO (g kwd) 17+3 21+0.2 -88+2
PM2.5 (mg kWid) 1200 + 200 130+ 10 -89+ 2
BC (mg kwdh 530 + 50 35+3 -93+1
BC/PM2.5(%) 44 +8 27+3 -40 #7

(Carvalho et al., 2018tudiedthe improvement of the performance of a wood stove (natural
draft) traditionally used in Portug@dWSref by the adoption of alternative combustion air
retrofits (WSM). The reduction on the averag@GCs emission factor from 241 migm' 3
(WSref.) to levels below 139 mg Nm achieving values close (WSMC2) or even below
(WSMC1) the Ecodesign requirement for organic gaseous compounds (120'njgften the
retrofitting intewention(Figure25).

- The reduction on the average CO emission factor from 4618mg(WSref.) to 2808
mg Nm' 3(WSMC?2), the latter value being in the same order of rtag@ to that
determined for marketed wood stoves used in Northern European countries, and a value
closer to the Ecodesign requirement (1500Nng § after the retrofitting intervention.

- The average PM2.5 emission factor was reduced from 8.9.4g' KgWSref.) to 6.9
KQruel YWSMC1), being the latter value closer to the Ecodesign emission threshold (5
kgruel ¥ than that determined in the reference test condition (WSref.).

- Significant reductions in the total annual emissions from residential woodustio
per retrofitted household associated with the 38% reduction of the wood fuel utilization
in dwellings. Beyond the improvements described abowes; thsearch recommends
that further efforts should be focused on reducing the CO and PM2.5 emissars fa
of wood stove installations already existing in Southern European dwellings, preferably
to levels below the Ecodesign emission requirements for new stoves sold in the
European market by 2022.
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Figure 25: Wood stove and the etrofitting interventions: A I Wood stove as sold in the market
(WSref); B 7 Wood stove with annular chimney(WSMC1); Ci Combustion chamber of the wood
stove with component of secondary aiimlets (18 nozzlesfWSMC?2) (Carvalho et al., 2018)

The two retrofits enhanced a more stable heat release from the wood stove, which reached a
thermal efficiency 11% lower than that achieved by the pellet stove. This research suggests that
retrofitting stoves witlchimney components that allow the admission of combustion air can
substantially increase energy savings in dwellings. Further efforts should focus on improving
the interplay between the outdoor air and secondary air admission to achieve higher emission
reductions at lowcost.

BC emissionsanges from 28 to 134 mg Nhin this study When dry birch wood was used,
average BC and EC concentrations were 72 and 73Nmg, respectively, with 86-fold
differences between the lowest and highest emission.dtotree case where the secondary air

is supplied and it takes part in the combustion process, the emissions are low. If the secondary
air does not react, it cools the combustion process and increases emissions as seemed to be the
caseThis result orthe effet on dryness must be modulated since it is commuavdgrvedhat

above 25% humidity, the emission of TSP incr§@&IMEQUAL, 2018)

PAH concentratiomand the PAH portion of PM1 have a clear connection and it seems that
when PM1 is high, also PAH emission is hightte range higher than 1000y Nm?®, the
portion of PAH of PM1 is drastically increased

The particle number concentration did not correspond with the completeness of combustion.
On the contrary, the lowest number concentrations were found when the PVMARBEAH
concentrations were the highegt possible explanation for this is that at high emission
concentrations the prevailing high soot particle concentrations in the flue gas provide surface
area for condensation of volatile ash species which in tecnedses nucleation of new ash
particles in the cooling flue gas, which has been earlier suggested as the main mechanism
responsible for the particle number emisgiSippula et al., 2007; Tissari et al., 2007)
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4.1.5 Impact of wood type and qualitgn emissions

Next topurely technological reasonse( type and age of appliance) and installation conditions
(i.e. natural draft of chimney system), user behaviohich includes all influences caused by

the user during operation has a considerable effect on the combustiomyance of room
heating appliances. User behavioncludes fuel related factors, different ways to ignite the
fire, combustion air settings, as well as frequency and intensity of use. The objective of this
work is to investigate user behaurdy meanf a survey. The survefyVohler et al., 2016)

aims to provide an overview as to how room heatingiapgds in European countries are used

in real life. Theyperformed a 28 question, mulithgual online survey over a i#eek period.

1980 responses from 16 European countfigégure 26 and Table 9) were received. Most
respondents are from Italy (35%), Germany (34%), Austria (12%) and Sweden (11%).

Table 9: Used fuel types of onduel type usersfrom (Wohler et al., 2016)

Type of fuel All countries Italy (%) Germany (%)  Sweden (%)  Austria (%)

Firewood from hardwood (HW) 90 88 89 97 90
Firewood from softwood (SW) 5
Wood briquette (WB) 2
Wood pellets (WP) 1
1
2

Waste wood (WW)
Other biomass (OB)
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Figure 26: Monthly frequency of heater usagdrom (Wohler et al., 2016) : firewood stoves (FWS),
tiled stoves (TIS), cookers (COK) and other firewood perated room heaters (oFH)

A literature review is proposed in tfieame of the AIRUSE projeci{Querol et al., 2016)
concerning the role wood types on PM and BC emissibns.EFs for the main particulate
pollutants are reported ihable10, Table11 andTable12. Maritime Pine exhibits the highest
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EF of elemental carbon whitke PM2.5 EF is not necessary the highdsim oaksusually
produce the lowest EC emissions.

Table 10: Emission factorsin mg MJ* from traditional appliances (fireplace versuswoodtove)
from (Querol et al., 2016)with the following refrences:[1] (Gongalves et al., 2011)2] (Martins,
2012) [3] (Duarte, 2011) [4] (Vicente, 2013) Note: Calorific value 18.5 MJ kg

Fuel PM2.5 PM10 oC EC
Maritime Pine 372.97 - 156.76 33.51
Golden Wattle 421.62 - 189.19 18.38
Holm Oak 702.70 - 389.19 16.22
[1] Eucalyptus 648.65 - 275.68 19.46
Olive 1135.14 - 491.89 21.08
Cork Oak 972.97 - 540.54 36.76
Fireplace Portuguese Oak 756.76 - 329.73 17.30
Briquettes/Pellets 648.65 - 318.92 15.68
European Beech 311.89 - 210.81 23.24
[2] Pyrenean Oak 675.68 - 487.57 32.43
Black Poplar 757,30 - 568.11 42.70
Maritime Pine - 722.42  431.88 81.86
[3] Eucalyptus - 1093.70  630.05 20.88
Cork Oak - 744.86  450.14 32.45
Maritime Pine 28108 - 135.14 32.97
Golden Wattle 427.03 - 221.62 15.68
Holm Oak 313.51 - 162.16 12.43
o Eucalyptus 540.54 - 281.08 20.00
Olive 470.27 - 248.65 24.86
Cork Oak 448.65 - 259.46 22.70
Portuguese Oak 702.70 - 335.14 17.30
Wood stove Briquettes/Pellets 383.78 - 200.00 9.73
European Beech 149.73 - 86.49 23.24
[2] Pyrenean Oak 721.08 - 494.05 48.65
Black Poplar 236.76 - 154.59 47.57
Maritime Pine - 256.09 107.00 89.80
[3] Eucalyptus - 41150 22435  32.28
Cork Oak - 30073 160.53 26.80
Maritime Pine - 351.19 165.18 101.61
4 European Beech - 338.19 142.95 67.29
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Table 11: Emission factors in mg MJ* for ecolabelled wood stoveé~ernandes et al., 2011)

Fuel PM10 ocC EC

Maritime Pine 60.54 15.68 23.78
Golden wattle 65.95 12.97 15.68
Eucalyptus 111.89 35.68 14.59
Cork oak 156.22 67.03 17.84

Table 12 Emission factorsin mg MJ for pellet stoves(Querol et al., 2016)

Fuel PM10 oC EC

Pelleti Type | 24.55 6.82 3.61
Pelleti Type I 79.90 13.24 36.77
Pelleti Type Il 94.05 7.73 7.67
Pelleti Type IV 69.01 14.05 20.46
Olive Pit 156.07 45.07 8.85
Shell of Pine nuts 10828 17.29 38.13
Almond Shell 103.82 11.18 8.80

Results from several studies also reported(\itente and Alves, 2018)together with
disaggregation of emissions factors by technologlyfaal type, lead to quite large differences,
especially between oltype residential appliances versus advanced residential energy
conversion systems, such as modern woodstoves, and automatic pellet stoves and boilers with
higher combustion efficiency. Metechnologies for biomass burning can perform far better
than traditional systems, but their progress and application are advancing gradually. These
systems are usdériendly presenting potential advantages, such as automatic control, and
enabling a redumn in fuel consumption and emissions.

(Czech et al., 2018)aveanalysecemissions from a modern masonry heétetledwith three

types of common logwood (beech, birch and spruce) and a modern pelletfueikst with
commercial softwood pellets, which refer to representative combustion appliances in northern
Europe In particular, emphasis was put on the organic constituents of PM2.5, including
polycyclic aromatic hydrocarbons (PAHSs), oxygenated PAIPAHS) and pheolic species,

by targeted and netargeted mass spectrometric analysis technigigean extracin Tablel13,

clearly, pellets produce lessarbonaceus emissionsthan Beech, Birch and Spruc&low
ignition increase PAH emissionsEC emissions from spruce seems lower.
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Table 13. Mean emission factors (EFs) and concentrations cfome carbonaceousgaseous and
particulate speciesfrom regular combustion experiments (modern masonry heater: beech, birch
and spruce; pellet boiler: softwood pellets) and combustion experiments with slow ignition
(modern masonry heater: spruce* and birch*). Entries of b.l.q. refer to EFs below the limit D
gquantification (Czech et al., 2018)IP: Indeno(1,2,3cd)fluoranthene, BaP Benzo(a)pyrene.

Species  Unit Beech Birch Spruce Pellet Spruce* Birch*
OGC 24 154 20.1 1.25 45 18.6
OoC mgMJ? 20 6.1 6.1 0.15 11 5.7
EC 27 47 13 0.27 17 34
BaP 0.88 0.55 0.97 0.02 5.81 7.77
IP ug MJ? 0.33 0.18 0.48 b.l.g. 1.75 36
Sum PAH 35.3 324 22.2 0.9 65.8 139.3

According (Avagyan et al., 2016)pine burning in high burn rate had largest impact on
particulate OHPAH (hydroxy-PAH) emissions. OHPAH nominal burn rate emissions
correspond to 15% of high burn rate emissions. Emissions é?8tHs correspond oaverage

to 32% of PAH emissiond-igure27).
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Figure 27: Box and whisker plots showing the total OHPAH emissions (mg/Md.) from NB
(Nominal Burn) and HB (High Burn) samples for different wood types (the btom and the top of
the box plot are the first and the third quartiles, the band is the second quartile (the median), the
ends of the whisker are the minimum and maximum of all the data and the black square represent
the average)(Avagyan € al., 2016)

The quality of wood pellet has éeaddressed in many studi€gicenteet al., 2020)nvestigate
thedifference of emissions between the combustion of cerfifiget R and Pand uncertified
pellets.The OC and EC emissions, in the range from 0.188 to 3.3MJrgnd from 2.22 to

14.9 mg M3, respectively, were affectdny both operating conditions of the stove and pellet
type burned. The importance of fuel quality on carbonaceous emissions has been also
highlighted in previous studie§Vicente et al., 2015)eported OC EFs ranging from 7.40 %

1.86 (wood pellets) to 48.7 + 30.9 (agro fuels) Milyt, whereas the EC EFs ranged from 1.77

+ 0.44 (wood pellets) to 54.5 + 23.5 (agro fuels) kg'. More reently, the combustion of
laboratory made acacia pellets under partial load conditions generated EFs of 22.9 £ 9.28 mg
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MJ'and 6.82 + 2.47 mguJ*! for OC and EC, respectivel§Vicente et al., 2019)The
carbonaceous emissions obtained in the present study for certified pellets are comparable with
those reported b§Orasche et al., 2013, 201&)d(Schmidl et al., 2011fpr the combustion of
certified pellets in small scale stoves.

Generally, certified pellets P performed better than the other two pellet typele i
combustion of certified pellets R generated the highest CO and TOC emissions, noncertified
pellets yielded the highest NO emissions and, under nominal load operatignandH
carbonaceous compounds bound to RM.fact, both pellets generatedPM emissions
surpassing the thresholds set by the Ecodesign directive. Despite the high emissions, the
highest power output and lowest excess of air were observed for the combustion of aon
certified pellets.On the other hand, the lowest temperatures in the gstian chamber were
recorded for certified pellets R. Considering the distinct behaviour recorded for each fuel under
different loads, it is not possible to point out the optimal operation condition. The pellet stove
employed in this study, like most-uee stoves across Europeas not equipped with a
complete control system to measure the fuel supply into the combustion chamber, temperature
or flue gas oxygen.

