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Parti cul at e bl ack car bon (BO af f ect's gl obal war ming by absor bi ngthe sol ar radi ati on, by af f ecti
cl oud fornat i on, and by decr easi ng gr ound al bedo when deposi t edt o snowor i ce. BChas al soa

w de vari ety of adverseeffects onhunanpopul ationheal th. InthisarticlewereviewedtheBC
emssi onfactors (B=s) of naj or ant hropogeni c sources, i.e. traffic(incl. nari neandaviation),
resi dential contustion, and energy producti on. & i ncl uded BCH=s neasured di rectly from

i ndi vi dual sources and B-s deri ved f romanti ent neasur enent s. Each sour ce cat egor y was di vi ded
intosub-categoriestofindanddenonstratesystenati cal trends, suchasthepotential infl uence
fuel , conbusti ontechnol ogi es, and exhaust/f | ue gas cl eani ng syst ens on BCH-=S. Qur revi ew

hi ghl i ght s thei nportance of soci ety | evel emssionregul ati oni nBCenissi onnitigation; acl ear
BCemi ssi onreduct i onwas abser vedi nani ent studi esfor roadtrafficaswel | asindirect emssic
neasur enent s of di esel - poweredi ndi vi dual vehi cl es. Hwever, t he BCem ssi ons of gasol i ne

vehi cl es wer e obser ved t o be hi gher for vehiclesw thdirect fuel injecti ontechni ques (gasol i ne
direct injection) thanfor vehicleswithport-fuel edinjection, indicatingpotentiallynegative
i ngasol i nevehi cl efl eet BCH=S. Inthecaseof shipping, arelativelyclear correl ati onwas seen
bet ween t he engi ne si ze and BCH-s sot hat thefuel specificBCH= of thelargest engi neswerethe
| onest. Regardi ngthe BCH=s fromresi dential contusti on, we observed | argevariationinBs,
indicatingthat fuel typeandqual ity aswell as conbustionappliances significantlyinfluence BC
B-s. Thel argest dat agaps werei n B of | ar ge- scal e ener gy product i onwhi ch can be seen cr uci al
for estinati nggl obal radiativeforcingpotential of ant hropogeni c BCenissions. | naddition, nu
noreresearchi s neededtoi nprove gl obal coverage of BCH=s. Furthernore, the use of exi sting
dataisconplicatedbydifferent B-cal cul ati onnet hods, different unitsusedinreportingand by
variationof resultsduetodi fferent experi nental setups and BCneasur enent net hods. 1 ngeneral ,
t he conduct ed revi ewof BCH=S i s seentosignificantlyinprovetheaccuracy of futureenmssion
inventoriesandtheeval uationsof theclinate, air quality, andheal thinpacts of ant hropogeni ¢ E
en ssi ons.

1. Introduction absor ption of solar radiationand i nfl uenci ng cl oud
fornation, BC can deposit on snow and ice sur-

B ack carbon (BQ fornedinin-conpl ete conbus- faces | eadi ngtoreduction of ground s al bedo, espe-
tionisthenost inportant |ight absorbing parti@iral lyinArcticareas (e g Actic @uag |Bond

| at e conponent i nt he at nospher ei nrespect of gl obadt al2013, | PAC2014). Especial | yinurbanareas, BC