(Stewart et al., 202@resennewl/SVOCsemission factors from biomass burnifiggure28)

used by householid developing countries his study found that phenolic and furanic species

two important classes of species for the SOA formatiare the most important gashase
emissons by mass of I/SVOCs from biomass burning. New emission factors were developed
for US EPA criteria PAHSs present in gas and aerosol phases from a large range of fuel types.
This suggested that many sources important to air quality in the developinganetirger
sources of PAHs than conventional fuel wood burritgwart et al., 2020)
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Figure 28 Emission factors of PAHs measured from SPE/PTFETeflon/Solid Phase Extraction)
where (G) and (A) represent gasand aerosoiphase samples, respectively, excluding naphthalene
as well as naphthalenes with C1 and C2 substituen{Stewart et al., 2020)

Theresearchfrofn Ko ni e c z y (Es was toadsessathe.conter?2 &hd composition of the
pollutants emitted by domestic central heatii@H) boilers equipped with an automatic
underfeed fuel delivery system for the combustibanaber. It concerned fuel properties, flue

gas parameters, contents of dust (fly ash) and gaseous substances polluting the air in the flue
gases emitted from a domestic CH boiler burning bituminous coal, pellets from coniferous
wood, cereal straw, miscanit, and sunflower husks, coniferous tree bark, and oats and barley
grain. The emission factors for dust and gaseous air pollutants were established as they are
helpful to assess the contribution of such boilers in the atmospheric air pollution. When
assedsg the researched boiler, it was found out that despite the development in design and
construction, flue gases contained fly ash with a significant EC content, which affected the air
quality. The fly ash emitted from the domestic CH boiler contains laaggents of the C
carbon. The TC content in the fly ash from bituminous coal is approx. 460 mg/g with the
dominant EC percentage (72% of the mass). High content of TC occurred also in the fly ash
from the oats grain combustion (approx. 520 mg/qg), witldtreinant OC percentage (98% of
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the mass). It was observed that the OC and EC percentage was similar in the fly ash from pellets

made from straw, sunflower and miscanthus, coniferous tree bark and barleyTahiad4).

Table 14: Contents and percentae of the Gorms in the emitted fly ashfrom ( Koni eczy Es ki
2017)i ND st ands f tCFB a8 forairculadirtg duidized bed boiler

] oC EC TC
Boiler Fuel
mgg' % mg g* % mg g*
Pulverised coal, 47.83 66.81 23.35 33.19 71.17
200 MW
Mechanical grate, 25.52 23.54 82.92 76.46 108.45
water, 29MW
CFB*, 295MW Bituminous coal 2276  69.30  10.08  30.70 32.85
Mechanical grate, 8.46 9.23 83.20 90.77 91.66
steam, max.
continuougating:
9.7 kals
Bituminous coal 124.18 27.90 334.14 72.10 458.32
Pellets from coniferous ND 79.36 ND 20.64 ND
wood
Pellets from cereal straw 43.94 48.55 46.57 51.45 90.51
Tested domestic ]
central heating Pellets from miscanthus 112.80 51.15 107.73 48.85 220.53
boiler Pellets from sunflower hulls 28.04  46.01 3290  53.99 60.93
Coniferous tree bark 11256 57.66 82.67 42.34 195.24
Oats grains 509.32  98.35 8.53 1.65 517.84
Barley grains 22.20 56.07 17.39 43.93 39.59

Case of sauna stoves

Sauna Stoves (SS) are simple wood combustion appliances used mainly in Nordic countries.
They generate emissions that have an impact on air quality and clim@tisshri et al., 2019)

a new measurement concept for comparing the operation, thermal efficiency, drid fiea

particle and gaseous emissions of SS was exilitn addition, a novel, simple, and universal
emission calculation procedure for the determination of nominal emission factors was
developed for which the equations are presented for the first time. Fine particle and gaseous
concentrations from 10 diffent types of SS were investigated. It was found that each SS model
was an individual in relation to stove performance: stove heating tirrte;faiel ratio, thermal
efficiency, and emissions. Niffeld differences in fine particle mass (PM1) concentragjon

and about90-fold differences in concentrations of polycyclic aromatic hydrocarbons

(PAH) were found between the SS, when dry (11% moisture content) birch wood was

used By using moist (18%) wood, particle number and carbon monoxide concentrations
increased, but interestingly, PM1, PAH, and black carbon (BC) concentrations clearly
decreasedwhen comparing to dry wool.g, PAH concentrations were 5%.6 times higher

with dry wood than with moist wood. Between wood specie3;f@ld maximum differences

in the emissions were found, whereas aboufdidbdifferences were observed between bark
containing and debarked wood logs. On average, the emissions measured in this study were
considerably lower than in previous studies and emission inventoriesubigissts that overall,

the designs of sauna stoves available on the market have improved during the 2010s. The
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findings of this study were used to update the calculation scheme behind the inventories,
causing the estimates for total PM emissions from $&niland to decrease.

4.1.6 Electrostatic precipitato&SP)

An electrostatic precipitat¢ESB is an air pollution control device designed to trap and remove
dust particles from the exhaust gas stream of an industrial process. ESPs operate by first
electrostatically charging the dust particles in the incoming gas stream. The charged patrticles
are hen attracted to and deposited on plates or other collection devices. When enough dust has
accumulated on to the collectors, they are shaken to dislodge the dust, causing the particulate
matter to fall with the force of gravity to hoppers below the urkie @ust is then removed by

a conveyor system for disposal or recyclii@heremisinoff, 2016)Wood biomassurning

systems equipped with ESB generate district heat and power in communitiage been
investigated tostudy the efficiency of ESRGhafghazi et al., @L1) ESP efficiencies have
slightly lower efficiencies compare to fabric filtetsut are more adapted to cyclone
technologies more useful to tackle coarser part{Elegire29).
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Figure 29: Efficienciesin % of ESPas a fiunction of particle size compared to other secondary
techniquesinspired from (Ghafghazi et al., 2011)

These separators are often based on a design which is simplified compared to industrial
applications for cost reasons. In some cases, high separation efficiencies of up to more than
90% werereportedn (Nussbaumer, 2010ayhile for other applications, moderate separati
efficiencies in the order of only 50% are expected. In addition, the reduction potential in practice
especially for soot and condensable organic compounds is uncertain for most applications and
hence further experiencespposed tbeimproved
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(Bafver et al., 2012nvestigate the impact of an ESP @small combustiomvood pellet boiler
emission (23 kW). In Figure30, the masses sampled on filters are presented with the contents
of organic carbon (OC) and el améedDal comblbishi
was 12 % and EC 135 % of the particles upstream of the ESP. Downstream of the ESP, OC
constituted about 50 % of particulate mass, implying that the amount of particulate OC in the
flue gas had increased over the ESP. This indidat@sation of some particulate organic
material (POM) in the ESP, possibly as a consequence of the falling gas temperature in the ESP
from about 77°C to about 30°C. The temperature drop is caused by introduction of air into the
ESP. The drop in temperatuwan cause condensation of semi volatile organic compounds. The
removal efficiency for EC was found to be 89%. At poor combustion, carbonaceous compounds
formed the major fraction of the particles both upstream and downstream of the ESP. In the
poor combusbn cases of this study, the removal efficiencies of OC were rather higl6%?2
Simultaneously, the removal efficiencies of EC were 89% and 95%. The high removal
efficiency for particulate organic compounds in poor combustion is likely due to a higjneede

of condensation of organikapourson particles upstream the ESP, caused by lower flue gas
temperatures and higher concentrations of organic compounds compared to efficient
combustion These efficiencies on PM compounds are in line waults from(Omara et al.,
2010)who found up t@8% efficiencies on particulate matter missions.
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Figure 30: Concentration of particulate EC, OC, and unknown material.In. = Upstream ESP.
Out. = Downstream ESHBé&fver et al., 2012)

(Li et al., 2019)showed thathe flue gas temperature upstream offitdsv temperature>-ESP

had significant effects on the removal of filterable and condensable PM. The removal
efficiencies for filterable and condensable PM increased weébreasing inlet flue gas
temperature.
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(Mertens et al., 2020for the first present the results of-bne measurements of residual
nanoparticle numbers downstream of the flue gas treatmemnsysif a wide variety of
medium and largescale industrial installation&igure31). EU's Best Available Technology
documents (BAT) show removal efficiencies of Elestatic Precipitator (ESP) and bag filter
dedusting systems exceeding 99% when expressed in terms of weight. Their efficiency
decreases slightly for particles smaller tha
exceeds 99% for bag filters and%®d&or ESP. This study reveals that in terms of particle
numbers, residual nanoparticles (NP) leaving the dedusting systems dominate by several orders
of magnitude. In terms of weight, all installations respect their emission limit values and the
contributon of NP to weight concentrations is negligible, despite their dominance in terms of
numbers. Current World Health Organisation regulations are expressed in terms of PM2.5 wt
concentrations and therefore do not reflect the presence or absence of a Hgh oulP.

This study suggests that researcstils needed on possible additional guidelines related to NP
given their possible toxicity and high potential to easily enter the blood stream when inhaled
by humansThis kind ofresults a are in line and @v better with previous work showing ESP
efficiencies using a commercial 20kW wood pellet burner. The removal efficiency was
measured to be 80% for submicron partic(®sn, 2009) Moreover, sot reveals high
conductivity thus enabling high precipitation efficiency but severentsinment of
agglomerated particles accordifiussbaumer, 2016, 20100EA Bioenergy, 2011analysed
numerous ESP technologies and showed that efficiencies r@ngd from 50 to 80% for dust
removal.
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Figure 31: Comparison of the measured particle size distributions at all three biomass fired power
plants equipped with ESP(ESP: ElectroStatic Precipitator) from (Mertens et al., 2020)

4.1.7 Catalystcombustors

The study carried out Vohler et al., 201 Avas to evaluate the performance of three emission
control systems to be applied in firewood stoves whiclewwdoam ceramic element, a catalytic
active coated foam ceramic element, and a honeycomb cdttyste 32). Combustion tests
with these devices and dummies undexl e operation conditions were conducted which
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included starting phases and stove operation in nominal and partial load. Particulate and gaseous
emissions were measured, and emission conversion rates were calculated. Results showed no
significant emisgin reduction rates for the foam ceramic element. The catalytic active coated
foam ceramic element reduced the emissions considerably in nominal and partial load operation
up to 32% for carbon monoxide, 61% for organic gaseous carbon, and up to 41%dolapart

matter. However, emission reduction rates were rather low in the starting phase. The
honeycomb catalyst showed the highest emission reduction potential of all systems in the study.
The reduction rates were significant in all combustion phases areup to 73% for carbon
monoxide, 58% for organic gaseous carbon, and up to 33% for particulate matter.
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Figure 32 Result of combustion tests. Ceramic Foam Element (CFELatalytic Ceramic Foam
Element (CCFE), Honeycomb Catalyst (HC)DYI and DYII are dummy devices (Wohler et al.,
2017)

In (Hukkanen et al., 2012a catalytic combustor was used on a wood stove as a secondary
emission reductiormeasure. An experimental comparison of emissions was done from
combustion experiments with and without the catalyst. Samples were collected from
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gasification and burn out phases and from the whole combustion cycle (frompstarburn
out). Concentratias of carbon monoxide (CO), carbon dioxide f;Oxygen (Q) and organic
gaseous carbon (OGC), temperature and pressure were measured online directly from the flue
gas stack. With the catalyst, the @ncentration in the flue gas was lower and the temperature
higher than without the catalyst, due to the large amount of unburnt compounds which were
oxidized by the catalyst. Reductions of 21% for CO and 14% for OGC were achieved during
the whole combugin cycle. During the burn out phase, a reduction as high as 80% was
achieved for CO. PM1 (particle mass below aerodynamic sizeuof)was reduced by 30%
during the whole combustion cycle. During gasification, a 44% reduction of PM1 was achieved
but thee was no reduction during burn out. The organic and elemental cambafysedrom
PM1 had reduced also only during gasification by 56% and 37%, respectively. The particle
emission reductions wermtable and it can be concluded that the catalyst affénegarticles
through oxidation of condensable orgamapoursand oxidation of soot particle$his study
showscatalyst has potential as a secondary emission reduction method but in order to achieve
low emissions, also improved combustion technologyeimission reduction needs to be
developed.
Figure 33 shows the difference of average particle mass size distributions with and without
catalyst. Clearlynost of the masis reduced between 200 nm and 1000 nm related to organic
matterbut the lower part of the distribution is lees affected explainingaeldngental carbon is
less reduced than tloeganic matter.
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Figure 33: The averageparticle mass size distributions from combustions with (CAT) and without
(NCAT) the catalytic combustor measured with a Dekati low pressure impactor (DLPI). Number
of parallel samples in NCAT is four and in CAT is three(Hukk anen et al., 2012)

Another study pointed out the role of catalyst combugtmure 34) on pollutantgKaivosoja

et al., 2012)In this study birch logs were burned in a wdodd stove (18 kW) with and
without a catalytic converter with palladium and platinum as catalysts. PCDD/F, chlorophenol
and PAH concentrations weamalysedrom three phases of combustion (ignition, pyrays

and burnout) and from the whole combustion cycle. PCDD/F emissions without the catalytic
converter were at a level previously measured for wood combustiofi Q0725ngNm3). PAH
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emissions without the catalytic converter were highi 87mg Nn) whichis typical for batch
combustion of wood logs. Total PAH concentrations were lower (on averadeld,8and
chlorophenol and PCDD/F levels were substantially highersfdd3and 8.7fold, respectively)
when the catalytic converter was used. Increasethm chlorophenol and PCDD/F
concentrations was most likely due to the catalytic effect of the platinum and palladium.
Platinum and palladium magatalysechlorination of PCDD/Fs via the Deacon reaction or an
oxidation process.
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Figure 34: . Proportions of different PAH compounds in the total concentration of 14 PAHs
(Kaivosoja et al., 2012)

4.1.8 Othertechnique®r operating conditionfr larger combustion plants

Fabric filters

Onre of the most efficient secoary abatement emissions systems (SAES) for the particles
consists offabric filter . Nevertheless, this high trapping efficiency system is often bypassed
due to condensation or tming issues. Small to mediugtale biomass combustion equipment

are becoming an attractive néwssil local and renewable energy means of production.
Nevertheless, they remain poorly equipped with SAES because of their variable power output
and subsequerondensation issue@randelet et al., 202(Yresents an optimization of the
working temperature range for fabric filter in order to produce a cleaner energy. The present
study clearly demonstrates that the dew point temperature of the smoke, for any combustion
conditions and any fuels, is always higher than 70°C while the safety temperature of the fabric
classically is 110C. Experimentations show condensation issues occur only during power
change. The simulation of the optimization on the temperature range showsetiaital
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Suspended Particles emissions can be reduced by 55% (mass fractions) for the same energy
production(Figure35).