varming (Bond et al2013, | PAC2014). Inadditi ontoaffects public heal t h(Janstai2011, 2012, S ei ner
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et al2016, Chowdhury et al2022), duetothe snal | 2014, Tinonen et al2017, da S|vat al2018, Yang
size of BCparticles and t he conpounds condensed et al2019, Aakko- Saksaet al2021), the fiel d studi es
ontheir surfaces (e. g. Hikkarai eeral2022). Pre- have incl uded neasurenents usi ng portabl e enis-
vai | i ng BCsour ces aretypi cal | y ant hr opogeni ¢ cosi on neasur enent systens (PEVD) (e. g. Zhenget al
busti on processes, such as transportation, i ndust®ip, 2021), nobil e neasurenents (e.g. Firjatl al
and resi denti al contustion (Bonet al2013, Helin 2016, Wen et al2018, Jar vi negt al2019, Chanbl i ss
et al2018, Ml | ariet al2019). Duetothe inport- et al 2020, Lepistdt al 2022) and next-to-source
ance of BCi nresearchregardi ng gl obal war mingandexperinents (e.g. Dal | naret al2013, Li wet al2021,
thepotential toaffect clinateby BCemssi onnitSgari koskiet al 2021). Results of nany field stud-
ation, it has beentakenintothe policyarenas (A cesado not represent a singl e BCsource, but e.g. the
Gunci | 2013). BCemssions areindirectlyregul atwabl etrafficfleet. It isevident that the B=S determ
onsone | evel ; for i nstance, i n Burope, the BCem $ned by di fferent nethods and in different research
sions of nodern diesel and gasol i ne vehi cl es haeavi ronnent s nay not be ful I y conpar abl eandt hei r
beenregul ated by tight linits set for the nunier wifi lization e.g. in enissioninventories and clinate
solid exhaust particles. These kinds of regul até&otsai r qual ity nodel s requires careful and critical
exist and will cone into use a soin other applieval uati on.
ations and geographical areas. To increase know Inadditiontodiversityof experinental nethods,
| edgerel atedtoBCconcentrati onsinurbanareas amdhe utili zati onof exi sti ngBCenissioninfornationis
t o address concerns about the heal th and environehal | enged by t he reporting practi ces of the BCHS;
nent al ef f ect sof BG WHOhas recomrmendedi ntheir the B are presented in variable units indifferent
recent |y updat ed gl obal air qualityguidelinestostadies, dependi ng nostly on enissi on source cat -
systenatical BC(or elenental carbon (EQ) neas-egories. For nobil e sources such as passenger cars,
urenents, createBCinventoriesandstart BCnmiti garucks, busesandaircrafts, theB=saretypical | yrepor-
tionacti onvhererel evant (WA2021). Inaddition, tedinngkm !, ngkg 'fuel or ngkWwi ! (CQanh
curently the International Mritine Oganizatienal 2010, Aakko- Saksaet al 2016, Durdinaet al
(IMD considerssettingdirect BCenissionlinitsfainl7, K nseyet al2019), andfor stati onary sourcesin
marinetraffic. These BCenissionnitigationactioggM Yor ngkg *fuel (e g. Fachi ngaral2017,
areexpect edt odecreaset he BCem ssi onfactors (Bs)l | driet al 2019). In addition, sone studi es have
and, as along-terminfluence, atnospheric concemeported the BCenissions relative to,@ NO
trations of BC(Ahnedet al2014, Kanayaet al2020, enissions (e.g. Kresl al2017, Mrtinetet al2019).
Luona et al2021). The conver si onof unitscansignificantlyincreasethe
A t hought he BCneasur enent t echnol ogi es have uncertai nty of results when the reported val ues are
significantly devel oped | atel y due to applicati osenfi nl arger context, e.g. inair qual ity nodel s.
novel and i nproved neasur enent and dat a anal ysi s BCH=s arew del y used i n emission i nventori es
net hods (e. g. Schvar 2t al2008, 2012, Garboneet al descri bingthetenporal variationandtrends rel at ed
2015, DOrinovecet al2015, Caubel et al2019), uni- to BC emissions fromvarious sources. Enission
formnetrics do not exi st to eval uat e BCem ssi ong,nvent ori es and scenari os can af f ect the soci ety | evel
concentrations, andeffects. BCneasurenent i nstramssionnitigationtargets (e.g. Savatahti016,
nent s are based oni ndi rect net hods, i nat nospheri ¢brnsen et al2020). BCHs are needed al soincli-
sciences typical ly onthernal and optical deterninate nodel s used ininvestigations to describe the
ation of BCconcentration and i n enissi on studi esadi ative forcing of atnospheric particul ate natter
onopti cal and phot o-acousti ¢ net hods and si ze di S-e. g. Wttbonet al2014, H enol aet al2016, Qunhin
tributionneasurenents (B rchand Gario96, Har- et al2017). Furthernore, BCi sincreasi ngl ythepart of
ris and MricoR001, Retzol d and Schonl i nnet004, air qual ity nodel i ngwhi chis neededtoeval uatethe
Schindl eret al 2004). These i ssues, together witlrocal andregi onal differencesinair qualityandheal th
the chal lenges in BCinstrunent calibration netteffectsof air pollution(e.g. laigal?021). Thus,
ods (Baungar dner et al2012), significantlyconplidt i s utnost i nportant that the B usedinenssion
at e BCem ssi on neasurenent s, af fect the reliabiliityent ori es, nodel s, and ot her eval uat i ons, areaccur-
of exi sti hgBCenissi oni nf ornat i on, anddecreaset bee andt he experi nental dataarerepresentati ve.
conpar abi I ity of BCemssi ondataproducedby dif- The aimof this reviewarticleis to collect the
ferent investigations. Furthernore, these chal | emyest information from peer-reviewed scientific
alsoaffect thepolicy andair quality actions rdligtecht ure on the BC B of nagj or ant hropogeni c
toBCand estinating effects of BConglobal clinatBCsources, i.e. traffic, residential conbustion, and
and hunan heal t h. ener gy producti on. The revi ewwas | i mitedto neas-
BC enissi ons have been studi ed experinent- urenents of BCor ECthat have been publishedin
ally bothinlaboratory and field conditions. Wipker-reviewed scientificliterature. W incl uded Bs
the laboratory studies have typically produceghsured directly fromindividual sources and B
detai | ed source-specific emssion infornati on dedi ved fromanii ent neasurenents. Each source
Es (e.g. Gechaskiel al 2010, Karaval akist a category was dividedinto sub-categoriestofindand
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denonstrat e systenati cal trends, suchasinfl uencewst|y of gasoline vehicles. For heavy duty (HD
fuel, conbustion technol ogi es and exhaust/fl ue dasaf fi c we usedafuel consunptionof 0.51 krand