Particles Particles Particles
emissions mass emissions mass emissions mass
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Figure 35: Fabric filter testing facility presented in(Brandelet et al., 2020)

Air stagging

Gaseous and particulate emissions have been investigated with ddieistaging strategies

over a wide range of secondary air flow raf@ssmall scale appliancdsy (Khodaei et al.,

2017) Laboratory scale wood pellet combustor, suppliecdabynderfeed fuel bed input, is
usedin this work The air staging strategies have been employed to study burning rate,
temperature in primary and post combustion zones, and NO, CO and PM emissions, taking into
account the air to fuel stoichiometric ratE0% CO reduction and 9 times less particle mass
concentration than nestaged combustion are achieved by deploying a uniform secondary air
module in a higher position from the bed. The minimum NO (37% reduction than nonstaged)
measured in the neuniformair distribution module at the higher flow rate with lower distance
from the fuel bed. The results demonstrate a tadflbetween NO and CO, PM emissions but
also significant potential for reducing particulate and gaseous emissions by deploying air
staghg in the pellet combustdDverall, a higher secondary air flow rate in air staging strategies
may contributeto NOx reduction but result in less efficient combustion, which is not
recommended due to several problem associated with PM, CO and thermiaheffiof
combustion. The formation of solid particulate matters is highly sensitive to secondary air
distance and uniformity of air distribution in the secondary air modules. Additectaliques

such as flue gas recirculation (FGR), selective-catalytic reduction (SNCR) and combined
staging (CS) and application of deflector sheets in the post combustion zone should be
investigated to reduce the formation of NOx when biomass combustors are operating in the
highest efficiencies.

Fuel reburning

Fuel relurningin a reburningzoneusually serves in mitigating NOx formation in stationary
combustion sourcggigure36). However, the use of biomass as reburning fuel could facilitate
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the production of relatively more nitrogeonntaining aromatic products of incomplete
combustion(Oluwoye et al., 2020nvestigaté the heterogeneous reaction between biomass
and mixtures of NO/@ gases, employing isothermal higgmperature experiments in a
vertically-entrained reactor, and in situ diffuse reflective infrared Fourier transform
spectroscopy (DRIFTS) under a nisothermal heating condition ranging from ambient
temperature to 700 °@he method enables sensitive evaluation of the surface species ensuing
during the thermal reaction. Results from this study elucidate the formation of nitrated
structures as active intermediate species of the heterogeneous reaction. The nitrogenated
signatires persist on the surface of the residual ash, suggesting the productianoohddics

such as nitrd®AH. The products suggest the formation of nidH, and other forms of brown
carbons.

Oxidation of

unreacted
hydrocarbons(
and

Burnout air intermediate

ports .» |-|-|- N-species -|-|—|

(0]
H; Z :
I:;N © | Reburning

zonec

(duardyep) Q)

CN =
20% reburning Nﬂijg
biomass, air l» [I— Noato S B ]:l
NO,-rich flue
. gas from
80% primary primary
i combustion
coal, air | » |I|: o ]II
Reburning boiler

Figure 36. Schematic diagram of the three stages of the (biomass) reburning process(®fuwoye
et al., 2020)

Thermal Energy Storage

One approach to minimize emissions is to improve system efficiency and limit the number of
boiler cycles that include staup and shut down periods where emission rates are higher by
utilizing thermal storage agart of the boiler systeniWang et al., 2019)In their study,

emi ssions fr om 4designed fut kSWnaBufiactwea e/aoa pellet boilers (PB
and WPB) withthermal energy storagg(TES)as shown ifFigure37 were measured in actual
home operation using the EPA CTO89 stack sampling methddcluding condensables
These measurements allowed the estimation of the emissions reductions due to the presence of
TES. PB hadnuch higher emissions than WPB because PB had frequent local oxygenr deficit
induced noruniform combustion, which highlights the significance of periodic onsite oxygen
tuning after the boiler installation. Particulate emissions were dominated by PM2tbeand
particles mainly consisted of low melting point, alkali compounds such&&KKCI, NaeSQs,

CaCb, etc. Both PM2.5 and polycyclic aromatic hydrocarbons (PAHS) emissions increased
linearly with CO because they are products of incomplete combusticim@p boiler
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operating conditions were found with 12% flue gas oxygen content for both systems to achieve
minimum CO emissions, which is 2% higher than the manufactureff®setof 10%. The
potential emissions reductions by using a system with TESamhstea nORTES system were
estimated under three scenarios. The results shbatadignificant gaseous and particulate
matter emissions reductions that demonstrate that modern, higefficiency wood pellet

boilers with TES systemscan produce heat withwer total emissions compared to ADBS
systems.
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Figure 37. Schematic of noRTES (Thermal Energy Storage)and TES systems from(Wang et al.,
2019)

Wood washing

In order to reduce pollutant emissions from biomass combugi@rhmidt et al., 2018)
investigated a wood washing method to reduce pollutant emissions. dde:legs were

washed at room temperature iderto represent natural rain leaching before burning in a recent
stove (2010s) of nominal out put of 6.3 kW. R
different types of wood (oak, beech and fir) and the study focused on their particulate and
gaseous missions (Total Suspended Particles (TSP), Particulate Matter with diameter below
2.5 egm (PM2.5), carbon monoxide (CO), nNi tr oof
Compounds (TVOCQ)). Polycyclic Aromatic Hydrocarbons (PAH), aldehydes and wood tracers

as phenols compounds were also measured. In addition, considering the toxic equivalent factor,

the human health impact of adsorbed and gadeAtisis considerably reduced (96%) in the

case of washed fir combustiorfFigure 38). Emission factors of CO and TSP for washed

wood combustion also show a decrease up to 508epending on the type of wood used.
Furthermore, phenolic compounds, Benzene, Toluene, Ethylbenzene, Xybarees
Trimethylbenzene (BTEXT) emissions can also be reduced by the washing of biomass. Washed
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oak combustion leads to a clear decrease by 60% of the total of BTEXT. In the case of phenols
emissions, phenol shows a significant decrease by 91% during theistaombof washed fir
wood. These latter species are important precursors of. SOA
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4.1.9 Key conclusions

Biomass combustion can happen at different scales. While the basic principle is the same,
technologies vary considerably depending on the size of the installition a wood stove
commonly found in households to industis@e boilers supplying hundreds of MW of
electricity and/or heat to hundreds of thousands of citiZeliswood appliances in Europe are
characterized by low efficiency rates andomplete combustion performance: at the lower end

of the spectrum, open fires are the most polluting because the least efficient combustion method
(efficiency below 30%). This is due to the fact that in an open fire, it is impossible to control
the combustion process, which increases the chances of incomplete and therefore particularly
polluting combustion. On the contrary, newly designed stoves are proven to be many times
more energy efficient than the obsolete orfémm the literature reviewarried ot, the
following key conclusionsvould be:

- Exposure to outdoor and indoor air pollution is known to affect respiratory and
cardiovascular health, and a recent study also shows its effects on cognitive function.
Open fireplaces, traditional stoves and caskas a source of indoor and outdoor air
pollution, can be the origin of environmental inequities (gender, age) particularly in
developing countries. There is a clear advantage to tackle residential wood combustion
to both reduce health effects (and asstec costs) and rapidly have a benefit on climate
even if the impact is weak compare to other GHG.

- BC emissions fromesidential combustiois by far the largest contributor at the global
scale. In EU27+UK, BC fronstationary combustioemissions is 3 tingehigher than
BC from thepassenger caemissions in 2018. These emissions are mostly due to
biomass burning and particularly wood burning.

- BCconcentrations in waste gasge usually determined by thermo optical methods and
certainly account for a fracth of organics. OM is usually derived from OC
measurements issued from thermal methods.

- PM emitted by biomass burning from small combustion appliances are mainly
composed of carbonaceous compounds (Elemental Carbon (EC) and Organic Matter
(OM). Most of paticles are fine particles with diameter below 2.5 um. A secondary
production of particles is identified during the dilution of the plume and later in ambient
conditions.

- Birch, Spruce and Pine often exhibit the highest emission factors of PM, BC arsd PAH
Raw fir is a strong emitter of PAdHWood Oak emits the lowest BC. Burning wet wood
is not recommended as presented inGbde of good practices for wood burning and
small combustion installation@ FTEI, 2019) however some studies showed higher
PM1, PAH ad BC emissions using very dry wood (11%) compared to wet wood (18%)
while the particulate number (PN) is lower for dry wood.

- The use of modern stoves implementing advanced methods to limit the emission of
pollutants like catalytic combustors, wood pellatsl masonry stovemablegdo reach
the emission standards as defined in theblgUhtest ecalesign standard3 he ban of
not ecolabelled wood stove seems the most beneficial in some recent studies. However,
the use of catalytic combustor can incre&medmissions of PCDD/F due to the effect
of the catalyst. Organic gases are also largely reduced with modern wood stoves which
involve a potential positive effect to reduce the secondary organic aerosol (SOA)
potential formation.

- Automatic fuel feeding aninprovement of air staging combustion clearly improve the
combustion efficiency. Low cost strategies of retrofit air injection on traditional stoves
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can reduce PM and BC emissions. High burn rates should be avoided as they are
associated to higher pollutbemissions.

Wood pellet stoves have 2 to 3 times lower PM, EC and PAH emissions than wood logs
in advanced wood stoves. However, their efficiency to reduce particle number is not as
high as expected.

Electrostatic Precipitator would be a good strategyeuce particles. Efficiency
exceeding more than 99% are commonly obtainecombustion plantshowever in
practice this technology is not suitable for residence appliances. The efficiency of ESPs
to reduce nanoparticles is not clear yet. Underdeatle combustion conditions, after

the ESP during the cooling of the flue gas, organic matter can appear due to condensable
species.

Additional strategies like Thermal Energy Storage can help to optimize the heating cycle
from the starup and the shutdown. Starp is a critical phase with high emissions of
pollutants.

The formation of solid particulate matters is highly sensitiveetmondary air distance
and uniformity of air distribution in the secondary air modul®s staging can be
optimized to reduce air pollutant emissions. However, air staging strategy in
combination to reburning in order to reduce NOx can prodiice PAH known to have

a high carcinogenic potential.

From(TFTEI, 2019) the following list of new technologies were identified and can be
recommended. New advanced stoves equipped with improved air control, reflective
materials and two combustion chambétew smart stoves with automated control of

air supply and combustion, thermostatic control;RVconnected to collect and send
combustion data to the manufacturer for better service; New advanced masonry stoves,
operating at high efficiencies and low iesions; New advanced pellet boilers: fully
automated boilers (electronic control of air supply, lambda sensors), condensing boilers,
using standarded pellets; Wood carburettor boilers using log wood or chip wood; Heat
accumulating equipment with heatcamulating reducing stop/start frequencies and
operation at partial load, which generates higher emissions than operation at full load;
Other: flue gas recirculation, reverse combustion, gasifier.

Currently, test procedures for delivering labels are nd¢ @b characterise real
conditions of use of domestic appliances. New normalised test proceduuss be
useful tobetter account for real utilisations of smstlale combustion appliances
(starting phases, closing phases)

Harmonized methods to determiie emission concentrations of PM and BC would be
necessary. For PM, methods accounting for condensables like dilution tunnels are
existing.

Brown carbor(BrC) represents organic matter which can absorb solar radiBtiGris
mainly coemitted by biomasburning or produced later during the plume dilution. So
far, this species is not very well identified, and there are uncertainties in the radiative
properties assigned to this species in climate models.
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4.2 Road transport
4.2.1 Aftertreatment systems

Catalyticexhausigas aftertreatment with the aid of a thwegy catalytic converter is currently

the most effective form of emission control for gasoline endifesihammer et al., 2015)he
three-way catalytic converter (TWC) is an integral component of the exhaestission

control systems of both manifaeldjection engines and gasoline dir@gjection engines. In the

case of homogeneous mixture distribution with a stoichiometric airé | ratio- (e =
way catalytic converter at normal operating temperature is able to convert the following
pollutants virtually completely: carbon monoxide (CO), hydrocarbons (HCs) and nitrous oxides

(NOx). However, adhering exactingtoafigmd o = 1 requires miXxtur ¢

of electronically controlled gasoline injection; today, this system has completely replaced the
carburetor, which was used primarily up until the introduction of the -thege catalytic
converter. Precise lambdésedloop control monitors the composition of the air/fuel mixture
and regul ates it at a value of & = 1. Al tho
in all operating states, pollutant emissions can on average be reduced by more than 98 %
Because the thregay catalytic converter is unable to convert the nitrous oxides in lean mode
(e > 1), an addi ttypecataytic con@nter is sed inrangines with ia lean
operating mode. Anot her me anige CatélyticrRedlucticni n g
(SCR).The TWC is not directly involved in theugpression of direct PM emissiohsit can

have an impact on seconddoymationof PM.

Theselective catalytic reduction§CRof NOx wi th agqueous urea (
a seadystate technology used in stationary source NOx cofitewhbert, 2019)Catalysts for

this application are usually quite large, and typically consist of lower cost materials such as
vanadiunttitanium or Fe/zeolite. The catalyst bed temperature may be controlled within an
optimum NOXx conversion window, and the gas flow is fairly constant; therefore, the agqueous
urea injection is also fairly constant. Vehicle operation, on the other hand, is highigrttams

flow and temperature based on customer demanded vehicle speed, load, road conditions,
weather, etc., and may not be predicted. A catalyst must work in the vast majority of conditions
found in normal vehicle use, and the catalyst size is limitesphge and weight considerations.
Aqueous urea must be replenished for SCR to work, and the transient nature of the injection
process makes it very different from stationary source NOx control. The SCR catalyst must
function and survive in a mutomponentsystem that also controls hydrocarbons, carbon
monoxide, and soot, and faces poisoningsiyphur, phosphorus, and a variety of other
elements present in fuel, oil, and any upstream component including other catalysts. The SCR
catalyst can experience tearptures below 200 °C and as high as 700 °C in typical vehicle
operation, or even 900 °C when coated on a soot filter. The selection of functional materials,
durability tests representing high mileage, and even more important, tests to failure, become
critical decisions in the design of automotive urea SCR.

The Diesel Oxidation Catalyst(DOC) is a nonrfilter-based open monolith (flothrough)

system resembling the conventional catalytic converters for gasoline and diesel engines with
some significant vaaition of the catalyst composition so as to optimize the catalyst activity
under lean conditions. The noble metals are impregnated into a highly porous alumina washcoat
about 2640 mm thick that is applied to the passageway walls. Most of the DOCs used in t
international market contain platinum (Pt) and palladium (Pd) at a typical loading/6f&ee.

The current platinum group metal (PGiased DOCs play two primary functions in the
commercial emission control systems:
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1) Effectively promote the oxidatioof unburned hydrocarbons (UHCs) and CO, as well
as the SOF portion of PM as described by reactions (1) and (2), eitheduoe
emissions coming from the engine, or to oxidize diesel fuel to create exothermic heat
used for the DPF active regeneratior d@man NOXx trap (LNT)nddesulphurisation
(deSOx);

2) Convert NO to NQas in reaction (3), which is used to continuously oxidize soot on a
DPF, i.e, DPF passive regeneration in reaction (4), and/or for enhancing the SCR
(selective catalyticeduction) NOx removal (deNOx) performance via the fast SCR
reaction (5), particularly at low temperatures

TheDiesel Particulate Filter (DPF is an extruded usually cylindrical ceramic structure with
thousands of small parallel channels positioned enltimgitudinal direction of the exhaust
system. The porous surface wiidlw monoliths are made of ceramics with higher and more
precisely controlled porosity, and the adjacent channels in thdloxalfilters are alternatively
plugged at each end, thumding the diesel aerosol to flow through the porous substrate walls,
which act as the filter medium. Particles that are too big to pass through the porous surface are
physically collected and stored in the channels. The DPF walls are designed to hztwawam o
porosity enabling the exhaust gas to pass through the walls without much hindrance, and to be
sufficiently impervious regarding collecting the particulate species. Extensive research has been
conducted on the various particulate collection mechaniaoiuding diffusion, interception,
inertia, gravity, electrostatics, and thermophordtiee main design criteria that can contribute

to the successful performance of DPFs typically are high filter efficiency, low pressure drop,
robust structural and thmaal durability and reliability, and high capacity to resist high
temperature excursions during a large number of regeneration events over their life cycles. The
technological developments in DPF design include the advancements in cell shape and cell wall
porosity optimization aimed at minimizing the engine backpressure and extending the interval
between filter services as well as facilitating the catalyst coating.

The Gasoline Particulate Filter (GPH technology is an adaptation of DPF to gasoline
vehicles.With increasingly stringent emission regulations, research regarding the application
of PM filters in GDI(Gasoline Direct Injectiongngines will become an inevitable trend. The
particulate filter must have high filtration efficiency and a loifg and satisfy other
requirements, and the flow resistance (pressure drop) must béMuoeatial., 2019)To reduce

the flow resistance of the GPtechnologies usin@ type of nested cylinder and diversion
channel plug (NCDCP) GPF igsted It is composed of nested foam metal cylinders and
annular diversion channel plugs. The pressure drop and its influencing factors were
theoretically studied. fle results show that the structural parameters, such as the cylindrical
layer spacing and the length-diameter ratio, and the pressure drop have iodide
relationshipgMu et al., 2019)

In a CDPF (CatalysedPF), a catalytic material, mostly with lelevel Platinum Group Metal

is coated onto the surface of the filter to lower the ignition temperature necessary for oxidizing
accumulated PM in th800-400 °C range, allowing the filter to sekgenerate during the
periods of high exhaust gas temperature. CDPFs achieve over 90% reductioraind Bybt

as well as in HC and CO. CDPFs exhibit excellent PM filtratefficiencies andare
characterized by inherent relatively high pressure drop. It has been observed that the colder
applications experienclwers the regeneration rates and cause higher presBiEes are
dynamic and complex systems, since the operating conditions varytime, and different
functionalities ¢atalysis and filtration) are usually assembled on the same monolithic support,
which is a demanding requirement in terms of space and cost. Moreover, the feasibility of soot
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combustion depends to a great extenthenciatalystsoot contact conditions, and it is therefore
necessary to maximize the interaction between the soot particles and the catalyst, both of which
are solid materials. A pioneering approach to maximize thei catalyst contact was
implemented byPeugeotCi t r oxtn Soci ®t ® idé&adyw000snwehose lkeys ( P S
component is a Ghuel additive that was reliably implemented in several million vehicles up to
now. PSA vehicles have an actimeboardadditive system with its own tarpump device that

allows to dose the proper amount of Ce fuel additive to the Diesel fuel. This metal organic
compound in fuel leads to the formation of Gefarticles well embedded in the structure of
diesel particulate, and thus in very good contact with the soot pariotimate sodtatalyst
contact). Therefore, lowers ignition temperatures can be reached by catalytic means, with the
benefit of posinjected fuel savingé-ino et al., 2016)

These devices can lsembined. Typically, there are two different conceptual architectures for
combining the SCR and DPF technologiesachieve a desired level of emission reduction
performanceeither SCR is placed upstream of DIRE, DOC + SCR + DPF, or SCR is placed
downstream of DPR,e., DOC + DPF + SCR.

4.2.2 Carbonaceousomposition ofexhaust

Exhaust PM mainly consists of elemental carbon (EC), organic carbon (OC) and inorganic
components including metallic ash and idrserefore, different literature values have been
collected and average EC and OC values have been prdpo@éiziachristos et al., 2007)

The variability of the data collected from tunnel, roadway and dynamometer studies, and the
uncertainties in the measurement of, in particular, organic carbon (OC), inthaaexhaust

PM speciation is bound to be highly uncertain. Because of this uncertainty, mean EC and black
carbon (BC) values are considered practically eBattye et al., 2002; May et al., 2010)
Although it is known that EC and BC definitions and determination methods differ, this is
considered to be of inferior importance compared to the overall uncertainty in determining
either of them pevehicle emission control technology.

Despite overall uncertainties, reliable BC/OC ratios can be developed, because there is a general
agreement in the measurements from tunnel and laboratory studies with regard to the emission
characteristics of diesel dmpetrol vehicles. The effect of different technologeg.xidation

catalyst, diesel particle filter) on emissions is also rather predictable.

Table 15 from (Ntziachristos and Samarras, 205Eiggests ratiobetween organic material

(OM) and black carbon (OM/BC) and BC/PMZ&oth expressed as percentages) that can be
applied to the exhaust PM emissions for different vehicec hnol ogi es. 60rgan
the mass of organic carbon corrected for the hyeincand other atomgontent ofthe
compounds collected. The sources of these data, and the methodology followed to estimate
thesevalues, is given ir{Ntziachristos et al., 2007An uncertainty range is also proposed,
based upon thealues in the literature. The uncertainty is in percentage units, and is given as a
range for both ratios proposed. For exde, if the OM/EC ratio for a particular technology is

50 % and the uncertainty 20 %, this would mean that the OM/EC ratio is expected to range
from 40 % to 60 %. This is thencertainty expected on fleaverage emissions, and not on an
individual vehcle basisIndividual vehicles in a specific category may exceed this uncertainty
range. The ratios also correspondat@rage driving conditions, with no distinction between
driving modes or hot and coktart operation.

The OM/BC ratio is larger for gabne vehiclesand declindrom old to modern vehicles:or
dieselHDV EURO VI, it is noteworthy to see the drop of B®/2.5 ratio with a surge of the

TFTEIT BC and PAH emission reductiohdecember 2020 93



OM/BC ratio certainly due tsoot mostly removed by the DRIfd the dominance of OM
formed during theooling. They are associated to the lowest PM2.5 ELV.

Table 15: PM2.5 emission factors, glit of PM in elemental (BC) and organic mass (OM)rom
(Ntziachristos and Samarras, 2019Notes:The values originate from available data in the literature

and engineering estimates of thefetts of specific technologies (catalysts, DPFs, etc.) on emissions.
The estimates are also based on the assumption thatdolphur fuels (< 50 ppm t. S) are used.
Hence, the contribution of sulphate to PM emissions is generally low. In cases where aeldanc
aftertreatment is used (such as catalysed DPFs), then EC and OM does not add up to 100 %. The
remaining fraction is assumed to be ash, nitrates, sulphates, water and ammonium*$dlts.
categories aréMopeds andMotorbikes

Category Euro Standard PM2.5EF BC/PM2.5 OM/BC Uncertainties
(mg km™) (%) (%) (%)
PREECE 2.22.3 2 4900 50
ECE 15 00/01 2.22.3 5 1900 50
ECE 15 02/03 2.22.3 5 1900 50
ECE 15 04 2.22.3 20 400 50
Ece:t\l;()l PC and Open loop 2.22.3 30 233 30
Euro 1 2.22.3 25 250 30
Euro 2 2.22.3 25 250 30
Euro 3 1.1:2.2 15 300 30
Euro 4 1.1 15 300 30
Conventional 220.9356 55 70 10
Euro 1 84.2117 70 40 10
Euro 2 54.8117 80 23 10
Diesel PC and Euro3 39.178.3 85 15 5
LCV Euro 4 31.440.9 87 13 5
Euro 3,4,5 equipped with DPF and fue - 10 500 50
additive
Euro 3,4,5 equipped with a catalyzed DPF - 20 200 50
Conventional 333491 50 80 20
EURO | 129358 65 40 20
EURO Il 61-194 65 40 20
Diesel HDV EURO Il 56.5151 70 30 20
EURO IV 10.626.8 75 25 20
EURO V 10.626.8 75 25 20
EURO VI 0.51.3 15 300 30
Conventional &troke 176 10 900 50
Euro 1 2troke 45 20 400 50
Euro 2 2troke 26 20 400 50
L-Categories* Conventional 4stroke 14176 15 560 50
Euro 1 4 stroke 14-40 25 300 50
Euro 2 4 stroke 3.57 25 300 50
Euro 3 4 stroke 0.964 25 250 50
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4.2.3 Impact of Aftertreatment systenmn particulate matter emissions

In the last 30 years, diesel engines have made rapid progress to increased efficiency,
environmental protection and comfort for both lighmtd heavyduty applicationgFiebig et al.,

2014) The technical developments include all issues from fuel to combustion process to
exhaust gas aftertreatmeithis paper provides a comprehensive summary of the available
literature regarding technical developments and their impact on the reduction of pollutant
emissios. This includes emission legislation, fuel quality, diesel engarel exhaust gas
aftertreatnent technologies, as well as particulate composition, with a focus on theetzed
particulate emission of eroad vehicle applications. Diesel engine technologies representative
of reatworld onroad applicationsanbe highlightedinternal engine modifications now make

it possible to minimize particulate and nitrogen oxide emissions with nearly no reduction in
power. Among these modifications are cooled exhaust gas recirculation, optimized injections
systems, adapted charging systeand optimized combustion processes with high turbulence.
With introduction and optimization of exhaust gas aftertreatment systems, such as the diesel
oxidation catalyst and the diesel particulate trap, as well asrd@uiction systems, pollutant
emissiors have been significantly decreased. Todayphur poisoning of diesel oxidation
catalysts is no longer considered a problem due to theudpkur fuel used in Europe.