cl eani ng syst ens on BCEFS. Resul t ed conpr ehensi vea f uel density of 0.84 dlby assuningthat nost of
BCH- conpi | ati on can be used when newenissi on theHDconsi stsof di esel vehi cles. Al theBCH-val ues
regul ati onsarepl anned, neweni ssi oni nvent ori es &remanti ent st udi esarepresentedi ntabl e SLi nsup-
nade andwhenesti nati ngradi ativeforcingeffectsgsenental naterial intheunitsgiveninorigina pub-
vell as healthandair quality inpacts of anthropa-cati ons. Regardi ngthe BCH- st udi es of i ndi vi dual

geni ¢ BCenissi ons. passenger cars, L-cl ass vehi cl es and HDvehi cl es, nost
of theorigi nal BCHswerei nngkm?® but, however,

2. Met hods theunits of ngmle!andngkg ! fuel werealso
used. The BCH= fromresi denti al confusti onwere

2.1. Aticles typical lygiveninunitsngMor ngkgyu *. Due

Because the BC enmissions are emtted to atno-tothedifficultiesinestinati onof heat val uesof hi ghly

sphere fromvarious sources and they are utilizedriable fuels, the figures and tabl es of this review

e.g. inenission inventories separately for sepeeaent theresidentia conbusti onBFsvaluesinori -

eni ssi ons sour ce cat egori es, we conduct ed t he |i tgirral uni ts. For nari neengi ne BCE-st udi es, sel ected

aturesearchseparatel yfor fol | owi ngcategori es: amdicl es werelinitedto ones contai ninginfornation

vi dual vehi cl es, narine engines, aircrafts, resideedes to present BCES inng M,y 1. For avi-

conbust i on, and power and heat generationdonein ation, the BCEs are presentedinng kg 1, both

larger units. Inaddition, weincludedintherevimiheoriginal articlesandinthisreview

thestudi esutilizi ngBCneasurenent s of anfi ent air

cl osetotheori gi nal BCsourceandwheret heEswer&. Resul t s and di scussi on

det er mned f romt he obt ai ned dat a. Wi | et he enii s-

si on neasur enent s di rect |y f romsour ce provi de BF8C B for each source category as wel | as rel ated

for acertainsel ected singl e source, frequently sppperting paraneters (infornation on fuel, com

ated in controll ed conditions, the BC B deterrhustion technol ogy, exhaust cleaning technol ogy,

i ned based on anti ent BCneasur enent s ar e af f ect ed enissi on standards) are presented in the fol | ow ng

by several individual sources and background corehapters. Inaddition, the neasurenent and cal cul a-

centrations, bei ng thus nore prone for inter pretta-onnet hods of BCHS aredescri bedbel ow The ana-

tions. However, i n nany anbi ent st udi es t he experdysisis dividedsothat the BCES deternined from

i nent was conduct ed near t he source, typi cal | y cl cadi ent neasur enent s areanal yzedfirst andt hent he

totraffic, andthe B have been det er m ned by wel BCH=s det er mhned i n sour ce- speci fi c i nvesti gati ons,

defined and | i abl e net hods. Ingeneral, the separgaeparatel y for each source category, i.e. roadtraffic,

sear ches f or each cat egory were done by usi ngdi fferarine traffic, aviation, residential conbustion and

ent keywords, as describedintall & decidedto heat and power generati on.

limt the reviewto peer-reviewed scientific articles,

and t he sear ches wer e done f rompeer - revi eved | i t ei3. 1. BCH=s neasuredi nanfi ent ai r

at ure dat abase Scopus. Inaddition, wei ncl uded suelc Bs neasured i n anti ent ai r conpri se dom n-

scientificarticlestothenaterial that wewereanard bff B-s neasured at stationary sites at roadsi de,

or becane awar e of duri ngtherevi ew abovetheroadinabridgeor intunnel s. Additionally,
Theresultedarticl eswereincl udedi nthe f ur tBEE-s wer e neasur ed wi t h nobi | e equi pnent whi | e

analysesif (a) thearticleswerewitteninbnglistiiMngw thinthetraffic. This chapter i ncl udes only

they i ncl uded experi nent al | y det er nined B f or BEhe BCH=s t hat have beencal cul atedfor thetotal fl eet

or EG and(c) thearticlesincl udedsuffici ent desarijpnd heavy and | i ght duty vehicletraffic separately

tion of nethods usedinenissionfactor deternminaintheoriginal papers. @arse assunpti ons ar e nade;

tion. Wexcludedarticlesthat eval uated the BCEBEHE-S for diesel fleet are consi dered as HDand BC

indirectlye.g. fromparticul atenatter (PV) neasul®s for gasoline fl eet areincorporatedintothelight

nent sw t hout any di rect BCenissi oni nfornationasduty. B for individual vehicles are discussed | ater.

vel | as arti cl es whi ch used al gori t hns- based conven-additionto road traffic, sone BCH=S for trains

si ons fromsnoke nuniber or ot her par anet ers such andai r pl anes have beenext r act edf r omani ent dat a.

as particl e nuner and geonetric neandi aneter.  The neasurenent types, | ocations and instrunents
The i ncl uded st udi es contai ned vari ety of diffaregivenintabl e SLinsuppl enental naterial .

ent em ssi onfactor units. Regardi ng anti ent st udi es,

the BCEs werefoundtypical lyinunitsngkg 1 3.1 1. Masurenent techni ques andcal cul ation

or ngkm 1. Regardingthefiguresof thisreview methods for BCES

convertedal | theseval uestouseunits of pgkg BCconcentrations for the determnation of the BC

by usi ngfor fl eet andl i ght-dutyafuel consunpti ot in anbient air were neasured wth various

0.11 kmtandafuel densityof 0.74¢lby naking instrunents and techniques. Wdely used instru-

aroughassunptionthat fleet and|ight duty consirsint was an aet hal onet er (AE, Dri noveet al2015),
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Tabl e 1. Wsed searchterns, nunber of foundarticl es and correspondi ngdatatabl esfor different BCsources. Additionally, citing
infornati onwas usedtosearchrel evant publ i cations. Scopus sear clvtroslcdpus. com) was used.

Nunber of
Gat egory Searchterns chosenarticles Datatable
Antoi ent BEm ssi onf act or ANDbl ack car bon, BEm ssi onfactor AND 60 Tabl e SL
EC enmissi onfactor ANDon-road
Passenger cars Passenger car (RI i ght -dut y vehi cl e (Rdi esel (Rgasol i ne 17 Tabl e 2
ANDbI ack car bon ANDel enent al car bon ANDexhaust
particles
Heavy- dut y vehi cl es Heavy ANDdut y ANDbl ack car bon QRpens (R 8 Tabl e S3
dynanonet er GRon- road ANDenm ssi on f act or CRbl ack
car bon. Anot her sear chwas nade by subst i t uti ng heavy wi th
nedi um
L-cl ass vehi cl es Mped ARt or bi ke AQRnot or cycl e QRaut o-ri ckshaw 2 Tabl e A
ANDbl ack ANDcar bon ANDaer osal
Mrr i ne engi nes Shi p ANDbI ack car bon, shi p ANDBG shi p ANDel enent al 13 Tabl e b
car bon, nari ne engi ne ANDbl ack car bon, nari ne engi ne
ANDBCG nari ne engi ne A\Del enent al car bon.
Aviation B ack car bon ANDavi at i on 19 Tabl e 6
Resi denti al confbustion  Residential conbusti on ANDbI ack car bon ANDeni ssi on 27 Tabl es S7
fact or and wood ANDconfoust i on and B
Pover and heat B ack car bon QRel enent al car bon ANDeni ssi on f act or 2 Tabl e D