In the future, there will be an increased usbkiofuels which generally have a pitise impact

on the particulate emissions and do not increase the particle number emiSgicesthe
introduction of the EU emissions legislation, all emission limits have been reduced by over
90%. Furthessteps can be expected in the future. Retrospaygtithe particulate emissions of
modern diesel engines witlkspect to quality and quantity cannot be compared with those of
older engines. Internal engine modifications ldada clear reduction of the particulate
emissions without a negative impact tme particulatesize distributiontowards smaller
particles. The residual particles can be trapped in a diesel particulate trap independent of their
sizeor the engine operating mode. The usage of afleall diesel particulate filter leads to an
extreme eduction ofthe emitted particulate mass and number, approaching 100%. A reduced
particulate mass emission is alwaygsmnected to a reduced particle number emission.

Comparing the values of registered vehicles based on the exhaust type values pubtished by
KBA (Federal Motor Transport AuthorityGermany)in terms of the development from Euro

1 to Euro 6t canbe sea that the values of registered vehicles have been clearly below the
limits in some cases, which is true especially for particulate emnssif vehicles with diesel
particulate filters (DPF) in emission standard Euro 3 and EUF@dare39). Starting with Euro

5, the lowest particulate levels have been universally achieved by using DPFs. Euro 6 certified
passenger cars anew on the market. ThEigure39 (on the lower left) additionally shows that

a fast market penetration of new emission standards has been reached by new registered
vehicles after these standards were introduced. Euro Viiegrtommercial vehicles have only

been available on the market for a short period of time (Emission standards for commercial
vehicles highlighted by a roman numeral). The development of the emission limits and KBA
registration numbers showed a similarBstf and significant reduction in all emissions for
commercial vehicles (on the lower right), while the values were far below the limits in some
cases. Euro IV and Euro V concepts have been used in series production both with (open
symbols) as well as withub DPF (closed symbols), since the majority of commercial vehicle
manufacturers has pursueddangine particle reduction and a reduction in NOx emissions using
the SCR technology for Euro V because of the associated fuel consumption benefits. Only a
few manufacturers have used-@ngine NOx reduction and a DPF.
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Figure 39: KBA emission limits values. Limit values for passenger cars (upper left). Detailed view
of EURO 3 to 6 norm for passenger cars (upper right). Limit values for ammercial vehicles (lower
right). Market penetration of new emission limit levels for passenger car§-iebig et al., 2014)

The review(Guan et al., 2015)overs a coprehensive overview of the staiethe-art DPF
technologies, including the advanced filter substrate materials, the novel catalyst formulations,
the highly sophisticated regeneration control strategies, the DPF uncontrolled regenerations and
their contré methodologies, the DPF soot loading prediction, and the soot sensor for the PM
onboard diagnostics (OBD) legislations. Furthermore, the progress of the highly optimized
hybrid approaches, which involves the integration of diesel oxidation catalyst (B(@BPF,

NOx reduction catalyst), the selective catalytic reduction (SCR) catalyst coated on DPF, as well
as DPF in the higipressure exhaust gas recirculation (EGR) loop systems, is well discussed.
Besides, the impacts of the quality of fuel and lubricamtthe DPF performance and the
maintenance and retrofit of DPF are fully elaborated. Meanwhile, the high efficiency gasoline
particulate filter (GPF) technology is being required to effectively reduce the PM and
particulate number (PN) emissions from gasoline direct injection (GDI) engines to comply
with the future increasingly stricter emissions regulatiéigure40).
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Figure 40. Schematic overview of DPF efficiency from(Guan et al., 2015) (a) Vehicle emission
proposal for EURO 6 (Piock et al., 2011)(b) Comparison of particulate number and particulate
mass emissions for gasoline and dielsenginegWhitaker et al., 2011) (c) Data setin PNPM space

for European light-duty vehicles (* Diesel only, ** Diesel and Direct Injection Spark Ignition only)
(Braisher et al., 2010)and (d) NEDC PN emissions and filtration efficiency of GPKRichter et

al., 2012) Samples evaluated in NEDC on 2.0 L GTDI vehicle and high dynamic engine bench:
reference) Reference system; systeme 1) test system with uncoated GPF in underbody position,
systeme 2) tessystem with coated GPF in underbody position, system 3) test system with zoned
close coupled TWC and coated GPF in underbody position.

The temperature of diesel exhaust gas has an important effect on reducing pollutant
emissionsBesides catalyst type, sgavelocity of exhaust gas, and emission form are the other
parameters affecting the efficiency. With the aftertreatment emission control systems, it is
possible to reduce the damage of the pollutant emissions on air pollution, to meet emission
standards r&d requirements, and to prevent the harmful effects of pollutant emissions on
environment and human hea(thRe ki t ofj Il u et al ., 2015)

The study ofLouis et al., 2016bfpcuses on (i) ultrafine particles, black carbon, BTEX, PAH,
carbonyl compounds, and N@missions from Euro 4 and Euro 5 Diesel and gasoline pgesen
cars, (ii) the influence of driving condition®.¢, cold start, urban, rural and motorway
conditions), and (iii) the impact of additive and catalysed DPF devices on vehicle emissions.
Chassis dynamometer tests were conducted on four Euro 5 velmdlés@Euro 4 vehicles:
gasoline vehicles with and without direct injection system and Diesel vehicles equipped with
additive and catalysed particulate filters. The results showed that comparedtarhoycles,
cold-start urban cycles increased alllptdnt emissions by a factor of two. The sole exception
was NQ, which was reduced by a factor of -B3Particulate and black carbon emissions from

the gasoline engines were significantly higher than those from the Diesel engines equipped with
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DPF. Moreoer, thecatalyzedDPF emitted about-20 times more carbonyl compounds and
particles than additive DPF, respectively, during urban driving cycles, while the additive DPF
vehicles emitted 2 and 5 times more BTEX and carbonyl compounds during motorwag drivin
cycles. Regarding particle number distribution, the motorway driving cycle induced the
emission of particles smaller in diameter (mode at 15 nm) than the urbastaidycle (mode

at 86100 nm). The results showed a clear positive correlation betpagtinle, black carbon,

and BTEX emissions, and a negative correlation between particles anthNk@ure41, we
clearly sedhe strong correlation between BCemissions and PN or PM10 emissions

(a) (b)
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Figure 41 BC/PN and BC/PM10 correlations for gasoline (a and b) and Diesel vehicles (c and d).
BC.: black carbon; PN: particle number; PM10: particle mass with particle diameter below 10 um

- From (Louis et al., 2016b)

Figure 42 shows PAH emissions for diesebnd the aldehyde emission factors for the
dynamometer tests conducted during the urbarstaot driving cycle(Louis et al., 2016b)
observed a significant decrease in aldehyde emissions compdfeaptain et al., 2006and

(Polo Rehn, 2013)The aldehyde emissions from the gasoline vehicles decreased from 12 mg
km™ for the Euro 1 vehicles torhg km? for the Euro 4 vehicles. The aldehyde emissions from
the Diesel vehicles decreased fromn3@ ki for the preEuro vehicles to 0.B1g kni! for the

Euro 4 vehiclesA significant decrease in PAH emissions is observed compa(Pdltd et al.,

2006) and (Polo Rehn, 2013)PAH Diesel emissions decreased from 1¥g km™ for pre-

Euro vehicles to 1ug km-* for Euro 3 vehicles and remained below 0.Ag km for Euro 5
vehicles PAH gasoline emissions were quite low (be®wng kni!) and close to the detection

limit.
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Figure 42 (Left) Comparison between the PAH emission factors (EF) for Diesel vehicl@gsd bar)
and thefindings of (Polo Rehn, 2013)blue bar) and (Pillot et al., 2006)(green bar). Comparison
between the aldehyde emission factors (EF) for gasoline vehiclesiddle) and Diesel vehicles
(right) (red bar) and the findings of (Polo Rehn, 2013]blue bar) and (Caplain et al., 2006)green
bar). From (Louis et al., 2016b)

To investigate the effegbf aftertreatment systemsn emission of pollutantgKostenidou et

al., 2020)characterizeé the chemical composition of particles emitted from three diesel and
four gasoline Euro 5 light duty vehicles on a chassis dynamometer f@€itiiyre43). Black

carlon (BC) was the dominant emitted species with emission factors (EFs) varying from 0.2 to
7.1 mg km' for gasoline cars and 0.003 to 0.08 mg*ior diesel cars. For gasoline cars, the
organic matter (OM) EFs varied from 5 to 103 ugkfor direct injecton (GDI) vehicles, and

from 1 to 8 ug krrt for port fuel injection (PFI) vehicles, while for the diesel cars it ranged
between 0.15 and 65 pg KimTwenty cold-start cycles and more specifically the first minutes

of the cycle, contributed the largest fiaat of the PM including BC, OM and Polycyclic
Aromatic Hydrocarbons (PAHSs). More than 40 PAHSs, including methylated, nitro, oxygenated
and amino PAHs were identified and quantified in both diesel and gasoline exhaust particles
using an Aerodyne High Restibn Timeof-Flight Aerosol Mass Spectrometry (HROF

AMS). The PAHs emissions from the GDI technology were a factor of 4 higher compared to
the vehicles equipped with a PFI system during the cold start cycle, while théAl®
fraction was 25 muclmore appreciable in the GDI emissions. For two of the three diesel
vehicles the PAHs emissions were close to the detection limit, but for one, which presented an
aftertreatment device failure, the average PAHs EF was 2.04 ug. Hmissions of
nanopartieés (below 30nm), mainly composed by ammoniubisulphate were measured
during the passive regeneration of the catalyzed diesel particulate filter (CDPF) vehicle.
Transmission Electran Microscopy (TEM)images confirmed the presence of ubiquitous
nanometic metal inclusions into soot particles emitted from the diesel vehicle equipped with a
fuel borne catalyst diesel 30 particulate filter (FBOPF). X-ray photoelectron spectroscopy
(XPS) analysis of the particles emitted by the PFI car revealed botprésence of heavy
elements (Ti, Zn, Ca, Si, P, Cl), and disordered soot surface with a significant concentration of
carbon radical defects having possible consequences on both chemical reactivity and particle
toxicity. Their findings show that different sdr-treatment technologies have an important
effect on the level and the chemical composition of the emitted particles. In addition, this
research highlights the importance of the particle filter devices condition and their regular
checking.
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Figure 43: Emission factors for three diesel (D1, D3 and D4) and four gasoline (GDI1, GDI3, PFl4,
GDI5) vehicles Euro5: BC EFs are expressed in mg ki while for organics, PAHS, sulfate,
ammonium and nitrate the values are expressed in pg kit Two cycles ARTEMIS and WLTC
are studied. Gasoline cars are shown with solid bars and diesel cars with pattern bars. The error
bars correspond t o (Kodtenidm etalnaD20f d devi ati on

As mentioned in sectioB.4, IVOC can be an imptantprecursor of SOA(Drozd et al., 2019)
comprehensivel\characterized intermediate volatility aseémi volatileorganic compound
emissions using thermal desorption tdimensional gas h r o mat o g rspeptiometryna s s
with electron impact (GC x GEI-MS) and vacuumultraviolet (GC x GEVUV-MS)
ionization. Singlering aromatic compoundgith unsaturated C4 and C5 substituents contribute

a large fraction of theatermediate volatility organic compound (IVOC) emissions in gasoline
vehicle exhaust. The analysesgofartz filters used iGC x GGVUV-MS show that primary
organic aerosol emissions were dominated by motoil by combined newemissions data

with published SOA yield parametrizations to estimate SOA formation potential. After 24 h of
oxidation, IVOCemissions contributed 45% of SOA formation; BTEX compounds (benzene,
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toluene, xylenes, and ethylbenzene), 40%; otheC aromatics, 15%. The composition of
IVOC emissions was consistent across the test fleet, suggesting that future reduactions
vehicular engsions will continue to reduce SOA formation and ambient particulate mass levels
(Figure44).

100+t Newer Emissions Controls

. Gen-IVOC
80/= SRA-IVOC N
s Allphatic-ivoc ~ SOALompesition
60}= VOC &

Consistent

40!

UC Test IVOC
(mg/kg-Fuel)

20}

S 2 o & %
8 Y e
S Q

Figure 44: Impact of legislation on PM emissions including SOA formation from(Drozd et al.,
2019) Vehicles are classified by theiemissions certification standard. The test fleet included: one
Tier O vehicle (TO), one low emission vehicle (LEV 1), twdier 2 low emission vehicles (LEV II)
vehicles, five ultralowemission vehicles (ULEV), five superultralow emissionvehicles (SULEV),
and six partial-zero emission vehicle$PZEV). Because the PZEV and SULEV vehicles have the
same tailpipe emission standards, resudtfrom these arecombined and termed SULEV.

(Chirico et al., 2010)present results from smog chamber investigations characterizing the
primary organic aerosol (POA) and the corresponding SOA formation at atmospherically
relevant concentrations for threeuse diesel vehicles with different eadst aftertreatment
systems. One vehicle lacked exhaust aftertreatment devices, one vehicle was equipped with a
diesel oxidation catalyst (DOC) and the third vehicle used both a DOC and diesel particulate
filter (DPF). The experiments presented here wérained from the vehicles at conditions
representative of idle mode, and for one car in addition at a speed of 60 km/h. An Aerodyne
high-resolution timeof-flight aerosol mass spectrometer HBFAMS) was used to measure

the organic aerosol (OA) conceritom and to obtain information on the chemical composition.
For the conditions explored in this paper, primary aerosols from vehicles without a particulate
filter consisted mainly of black carbon (BC) with a low fraction of organic matter (OM, OM/BC

< 0.5) while the subsequent aging by photooxidation resulted in a consistent production of
SOA only for the vehicles without a DOC and with a deactivated DOC. After 5 h of aging ~80%
of the total organic aerosol was on average secondary and the estimatetbfefiaissr” for

SOA was 0.280.56 g/kg fuel burned. In presence of both a DOC and a DPF, only 0.01 g SOA
per kgof fuel burned was produced within 5 h after lights on. The mass spectra indicate that
POA was mostly a neoxidized OA with an oxygen to carbatomic ratio (O/C) ranging from

0.10 to 0.19. Five hours of oxidation led to a more oxidized OA with an O/C range of 0.21 to
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0.37. The efficiency of the DOC+DPF is clearlyhighlighted either to reduce primary
carbonaceous species and SO@igure45) while when the DPF is not activated there are
some differences on emissiaascording the regime studied.