generati on ANDpover pl ant ANDneasur enent

hovever, thevari ous nodel s of AES (AEL, AR2, AED, utilizes concurrently neasured gas (typicaldy GO
AEL0, AEL6, AE22, AE31, AE33, AE42, ABSL) were concentrations by assunming that BCand the tracer
depl oyed for the neasurenents. Another optical conponent dil utewiththesanerateandthedi| ution
filter-based i nstrunment was mul ti-angl e absorptienfaster than other at nospheric processes af fecting
phot onet er (MR Ret zol d and Schonl | nner 2004)  t heneasur edconcentrati ons. | nthesi npl est net hod,
that was used for exanpl e i n Mxi co Gty neasure- t he background concentration of BCis subtracted
nent s (Thor nhi | let al2010). 1n AE the wavel engt h fromt he anti ent BC concentration and t he resul -
usedfor BCi stypical | y830nmnhereasi nthe MMAP ted val ue i s di vi ded by t he anbi ent g@oncent r a-
itis660nm Kreckt al(2017) utilized al socustomtion subtracted by the background GO This ratio
bui It particl e soot absorpti on phot onet er at 525 nis t hen nul ti pl i ed by t he car bon nass fracti onof the
Aphot cacoust i ¢ soot spect ronet er (PASS-3) was al sbuel (kgkgliwe) . | nsonei nvesti gati ons, al sot hecon-
depl oyedi nToront o (Veing et al2015) for theparti cl eentrati on of GOhas been consi dered by usi ng t he
absorptionat 781 nm Phot cacousti ¢ exti ncti onet sumof GO , and QOi nst ead of sol el y G
that utilized photoacoustic absorption at 870 nm Inadditionto GQ, al soNQ has been used as
was utilizedin Glifornia, U (Haugen and B shop tracer for vehi cl e enissi ons when cal cul ati ng BC
2018). Liggiet al(2012) used high-sensitivity | asdéfs (e.g. Kreckt al 2017, de Mranda et al 2019,
i nduced i ncandescence (LI1) instrunent and singlMrtinet et al2019). NOy has been shown to be a
particl e soot photoneter (S2) to determne BCH-good tracer at street | evel (Infofal 2005) as it
inToronto, Ganada. Bothinstrunents are based onhas strong correl ationw thother traffic-rel at ed spe-
LIl of BC cieslikeBCandits emissions arefairly well-known
I n sone studi es, BCH=s were based on particu-for varioustraffic situati ons and avai | abl e on sever al
late natter collectedtothe filter sanpl es. Typitahl i c enissi on dat a bases. W not e t haty IR@y
BConthequartzfilter was deter minedw t hthe sunnot be a good and unanii guous t racer nethodinal |
set organi c carbon (QQ/ECinstrunent (B rch andthestudiese.g. duetothelarger utilizationof select-
Gary 1996) or DR reflectance nethod (Chowet al ivecatal yticreduction (SR or exhaust gas recircu-
1993) andthereforeit was cal l edinthese cases Eati on (E3R) technol ogi esthat niti gat ROt not
Sane technique is utilized in the seni-continuoBC BCH-s have al so been cal cul at ed by consi deri ng
QU ECinstrunent that was used in A ttsburgh, Usthe neasured i ncrenent concentrati onof BCdueto
wth hourly tine-resol ution of BEC (& al2020). thetrafficemssions, total trafficrateandthedil utiot
Additional |y, Sanchez-Ccoyléto al (2009) utilizedrate (Kreckt al2018). Trafficincrenent is determ
snoke stain refl ectoneter for the filter sanpl esrianl by utilizing the neasurenent for exanpl e at
obtai NnBCHs i nSao Paul o, Brazi | . thel ocationnot influenced by thelocal street traffic.
The nost common nethod to calculate the DOlutionratecanbenodel edbytheinversenodel i ng
BC B at the roadside is a tracer nethod that(Mdue ro et al2019).
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F gure 1.BCHs obtai nedfor total fleet (&), |ight-duty vehicles (b) and heavy-duty vehi cl es (c) by anbi ent ai r neasurenents. BC
Bsarepresentedi ntheorder of theneasurenent year showninright vertical axisof thesubfigures. The conti nent where each
neasur enent has been conduct edi s i ndi cat ed by col or. \&l ues that are convert ed fromngkane nar ked wi t hast eri sk.

BCH=s based ont unnel neasurenents havebeen 3. 1. 2. Anbi ent emissi onfactor st udi es
calculated differently, fromthe differenceinthg 8@ el and tabl e Sl presents BC B det er nined
concentrationintheentranceandexit of thetunnélor total fleet, HDvehicles and |ight-duty vehicl es
Additional ly, inthese investigations the ventilstinmasuring the BC and trace gases fromanbi -
of thetunnel, thedi stancefromthetunnel entrarem air. For the fleet, BC B= varied significantly,
to the neasurenent point and the total nuniber from20 to 4500 ny kg 1, the average, nedian
of vehicles passing the tunnel needs to be knowand st andar d devi at i on of BCH-bei ng 400, 240 and
(Handl er et al2008, (hiricet al2011). 720 ny kg ruel %, respectively. The snal | est singl e BC

The det erninat i on of BCH=S separatel y for HD B val ues were neasured i n Nort h Aneri caandt he
and light duty traffic was conducted by differéargest inAsia. That isthetrendal soingenera, the
net hods. In nany studies the traffic conpositidrargest BCH= were observed in Asia, Gentral and
was characterized visually or by |icense plate SouthernAneri caand Eur ope wher eas neasur ed BC
vey (e.g. Mguekt al1998, Kirchstettet al1999) H-s were snaller in Northern Anerica. However,
and separate Bs weredeternminedw thlinear regresherewas aw devariati onal sow thintheconti nents.
sion (Wingartneret al 1997). Masurenents were Masurenents werecarriedout inatotal of 14 dif-
also carried out intunnels or highways that weferent countries. The neasurenents cover the tine
allonedtoonly one vehiclecategory (e.g. Atlan periodfroml996to 2017 but noclear trendintine
2001, Hidda et al2013). Additional |y, Thornhet bl for thefl eet BCHS was f ound. Four out of fivel ar gest
(2010) and Krecl et al(2017) have utilized positive ngl e poi nts were, however, neasured bef ore 2007,
natrix factorizationto separate the emssions febimght |y i ndi cating the decrease in BCH=s of traffic
the heavy and |ight duty vehicles, and Larebral fleets. W did not findinvestigations conducted in
(2017) have expl oi ted absol ut e pri nci pal conponentfrica, Australia, and Qeani a.
scorestoexpl oretheheavy andlight duty features of For HDvehicle traffic, the variationin BCHES
traffi censsions. (36-3000 ny kg 1) was slightly snaller than



10P Publishing

BEwiron. Res. Let18(2023) 033004 TRonkkd et al

for thetotal fleet, the average, nedi an and st draket of di esel - el ectri ¢ passenger | oconot i ves (291 oco-
ard devi ati on of BC B val ues bei ng 620, 410 andnoti ves), deternined by si mul t aneous BCand Gp
560 ny kg rue 1, respectively. Dfferent fromthet aarcent rati on neasurenents for t he exhaust pl unes
fleet, for HDa decreasi ng ti ne trend was obser veaf passi ng | oconoti ves. They reportedthe BCESto
excl udi ng the t hree BCH- val ues neasured i n Asi abe depended on engi ne | oad and speed; BCH-s were
and Gentral and South Anerica after 2013. Thetypical |y hi gher for accel erating | oconoti ves travel -
decr easi ng t rend was obser ved especi al | y for BCHAmg at hi gher speeds. Gal dtsal (2013) used t hree
neasuredi nNorth Aneri cabut al soi nEurope. net hods for BCH-cal cul ati on (upw nd—dowwi nd

For light duty vehicles, the neasured BC Bslifference in @) wavel et anal ysi s and regressi on
vere in range 15-2400 ngy Kgrye * Wth average, nethod) for diesel trainBCenissionsat thevicinity
nedi an and st andard devi ati on bei ng 170, 54 andof rai | yard. Dependi ngon net hod, Gal vétsal(2013)
400ngkg fue L, respectively. Snilartothetotal fdaeted BCES of 0. 16-0. 73gkge *for diesel trains.
neasured BCHS were ingeneral snaller in North Shirnmohammadi et al(2017) obser ved BCH=s of 0. 12
AnericathaninBurope, AsiaandGntral and Southand 0. 11 g kgue * for airpl anes duringtakeof fs and
Anerica. For light duty vehicles, clear variati dramdi ngs near the Los Angel es I nternational A rport
tine was not observed but the | argest val ues wer@AX 150 mdowmi nd of sout h r urvays) .
obt ai nedi nCGent ral and Sout h Aneri caand Asi aafter
2014. 3.2. BCH=s of roadvehi cl es