1l D G BB

B

No aftertreatments DOC deactivated DOC activated DOC activated DOC activated + DPF DOC activated
Cold Idle Warm ldle Warm ldle Cold Idle Cold Idle 60 km/h

Figure 45; Emission factors fromin-use vehicles of POA, SOA and B@ g kgue?. SOA produced
after 5hrs aging. After (Chirico et al., 2010)

4.2.4 The increasing role of gasoline vehicle on particle emissjorass and
number)

(Platt et al., 2017provided a systematic examination of carbonaceous PM emissions and
parameterisation of SOA formation from modern diesel and gasoline cars at different

temperatures (22, T1T7AC) dur i ngaceoosPMenussibned | a
and SOA formation is markedly higher from gasoline than diesel particle filter (DPF) and
catalyste qui pped diesel cars, more so a}.High&rAC, <co

SOA formation from gasoline cars and primary emissgaluctions for diesels implies gasoline
cars will increasingly dominate vehicular total carbonaceous PM, though oldddRien
equipped diesels will continue to dominate the primary fraction for some time. Supported by
stateof-the-art source apportionmeaf ambient fossil fuel derived PNheirresults show that
whether gasoline or diesel cars are more polluting depends on the pollutant in guestar,
diesel cars are not necessarily worse polluters than gasoline cars.

A recent study in ChinéXing et al., 2020gimed at evaluatinthe characteristics of individual
particles emitted by a Euro 4 GDI vehicle and their ageing in a smog chamber under the Belijing
urban emironment, as part of the Atmospheric Pollution & Human Health (APHH) research
programme. Using transmission electron microsctmyidentified the particles emitted from

a commercial GDEengine vehicle running under various conditions, namely-si@d hot

start, hot stabilized running, idle, and acceleration sta@tesresults showed that most of the
particles were organic, soot, and-fzh ones, with small quantities ofrigh and metal
containing particlegFigure 46). In terms of particle size, the particles exhibited a bimodal
distribution in number vs size, with one mode ati®@® nm and the other at 140 nm. The
numbers of organic particles emitted understatt and hot stabilized states were higher than
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those emitted under other conditions. The number of soot particles was higher unektadold
and acceleration states. Under the idle state, the proportion-e¢tCparticles was highest,
although their absolute number was low. In addition to quantifymgythes of particles emitted

by the enginetheystudied the ageing of the particles during 3.5 h of photochemical oxidation
in an environmental chamber under the Beijing urban environment. Ageing transformed soot
particles into corieshell structures, coatl by secondary organic species, while the content of
sulphurin Carich and organic particles increased. Overtéig majority of particles from
GDI-engine vehicles were organic and soot particles with submicron or nanometric size
The particles were hidgh reactive; they reacted in the atmosphere and changed their
morphology and composition within hours \datalyzedacidification that involved gaseous
pollutants at high pollution levels in Beijing.
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Figure 46. The number of different types of particles in the emissions from the GDI vehicle under
the different running states by the burning per unit of fuel, including coldstart, hot-start, hot
stabilized, idle, and acceleration states. Data presented as mean + standard deviatida3 from
(Xing et al., 2020)

(Gentner et al., 201 teviewedthe SOA brmation from gasoline and diesel vehicl&hey
proposed a picture of the composition of the OA emission as a function of carbon rieungber.
composition, engine design/technology (including computerized control), and exhaust
aftertreatment technology aa# determining factors in the composition of emissions. Gasoline
engines use spark ignition of a | ower mol eci
range (premixed with air) compared to diesel engines with compression ignition of heavier fuels
( C€125) at higher temperatures and flesin conditions to achieve greater efficiencies
(Figure 47). The organic composition of gasoline and diesel fuel has hetmtiorally
controlled over the past 50 years in the U.S.edlsewhere via several regulated reformulations.
They weremodified to improve engine performance, fuel efficiency, aachpatibility with
catalytic converters, and also to redecaissions (organic gas/aerosols, CO, NOBC, SQ,
lead)and to minimize the ambient photochemical productioozaine (@) from emissions of
reactive VOCs anfllOx. Reformulations have reduced volatility, reactivity, trace impurities,
and/or propensity for forming NQCO, or BC in the exhaust.

TFTEIT BC and PAH emission reductiohdecember 2020 10z



C

Diesel Fuel 15 Diesel Fuel
SOA Yield (y):
310_ y =150 £ 50 mgOA/ g

< S 5
O o
S E 0 .
=20 Gasoline Fuel 15- Gasoline Fuel
g15_ g y=23+7mgOA/g
= Bl PAHs S 10+
310+ [ Aromatics 2
£ 5- B Tricycloalkanes| & 5
a o Bicycloalkanes| = 0
0 50 Nontailpipe | B2 Alkenes T 15 T :
P2 40— (Evaporative) M Cycloalkanes © 13 N}?:‘g'lipo'ﬁemgifglme
=5 Gasoline ( [ Branched ) > 104

5 M Alkanes g

0 ( = Branched ) B 5-
104 - Ethanol
0 e T T T T T T T T 1 0 T T T T T T T T T
4 8 12 16 20 24 4 8 12 16 20 24
Carbon Number Carbon Number

Figure 47: (A) Chemical composition of diesel fuel, gasoline, and evaporative gasoline emissions,

with (B) SOA yield of each emission profile showas a sum of SOA contributions; both are shown
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(Mufioz et al., 2018investigated theaformation and ceaelease of genotoxic PAHSs, alkyl

PAHs and soot nanoparés from gasoline direct injection vehicléhey hypothesized that
particles are released together with polycyclic aromatic hydrocarbons (PAHs) formed under the
same combustion conditions. Emission data of a fleet of 7 GDI vehicléd @ 2) including
Euro-3-4,-5 and-6 technologies revealed substantial particle emissions on average of'2.5x10
particles km lin the cold worldwide harmonized light vehicle test cycle (cWLTC), the future
European legislative driving cycle. Particle emissions incredsedréders of magnitude during
acceleration like CO, indicating that transient driving producesricielconditions with intense
particle formation. For comparison, an Ed&raliesel vehicle (1.6 L) equipped with a particle

filter released 3.9 x10 particleskm' *(cWLTC), clearly within the Eur/6 limit value of
6.0x10! particles km *and 64fold below the GDI fleet average. PAH and al@AH
emissions of the GDI vehicles also exceeded those of the diesel vehicle. Mean GDI emissions
of2-,3,4,5and6r i ng PAHs in the cWLTC werégthased0, 44
of the diesel vehicle wer e 'braspegtiveB/Th@s,meah. 1, 8.
PAH emissions of the GDI fleet were 2 orders of magnitude higher thdrettobmarldiesel

vehicle. A comparison of the toxicity equivalent concentrations (TEQ) in the cWLTC of the
GDI fleet and the diesel vehicle revealed that GDI vehicles releaséd Zng TEQ m?
genotoxic PAHSs, beingi@O0 times higher than the diesel vehicle with 45 BE@QTkm YFigure

48). The cerelease of genotoxic PAHs adsorbed on numerous soot nanoparticles is critical due
to the Trojan horse effect describing the property ofZ nm particles being deposited in

the alveoli transporting genotoxic compounds into the lung. These audictgs are persistent

and may eventually penetrate the alveolar membrane reaching the blood circulation system.
Theyshowed thaall GDI vehicles testedreleased large numbers of nanoparticles carrying
substantial loads of genotoxic PAHSsIf non-treateddiesel exhaust is considered as clhss
carcinogen by the WHO inducing lung cancer in humans, these GDI vehicle exhausts may be
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a major health risk too for those exposed to themnroborating the progress achieved with
current diesel vehicles, now equgzpwith efficient particle filters
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Figure 48 Cumulated and weighted genotoxic potential of GBland diesel vehicle exhausts (ng
TEQ m' 3) in the cold (upper), hot WLTC (middle) and the Start / Stop Coasting(SSC) (lower
diagram. Mean values (x standard deviation) of the GDI fleet (n = 7) and the bench mark diesel
vehicle with DPF are highlighted in grey and red. A zoom of the SSC data is also given (bottom)
from (Mufioz et al., 2018)

In (Park et al., 2020)BC emissions fronpassenger carssing different fuelsn South Korea

were measure@Figure 49). The emissions were categorized according to fuel type and the
vehicles were categorized by the engine technology used and the standards applied. Various
vehicle speeds were alsonsidered. In all types of vehicles, BC emission was reduced with
driving speeds from low to high, but beyond a certain threshold (65.4 kan 87.3 km h 3,

the emission increased again. In terms of fuel oil type, in N(ERtional Institute of
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Envirormental Researchjpodes with preheating, the emission of GDI vehicles were 0i0032
0.27 mg km ! and the highest value of 0.16 mg'klwas observed in the regulation mode that
included the cold start section. Diesel vehicles with DPF and (URfBefied Petreeum Gas)
vehicles showed low levels of emissions at 0.01 mgYmless in NIER modes, and at 0.045

mg kni ‘and 0.0009 mg kin'in regulation modes, respectively. Among gasoline vehicles, GDI
vehicles showed BC emissions ofib&imes higher than that of MiPMulti-Point Injection)
vehicles. With the tightening of regulations, MPI vehicles showed reduced PM emissions other
than BC. Among diesel vehicles, EURO 3 vehicles without DPF showed emissions t6®.21

mg km T which is estimated to be at least 1500 times higher than regulated vehicles with DPF.
This confirms that DPF reduces BC emissidifgth the application and tightening of PM
regulations, both gasoline and diesel vehicles exhibited reduced BC emissions as well as
PM emissions.
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Figure 49: (a) Results of BC emission of EURO 3, 5, and 6 on five different NIER modes. (b) BC
Emission from EURO 3 onCVS-75 mode, and EURO 4, 5, and 6 on NEDC mode as presented in
(Park et al., 2020)

(Louis et al., 20164ested diesel and gasoline vehicles. Gasoline DI vehicle emitted 25% more
CQO than Diesel vehicles for all ARTEMIS and NEDC driving conditions. The GDI emitted 2

to 200 times more PN and BC and 5 to 150 times less NOx than Diesel vehicles. Comparing to
Diesel catalysed DPF, additive DPF vehicles emitted 2 times more NO2. No csighifi
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differences were observed between additive and catalysed DPF fandONOx emissions.
Moreover, a clear impact of cold start on emission was observed during their experiments.
Black carbon emissions were the highest by far for the GDI reaching 1531207 pug kmt

and exhibited the highest PN emissionfer the cold start ARTEMIS urban cycle.

4.2.5 Impact of renewable fuels @missions

(Pirjola et al., 2019¥tudied thepotential of renewable fuel to reduce diesel exhaust particle
emissions Diesel exhaust emissions including particle number concentration and size
distributonal ong with the particlesd chemical comp
Euro 4 passenger car with a comprehensive set of highrésodution instruments. The
emissions were compared with three fuel standarmdsropean diesel (EN590), Indian diese

(BS 1IV) and Finnish renewable diesel (Neste MYQver the New European Driving Cycle
(NEDC) and the Worldwide harmonized Light vehicles Test Cycle (WLTC). Fuel properties
and driving conditions strongly affected exhaust emissions. The exhaust particizas
emissions for all fuels consisted of BC ({88%) with some contribution from organics (11

18%) andsulphatg(0i 3%). As aromatidree fuel, the MY diesel produced around 20% lower
black carbon (BC) emissions compared to the EN590 andi028 lower corpared to the BS

IV (Figure50). High volatile nanoparticle concentrations at high WLTC speed conditions were
observed with the BS IV and EN590 diesel, but not withsthiphur-free MY diesel. These
nanoparticles were linkkto sulphur-driven nucleation of new particles in cooling dilution of

the exhaust. For all thiiels nonvolatile nanoparticles in sub0 nm particle sizes were
observed during engine braking, and they were most likely formed from lubaitaoriginated
compounds. With all the fuels, the measured particulate and NOx emissions were significantly
higher during the WLTC cycle compared to the NEDC cyfies recent study demonstrated

that renewable diesel fuels enable mitigations of particulate and climate@arming BC
emissions otraffic and would simultaneously help tackle urban air quality problems

TFTEIT BC and PAH emission reductiohdecember 2020 107



a) #HMNEDC mWLTC

MY diesel EM590 diesel Indian diesel

.“
s
e

L

o
!