The i npact of season on BCH= has beeni nvest - 3. 2. 1. Masurenent t echni ques and cal cul ati on
igatedinseveral studies. 8ihal(2018) neasured nethods for BCHS
slightlysnal l er BCEsinw nter (33ngkg e 1) TheBCHRsof roadtrafficcategory weredividedinto
than in sunmer (45 3 ng kgfue 1) in North thefol | ow ng sections: gasol i ne and di esel passenger
Gxrolina Kozanaet al(2014) reported snal | er BC cars, HDvehi cl es, and L- cat egory vehi cl es.
Bs in Septenber (15 11 ny kgfue 1) thanin The passenger car (i.e. light-duty vehicle) BCHS
My (21 15 ny kgt 1) at afreeway in Gili-were covered in 17 articles whi ch i ncl uded st udi es
forniain 2010, however, the difference between thar bot hgasaol i ne and di esel vehi cl est ested onchassi s
years was even larger as in 2011 BC B- was | ar-dynanonet er. Thest udi esreportedt heeff ect s of sev-
ger inJune (67 31 nykgruy 1) thanin Septem eral different paraneters including e.g. nodel year,
ber (54 6nmykgie 1). Vg et al(2018) have fuel, exhaust aftertreatnent, test cycl e, ont he BCEFS.
st udi ed t he t enper at ur e dependency i n nore det ai IFor t he BCneasurenent, variety of different instru-
and found that BC B~ increased wth increas-nents were used; MMP (G echaski el et al 2010,
ing anbi ent tenperature that was opposite trendaraval aki &t al 2014), AE33 (Tinonen et al 2017,
to @ NO and particle nunber B-. In con- A eberet al2018, Arjolet al2019), AL (He et al
trast, Let al (2020) neasured slightly |arger E2018, Zhenget al2019), AE31 (Chiriceet al 2010,
EFs inwnter thanin spring both for HD (wnterDeng et al 2020), thernal -optical EQ GC anal yzer
197 41ngkgrue L springl59 34ngkgrwe 1) (My et al2014), soot particle aerosol nass spec-
andlight duty vehicles (wnter 28.5nykge 1, troneter (SRAVE) (Karjal ai nest al2016), mcro
spring 16 4.5 ng Kgsue 1) inatunnel in Attssoot sensor (MS (Rothet al 2019, Yang et al
bur gh. BC B have been neasured al so separ at el y2019), and phot oacoust i ¢ soot spect roneter (PASS
at weekdays and weekends and at different di urnaB) (Z nmernan et al2016). Inthe studies, BCHS
hour s but i nthose cases thedrivingforcefor the didre obt ai ned nai nl y fromconst ant vol une sanpl er
ferences has typical | y beendifferent contributi oS neasurenent swheretheful | exhaust fl ownas
heavy and | i ght duty vehicles (e.g. Kee@d 2018, taken into the O/S and the concentrations were
Veing et al2018). BCHs have al so been noti ced toneasuredi nthecontrol | edQ/Sfl ow I ngeneral , asso-
depend ont he oper at i ng nodes of t he vehi ¢l es whi chei atingthi stothe chassisroll data(vehiclespeedasa
are affected e.g. by the sl ope of the road;, Minciflurationof tine), e.g. tenporal emissi onfactor cal cu-
and Mndoza ( 2012) determned ECE-for thetraffid ationisstrai ghtforwardinthat ki ndof experinents.
i nuphill and downhi || bores of atunnel in Mxicdwst of thestudi esreportedBCH-=sfor asingl eor few
the ECEB-beinglarger for thetrafficinuphill beel cl es whereas Myet al(2014) conpri sed neas-
(8.9 2.1ngkm 1) thanfor thetrafficindownhi lurenents of 66 vehicl es.
bore(2.5 2. 1ngkm ') for total vehiclefleet. The HDvehi cl e BCEHs werecoveredinei ght art-

Inadditiontolight-duty and HDvehicles, traicl es. Thestartingtenperatures, |adings, fuel's, enis-
and ai rpl ane B have been extracted fromanfi - si onl evel sandenissi oncontrol devi ces, aswel | asthe
ent data. Based on BCenissi on neasurenent s per- test cycl esonchassi sdynanonet er andt hetest rout es
forned next torailroadfor 84trainsthe average Bor PEMBor chase neasurenent vari ed bet ween t he
BFof 0.66 g kgu *Were obtainedfor diesel trairstudies. \érietyof different BCi nstrunent swereused
by Jaf f et al(2014). Inthe study nade by Tanget a inthestudi es; MMP (G echaski et al2010), AE51,
(2015), theaver age BCEFof 0. 870. 66gkgu ‘was AE31, and AE33 (Gordon et al2014, Book et al2015,
reportedfor thefor aGaliforniacommuter rail |izeng et al2015, Jérvi nest al2019), refl ect onet er
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Figure2BCHs (ngkm 1, lefg-axis) for @ and PH gasol i ne passenger cars present edinthe order of nodel year (right
y-axi s). The col orsi ndi cat et he geographi cal area (NorthAnerica, Asia, BEirope) wherethe neasur enent s were nade. The
exhaust aftertreat nent devi ces of t he vehi cl es ar e shown onxipmees, and col dtest cycl es are narked w t h ast eri sks.