Catnta
L,

e
S

i
4

i
!
et

o
£
R
2
e
L
et

i

e
i
bttt

o
e
£

o
T
by
HE
!

e
e

o
3
o

e

5 - - -
freshcs fresh hs primary freshcs freshhs primary freshcs fresh hs primary
b) COMNEDC mWLTC
25
MY diesel ENS590 diesel Indian diesel
20

EFge {mg/km)
&

10
o
freshcs fresh hs primary freshcs fresh hs primary fresh cs fresh hs primary

Figure 50: Primary and fresh exhaust emission factors (mg/km) for BC (a) and BrC (b) during the NEDC
and WLTC with different fuels (MY diesel, EN950, Indian diesel). Emission factors were calculated from
the AE33 data (880 nm for BC and 370 nm for BrC). Note that cand hs refer to the cold start and hot start
cycles, respectivelyrom (Pirjola et al., 2019)in supplementary material.

Hydrotreated vegetable oil (HVO) diesel fuel was considered a promising biofuel candidate
that could complement or substitute traditional diesel fuel in eng{htegpponen et al., 2012;
Hartikka et al., 2012)it has been already reported that by changing the fuel from conventional
EN590 diesel to HY@Hydrotreated Vegetables Ojldecreases exhaust emissiops0-30%

for PM. However, as the fuels have certain chemical and physical differences, it is clear that
the full advantage of HVO cannot be realized unless the engine is optimized for the new fuel.
In this article they studied how much exhaust emissiaran be reduced by adjusting engine
parameters for HVO. The resulté (Happonen et al., 201 ®¥)dicate that, wh all the studied

loads (50%, 75%, and 100%rticulate mass and NOx can both be reduced over 25% by
engine parameter adjustments Further, the emission reduction was even higher when the
target for adjusting engine parameters was to exclusively redbee garticulates or NOx.

The effect of biofuel use on the operation of Diesel Exhaust Aftertreatment System was
investigated both numerically and experimenthaifyfCordiner et al., 2016py focusing on the
contribution of three main factors: raw PMOx emissions tradeff, NOi NO> conversion
efficiency of the Diesl Oxidation Catalyst (DOC) and PM reactivity toward oxidatidhe
possibility of limited interventions on assessed engine technologies is key toward the
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deployment of the potential relatedfteel-basedyreenhouse reduction policies, for both road

and nm-road markets. To verify its impact on the Aftertreatment System, a Diesel engine for
nontroad applications has been tested with Waste Cooking Oil (WCO) biodiesel blended with
commercial fossil fuel at 6% and 30% v/v. Six engine operating modes havedieeted as

the most representative of the reference standard cycle (NRTC) fapadrDiesel engines

and have been run to evaluate the biodiesel impact on engine emissions. Experimental results
indicate a significant reduction of soot emissions, in Vinig literature trends, especially at

high loads, as fuel oxygen enhances oxidation in the fuel rich regions of the combustion
chamber. On the other side, only a slight increase in NOx emissions has been observed, along
with a similar trend of the equivalee ratio due to both the lower heating value and
stoichiometric air/fuel ratio of biodiesel in comparison with fosslling.

4.2.6 Impact of real drivingonditions

(Simonen et al., 2019presentthe characterization of realrive emissions from three Euro 6
emission level passenger cars (two gasoline and one diesel) in terms of fresh particles and
secondary aerosol formation. The gasoline vehicles were also characteyizelassis
dynamometer studies. In the relive study, the particle number emissions during regular
driving were 1.112.7 times greater than observed in the laboratory tests (4.8 times greater on
average), which may be caused by more effective nuateatiocess when diluted by real
polluted and humid ambient air. However, the emission factors measured in laboratory were
still much higher than the regulatory value &fl6'! particles kmt. The higher emission factors
measured here result probably frora fact that the regulatory limit considers only naratile

particles larger than 23 nm, whereas here, all particles (also volatile) larger than 3 nm were
measured. Secondary aerosol formation potential was the highest after a vehicle cold start when
most of the secondary mass was organics. After the cold start, the relative contributions of
ammonium, sulfate and nitrate increased. Using a novel approach to study secondary aerosol
formation under reafirive conditions with the chase method resulted mas#ynission factors

below detection limit, which was not in disagreement with the laboratory findings.

Regarding the emission of a EUROVI HD¥al drivingemissiongGrigoratos et al., 2019)

found thatsolid PN emission levels of tested vehicles appear to be not of concern due to the
effectiveness of the currently available DPF systems. Calculated emission factors are one order
of magnitude lower than the current laboratory type approval limit and appear to be at the lower
limit of the range given in the literature for older technolbtijVVs featuring a DPF system

In a real world(Preble et al., 2019)as studiedhe evolution of BC concentrations a tunnel

in San Francisco. Compartambaseline measurements made in 2010 at the same location, the
median truck model year observed in 2018 increased by 9 years, and DPF and SCR penetration
increased from 15 to 91% and 2 to 59%spectively. Over this period, fleeterage emission
rates of BC and NOx decreased by 79 and 57%, respectivelyavkreige N@emission rates
remained about the same, despite the intentional oxidation of emgfii¢O to NQ in DPF
systems, due tde effectiveness of SCR systems in reducing NOx emissions and mitigating
the DPFrelated increase in primary N@missions. Fleedaverage emissions of Nldnd NO
increased from nearero to levels that are comparable to INgmissions from threway
catalyst-equipped lighiduty cars, and to levels about equal to th® Emission limit for heawy

duty trucks. The NOyxemission reductioins about 150 times the increase in f\lMhich is a
precursor to atmospheric formation of ammonium sulfate and ammoniune nitrat
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4,27 Brake andyre emissions

While the exhaust emissions decrease continuously due to improved exhaust aftertreatment and
filter technologies, the neexhaust share is increasing because of rising vehicle mileage.
According to therecentresults of the European Environment Agency (BEEA significant

fraction of 33.9% and 26.7% of the road transpelated PM is assigned to automobile tire and
brake wear for PM10 and PM2.5, respectively. Further studies consider brake wear separately
and report contributions of 21% to the traffic teAPM10 in urban are@Sarwick zum Hagen

et al., 2019)

(Ntziachristos and Boulter, 201@hapter of the EEA guidebook covers the emissions of
particulate matter (PM) including black carbond)Bwvhich are due to road vehicle tyre and
brake wear (NFR code 1.A.3.b.vi), and road surface wear (NFR code 1.A.3.b.vii). PM
emissions from vehicle exhaust are not included. The focus on primary padtidlesther
words, those particles emitted direcg a result of the wear of surfacgsand not those
resulting from the resuspension of previously deposited material.

Table 16; Emission factors ranges for vehicles from twowhelled to light heavy duty vehicles
according to the Tieg 2 methodology(Ntziachristos and Boulter, 2019)

Tires Brakes Road wear

TSPEF (mg krif) 4.67 16.9 3.7i 11.7 6-15
Fraction (%)

TSP 100 100 100

PM10 60 98 50

PM2.5 42 39 27

PM1 6 10 -

PMO0.1 4.8 8 -

The black carbon fraction isn average equal to 15.366 TSP for tire and brake wear.
(European Commission. Joint Research Centre. Institute for Energy and Transport., 2014;
Grigoratos and Martini, 201%pyoposed a review ofrake weaemission &ctorsPM10 usually
displays a unimodal massside st ri buti on wi t h mait onmagerageet we et
aPM10EF of 67 mg kni vehicle!. Particlenumber distributions of brake wear PM10 appear

to bebimodal with both peaks lying within the fineoate. Mostresearchers report one peak of

the distribution beingamong ultrafine particles (< 100 nm), while others findtisomewhat

bigger sizes (approximately 300 n&)'he most important chemical constituents of brake wear

are Fe, Cu, Ba and P@rganic carbon is also presentsignificantly higher concentrations
compared to elementahrbon. On the other hand, there is very limited information regarding
specific organic constituents of brake wean10.In addition(zum Hagen et al., 2018und

a particle number PEmission factor of approximately 4.9 x14@m'* braké! is estimated for
realistic vehicle brake temperatures. The brake drag was estimated to contribute about 34% to
the total airborne particle mass emission.

(Lyu and Olofsson, 202&¢tudied the content of BC in brake wear particles. This study used a
pin-on-disc tribometer to simulate automotive disc brake system and investigate its black
carbon enssion. The results verified the existence of black carbon emission from disc brake
system. Brake pad surface treatment and graphite content also have strong influence on black
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carbon emission of disc brake contact. A scorched brake material featureblivketarbon

and particulate matter emissions than-soarched brake materials. Meanwhile, high graphite
content in the brake material tends to expedite black carbon emission. Black carbon emission
shows a proportional correlatigRigure51) with PM1 levels from disc brake systglabout
20-30% of PM1) The fraction of black carbon in PM1 depends on the surface condition and
graphite content of the brakeaterials.
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Figure 51: BC against simultaneous PM1 fronb and 13% graphite brake material with correlated
linear regressionfrom (Lyu and Olofsson, 2020)

(Farwick zum Hagen et al., 2018udied orroad vehicle measurements of brake wear particle
emissionsFor the conventional brake pad material, TI B EF was in the range of 1.2.1 mg

km' lbraké ! while the use of aovel material composition showed about 18% lower PM10
emissions. Regardingarticle numbershe EF reached total numbers of 2%10.3x133km' *

braké ! which was dominated by WFemissions during high brake temperature sections and
included volatileparticles. The novel material produced about 60% less particles. However, the
PN emissions were obtained during unrealistic high temperature sections and were not
representative for realistic driving. For temperatures observed at the reference brakeés fhe P
would not exceed 1x1®km' *brakeé * The critical brake temperature at which UF emission
occurred, was found at 168 °C and 178 °C for the conventional and novel material, respectively.
The temperature of the reference brake did not exceed 153 @) dnei same test, thus UF
brake emissions are not expected during normal driving

(Mathissen et al., 201%fudiedthe potential generation of ultrafine particles from the tire road
interface was investigated during real driving. An instrumented Sport Utility Vehicle eguipp
with summer tires was used to measure particle concentrations with high temporal resolution
inside the wheel housing while driving on a regular asphalt road. Different driving conditions,
i.e,, straight driving, acceleration, braking, and cornering vegnglied. For normal driving
conditions no enhanced particle number concentration in the size i@ iim was found.
Unusual manoeuvresassociated with significant tire slip resulted in measurable particle
concentrations. The maximum of the size disiitn was between 30 and 60 nm. An
exponential increase of the particle concentration with velocity was measured directly at the
disc brakes for full stop brakings.

A dilution tunnel was designed {iMamakos et al., 2019pr the characterization of brake
wear particle emissions up to 10 um on a brake dyno.p@htculate matter emission levels
from a single front brake were found to be 4.5 kng' (1.5 mg kn! being smaller than 2.5
pm) over a novel realorld brake cycle, for a commercial Economic Commission for Europe
(ECE) pad. Particle Number (PN) emissiassdefined in exhaust regulations were in the order
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of 1.5 to 6 x 1Bparticles per km per brake ki brake'). Concentration levels could exceed

the linearity range of fulflow Condensation Particle Counters (CPCs) over specific braking
events, but emained at background levels for 60% of the cycle. Similar concentrations
measured with condensation and optical counters suggesting that the majority of emitted
particles were larger the 300 nm. Application of higher braking pressures resulted in elevated
PN emissions and the systematic formation of reined particles that were thermally stable

at 350 UC. Volatile particles were observed
to elevated temperatures. The onset depended on the type of &madkéir prehistory, but

always at relatively high disc temperatures (280 to°490

The Air Quality Expert Group elaborated itigation strategies for ambient particle
concentrations derived fromonexhaustemissions NEE) include the following(AQEG,
2019)

- The most effective strategies to reduce NEE relate to traffic management: reduce the
overall volume of traffic; lower the speed where traffic is fileeving (such as trunk
roadsand motorways); and promote driving behaviour that reduces braking and high
speed cornering.

- Implement regenerative braking, where that does not lead to net disbenefit on road and
tyre wear NEE because of increased vehicle mass.

- Establish particle mass (and/or number) and parsistociated metal emissions limits
for brake pad and tyre technologies (including chemical formulation).

- Trap brake wear particles in the braking system before release into ambient air, although
this tedinology is currently unproven.

- Reduce the material that is tracked onto public road surfaces as a result of vehicle
movements in and out of construction sites, wasi®agement sites, quarries, farms,
and similar.

- Wash and sweep streets and/or treaestsarfaces for dust suppression; it is noted,
however, that impacts on airborne PM from trials of these approaches have so far proven
inconsistent and any benefits have been dhad in nature.

To tackle brake emission#je companyTallano has deveped a brake particles collection
system named TAMIGHascoét and Adamczak, 2020)AMIC was designed to trap at least

80% of brake particles directBt the paetlisc interface without altering braking efficiency. It

is composed of a brake calliper especially designed for the integration of grooved pads and of
an aspiration system where brake particles are trapped. The aspiration system relies on pipes
connected to a turbine equipped with a high efficiency filter. The whole system is driven by an
embedded electric brushless motor. Several types of characterizations, like PIV (Particles
Image Velocimetry) and simulations have been performed. Mass andenuwmoltection
efficiencies have been assessed on brake rigs. A mass efficiency above 85% and a number
efficiency up to 90% have been achieved. Performances on vehicle and impact on its behaviour
have also been verified on test track and in real drivingitions with same level of collection
performances.

4.2.8 Post Euro 6 regulations

The European Commission has started the regulatory work aimed at the next stage of emission
standardg¢Rodriguez et al., 2019PostEuro 6 standards are expected to continue to improve
the emissions performance of new road vehicles, addressing their contribution to the persistent
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air quality issues across Europe. The objective of this paper is to highlight issues and limitations
of the current standards, compare them to current and future regulations in other parts of the
world, and offer policy recommendations. ICGWade the following recommendations,
summarized inrable 17, on the different topics that should be considered for the-digtyt
postEuro 6 standards.

These recommendationsa PN and semvolatile are supported byternational researches like

the recent works of (Xing et al., 2020pn gasoline vehicle&GDI (Gasoline Direct Injection)

Beijing. Their results indicated that GBdngine vehicles emitted a large amowftboth
primary and secondary organic aerosol. PM number emissions of organic particles from GDI
engine vehicle were 2.9 x 4particles per kg fuel during thgeijing Driving Cycle Secondary
organic particles were predominant in the secondary aerosels,rging for 80%85 % of
particles in the chambefheir results also showed that POA emitted by &Dgine vehicles

could acquire OA andulphatecoatings rapidly, within a few hours, and increase a sizable
fraction of total ambient aerosols existingiaternal mixtures. In addition, the fast ageing
further caused the increase in aged POA in the total OA; this consequently largely modified the
properties of the particles such as their optical properties. The results of the experiments in the
chamber shoed that mosbf the aged POA had a coshell structure, whereas most of the
SOA produced by gaghase reactions had a uniform structlineterms of particle size, the
particles exhibited a bimodal distribution in number vs size, with one modei&®DAm and

the other at 14@®40 nm. The numbers of organic particles emitted undesthdt and hot
stabilized states were higher than thesgtted under other conditions. The number of soot
particles was higher under cedthrt and acceleration states. In addition to quantifying the types
of particles emitted by the engirteey studied the ageing of the particles during 3hbrsof
photoctemical oxidation in an environmental chamber under the Beijing urban environment.
Ageing transformed soot particles into daieell structures, coated by secondary organic
species, while the content sfilphurin Carich and organic particles increased.etall, the
majority of particles from GDéngine vehicles were organic and soot particles with submicron
or nanometric size. The particles were highly reactive; they reacted in the atmosphere and
changed their morphology and composition within hours vialysed acidification that
involved gaseous pollutants at high pollution levels in Beijing.

In (SuarezBertoa et al., 2019)the measured PN from attcentdieselEuro 6vehiclesof the
studyalso point to a very good performance of DPFs and DOCs duringvoell operation.
However, pollutant emissions that were not a matter of concern at the time tifeedtamdards

were developed, such as CO emissions from gasoline vehicles, or PN emissions ffBortPFI
Fuel Injection)gasoline vehicles, were shown to be very high in some instafoeisresults,
although based on a limited sample, indicate that gesalehicles canr under certain
conditions- exhibit substantial emissions of CO during RDE tests, and these can be up to eight
times higher for Dynamic tests. Moreover, not only GDI vehicles exhibited high PN emissions:
PN emissions, sometimes > 6*18km™, were also recorded for PAIhe only GPFequipped
vehicle exhibited the lowest PN emissions of the gasoline vehicles by far (more than one order
of magnitude below the PN limit).
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Table 17: Summary of recommendations for postEuro 6 standards by(Rodriguez et al., 2019)
Bold characters highlith relevant statement for particulate matter emissions.
-Introduce fuel and technologyneutral emission limits

Limits -Tighten the emission limits to harmonize with other markets
-Introduce applicatiomeutral emission limits
-Lower the sizecut-off for particle counting from 23 nm to at least 10 nm
-Develop a methodology to measure volatile and semwlatile particles
-Include emissions that occur during filter regeneration
-Make particulate number (PN) standards fué- and technologyneutral
-Investigate the feasibility of PN tailpipe measurements
-Set limits for ammonia emissions
-Set limits for CH and NO emissions and account for them in thex(
standards
-Set limits for aldehydeemissions
-Regulate all VOCs and not just HC
-Set emission limits for brake wear particles
-Consider limits for N@Qemissions

Ultrafine
particles

Unregulated
pollutants

These recommendatisarein line with some options planned by the European Commigsion

its roadmapio revise the Euro6/VI standarbg setting stringent threshold of ELV and address
new pollutants and sourc@sC, 2020)with a possible Euro 7/VII regulation entering in force

in 2025.

4.2.9 Key conclusions

Diesel particulate filters (DPFs) have beeidely used in the motor vehicle industry for
decades and found to be ceffiective, including in their reduction of preature deaths and

other health problems. In parallel, as PM and BC emissions have decreased with very efficient
aftertreatment systemghe PM emissions portion from tires and bsake continuously
increasing. From the recent literature review the following statements can be drawn.

- PM produced by combustion emitted at the exhaust pipe are mostly fine particles below
2.5 um and are maipnlcomposed of carbonaceous species.

- PM, BC, PN (particle number)and PAH emissions are effectively reduced using
tailpipe aftertreatment systems as Diesel Particulate Matter (DPF) or Gasoline
Particulate Matter (GPF). Decreases from 90 to 100% are commiosegrved for most
particulate pollutants.

- As an order of magnitude of PMemission factors, changes from Conventional to Euro
VI for Heavy Duty Vehicles (HDV) from 33391 to 0.51.3 mg km' can be observed.
The fraction of BC in PM ranges from 1026% in Euro VI HDV vehicles.

- Since emission factors of solid particles have decreased by at least 2 orders of
magnitude, the counter part is an increase op#reof the OM due to the dilution and
cooling effects producing mainly organic condensableispec

- However, the cooling and dilution effects in the exhaust plumes produce less and less
absolute emissions of condensables with the implementation of successive Euro
legislations. Aftertreatment systems reduce the intermediate iglatkganic
compouns (IVOC) emissions but there are still several gaps in the knowledge of these
compounds and their chemical transformation after emissions and in ambient
conditions.
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With the decrease of PM emissions, gasoline vehielen recent, can now produce
more paticles. The use of GPF for gasolineaikey technologyo reduce PN and PM
emissions However, astudy has reported larger genotoxic PAH emissions from
gasoline vehicles (maini§asoline Direct Injection vehiclesven equipped with DPF
compared to dieselquipped with DPF (2 orders of magnitude higher).

Recent research findings show that different afiestment technologies have an
important effect on the level and the chemical composition of the emitted particles, and
highlight the importance of theagpicle filter device conditios and their regular
checking to maintain the best performances.

For norequipped diesel vehicles, the use of biofuels can reduce BC emissions by 30%
and could be an option to achieve sooner the legal air quality thresholds.

Even if brake, tire and road wear emit mainly coarse patrticles, -aegiigeable fine
fraction of PM is emitted. The TSP emissigres kmare larger than current EuéavI
emissions and a similar fraction of BC is observed either in exhaust aaghausPM
emissions. Brakes also produce ultrafine particles, metals and PAHs, the temperature
greatly affect the PM emissions. BC emissions from brakes are very correlated to PM1
emissions.

There is no widely used aftereatment system to control brake, tiredaroad wear
emissions. The type of materials, and the behaviour of the driver is often cited as a key
to reduce emissions. Some companies have developed brake particles collection system
that would reduce by 80% to 90 % respectively the brake mass afnemissions.

PM resuspension from the road are also significant. This emission is responsible for a
large fraction of total road traffic emissions. It depends on meteorology (wind,
temperature, humidity, precipitation) and the site climatology (lanéhube vicinity).
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4.3 GasFlaring
4.3.1 Definition and use oGasFlaring

A relief, vent, or disposal system is an emergency system for discharging gas during abnormal
conditions, by manual or controlled means or by an automatic pressure relief valve from a
pressurized vessel or piping system, to the atmosphere to reliever@riesgxcess of the
maximum allowable working pressure or design pressurerdlted systemmay include the

relief device, the collection piping, flashback protection, and a gas outlet. A scrubbing vessel
should be provided for liquid separation if liguigdrocarbons are anticipated. The relief
system outlet may be either vented or flared. If designed properly, vent or flare emergency
relief systems from pressure vessels may be comligBtedvart, 2016)

The definition ofgas flaring is by Canadian Association of Petroleum Producers as the
controlled burning of natural gas that cannot be processed for sale or use becausécaf techn
or economic reasorfEmam, 2015)Gas flaring can also be defined by the combustion devices
designedto safely and efficiently destroy waste gases generated in a plant during normal
operation. Iis coming from different sources such as associatedhgaglants, wellests and

other places.

It is collected in piping headers and delivered to a flare system for safe disposal. A flare system
has multiple flares to treat the various sources for waste gases. Most flaring prasaaligs

take place at #top of stack by burning of gases with the visible flame. Heigtheoflame
depends upon the volume of released gas, while brightness and color deperwhypasition.

Gas flaring systems are installed on onshore and offshore platfoodsction fields, on
transport ships and in port facilities, at storage tank farms and along distribution pipelines. A
complete flare system consists of the flare stack or boom and pipes which collect the gases
be flared(Figure 52). The flare tip at the end of the stack or boom is designeabstst
entrainment of air into the flare to improve burn efficiency. Seals installed in thepseaaat
flashback of the me, and a vessel at the base of the stack removes and coasgrigsids

from the gas passing to the flare. Depending on the design, one or morenisires required

at a process location.

Industrial sites may use gas flaring asAmsociated Petrolen Gas APG) removal process

either continuously or intermittentlyContinuous flaring occurs primarily as a result of a
complete, or partial, lack of a utilization route for APG. It is often referred to as routine flaring,
although any precise and univaltg accepted definition of this term does not exist. Globally,

the majority of continuous flaring is caused by a lack of market outlets, shortage of local
demand or unsuitable geology for reinjection, and is accentuated by the physical, technical, and
ecaomic constraints of gas utilization. Flare reduction efforts primarily focus on this type of
continuous flaring. A second category of continuous flaring has operational causes related to
use of pilot flames, purge gas, and degassing of produced watglyeoldregeneration.

Intermittent flaring is undertaken for short periods of time for a variety of operational causes.
Intermittent flaring can be further subdivided into

0] Exploration flaring , which occurs when large volumes of gas are combusted for
short periods of time during a ga# potential test that is used to determine the
production capacity of a well. While the volumes of APG flared can be considered
significant, it is only temporary,

(i) Process flaring which typically occurs at lower ratearnihg routine gas processing
(e.g. when some waste gases are removed from the production stream), is generally
considered less significant, however, its frequency can vary during normal
operations and plant failures.
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(i)  Emergency flaring, which can occur as result of pressure surges, fi res, or other
disruptions in infrastructure (e.g. valve, compressor, or pipe failures), may result in
the burning of large volumes of gas at high rates over a short duration of time.
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Figure 52 Schematic flow diagram of an overall elevated flare stack system in an industrial plant

4.3.2 Emissiondlaring activities

As discussed bfCalel and Mahdavi, 2020flaring and vating waste 8% of global natural gas
production annually, contribute 6% of global greenhouse gas emissions, and disperse a range
of pollutants that harm human health and local environments. Capturing and using this gas
would be a pradevelopmentgcosteffective means of reducing greenhouse gasssions, yet

current efforts to curtail the problem ateuggling to make headway.

I n 2015 the World Banko6és Gl obal Gas Flaring
AZer o Rbating by (GGRRN2016)wmch promatesiregudations on flaring
and,to a lesser degree, the financing of new gas infrastru¢aéel and Mahdavi, 2020m

t heir AOpIi nipresertevidandbat bothaftthese approaches are seriously flawed

so far.The authorgointed out that wile the World Bank and its partners are working to
eliminate flaring, hey should be mindful of the risk that regulatory solutions might
unintentionally drive up venting. To the extent that they pursue gas infrastructure development
instead, they would do well to prioritize the adoption of new production taxes as the primary
means of financing to mitigate the risk of increasing downstream emissions. Ending the
practices of flaring and venting provides an opportunity for rapid-dost emissions
reductions, thus slowing the nearm accumulation of greenhouse gases and regltioanrisk

of crossing climatic tipping points. Development of remote sensing technologies, production
taxes, and investments in infrastructure are essential to this project, but only as a waypoint on
the road to a zeroarbon future.

Figure53andFigure54 show the @tribution of the volume of gas flaring throughout the world
and the evolutiofrom 2014 t02019.Clearly, close to the Artic region, Russia and USAld
have a large impact on B@pact over Artic.
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Figure 53 Upstream Gas Flaring 2019 million cubic meters for flaring - min m?3 yr* (GGFR,
2016)

Figure 54: Top 30 Flaring countriesby the World Bank (GGFR, 2016)

Satellite observations are commongedto assess or evaluamissions from FlaringFaruolo

et al., 2020gxamned the literature pertaining to the analysis aédaring (GF)with satellite

based observations from the 1970s through July ZDHéy classified the methodologies into
three main categories: those devoted to identifying gas flares, those aimedirat the
characterization (temperature, area, and radiant power), and those that assess the environmental
impacts of GF by estimating géared volumes as well as air pollutants and GHG emissions.
Satellite data have proven to be a useful toolaioalysinggasflares, thus improving the
knowledge of their spatiotemporal distribution and evolution, which is incomplete if limited to
only in situ measurements and publicly available data. RS methodologies utilizingtong
time series acquired by multiple optiealdSpecific Absorption RateSAR) sensors spanning
several decades have been developddlfib the requirement of comprehensive and accurate
information on Gfshore platforms, which effectively support the conventional surveys. The
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