(Ganh et al2010) and sunset t her nal - opti cal BEJ QCseveral geographi cal areas, i.e. North Anerica, Asia,
anal yzer (Ganhet al 2010, Hays et al 2017). For and Eiurope, that al| have their own enissi on regu-
i nstance, Gantet al(2010) i nvesti gat ed 29 HDbuses | ati ons for vehi cl es. The studi es found fromthe lit-
and 25 HDtrucks on a chassi s dynanonet er using eratureincl uded substantial variation of techni ques;
exhaust dilution system(including OS5 follonmgg. fuel injection (port fuel injection (PA)/direct
BUs DOrective 70/ 220/ EECt est protocol . They neas-nj ection), fuel quality and ethanol content of fuel,
ured the BCconcentrations fromQ/Susi ng refl ec-exhaust aftertreatnent and driving cycle varied
toneter and EQ QC anal yzer and determined BC between the i ndi vi dual BCenissi on neasur enent s.
Hs by conbi ni ng neasured concentrations wth Gasol i nevehi cl esweretypical | yequi ppedw tht hree-
chassi s dynanonet er data. W conductedtheliteratway catal ytic converters which have inpact on
ure search al sofor non-road nobi | e nachi nery, typgaseous enissi ons of the vehicles, but their effect
i cal l'y equi pped w th di esel engi nes, but di d not foméCB-s can be assuned to be ninor. Ingeneral,
studi esreportingt he neasurenent resul ts of BCH-® | arge vari ation was observed i n BCBH=s of gasol -
The L- cat egor y vehi cl es BCH=s wer e f ound fromi ne vehi cl es, starting fromval ues cl ose to zero up
two articles covering Euro 1 and Euro 2 emissi oo the | evel of 80 ng km*. Al t hough t he enissi on
level s in Birope (Qai rotateal 2012, G echaski el regul ati ons have been significantly tightened dur-
et al2012). Hiro 1 and Buro 2 L-category vehi cl es ng past 30 years rel ated t o gaseous and particul ate
vere tested using hot and col d ECE 47 cycl es andohase pal | ut ant s f romon-road vehi cl es, it canbe seen
two phases (1 and 2) of the Virl dw de Harnoni zed fronfigur&that thistrendwasnot directlyreflected
Mot or cycl e Test Gyel e (VWIQ cycle. reBiro2L- tothe observations of the BCemissi ons of gasol i ne
vehi cl evast est edw t hst eady and accel er at i onpoi aeki cl es.
Inthesestudies, al | the BCneasurenents verenade Based on the revi eved studi es, fol | ow ng obser-

W th MP vations can be nade regardi ng BCH=s of gasoline
vehicl es: (a) gasolinedirect injection(Q) engi nes
3. 2. 2. Road vehi cl e emissi onfactor studi es have potentially higher BC B than PH gasoline

The gasol i ne vehi cl e BCHS (fi gut,et abl e ) were engi nes usi ng premxed fuel -air mxture (figyure
coveredintenarticl es. Thesestudi es ori gi nat ed {bprncrease i nthe et hanol content of fuel decreases
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the BC B (Karaval aki ®t al 2014, Tinonen et al however, thiskindof high-emttersarecurrent!y not
2017); (c) gasoline particulatefilters are ef f edtriegeémt | y net intraffic. Athough the ol der nodel
reduci ng the BCH= of gasol i ne vehicles (figurevehicles are a mnority of vehicle fleets, they can
see al so P ebart al2018); (d) si gnificantly hi gher BEcount for t hel argefracti onof t he BCeni ssi ons and,
B-s are neasured for col dcycl es, bothwith@ and ngeneral, their rol e shoul dbeincl udede. g. i nems-
PA cars. Interestingly, the BCH= of Asi an gasolsiranesti nat esandi nventories. Internsof mtigation,
vehicles, that seemto stabl e or even i ncreasi nganovi ngt hese ol der vehiclesfrontrafficisgeneral ly
respect of vehi cl es’ nodel year, seemt obehi gher tlsm@nas anef fecti veandefficient strategytoreduction
the BCE=s fromgasoal i necars usedi nNorthAneri ca. on-roadtraffi c BCenissi ons.

The BCenmissi ons of di esel passenger cars were The BCH=s for HDvehi cl es cl early confirns t he
coveredinfour articlesincludedinthisreview(tahicdal rol e of OPFin BCemssi onreduction; while
S hiricet al2010, G echaski et al2010, Firjol athe above-nenti oned rel atively high BC Bs were
et al2019, Deng et al2020), reportingthe BCEHS infor the HDvehi cl es without the CPF BCH=S were
theunitsof ngkge ‘andngkm 1. Thosestudies |ower than2ngkm *for all vehicleswththe PR
ori gi nat ed nai nl y f romEur ope, where di esel engi ndaportantly, inpart of the experinents the BCHS
possess asi gni fi cant share of t hevehi cl enarket. & nkD di esel vehicl es were even bel owthe det ec-
ilarly wth gasol i ne vehi cl es above, the BCH=s hasn lint of the neasurenent systens usedin the
large variation starting fromabo@ ny kg s * Studies. Inprinciple, theexhaust aftertreat nent based
levelsuptothelevel of 25ngkg ®, A so, exper- emssionreductionnethods for gaseous conpounds
inental conditionandparangters potential ly af f dafli-esel oxi dati oncat al yst (D30 ,«MDsor ber cat a-
ing the BCHS, suchlike nodel year, exhaust afteryst (N, SCR nay not very significantly affect
treat nent anddri vi ngcondi ti ons (seet abl e 2) vartlbd BC emissi ons of HD di esel vehicl es. Hwever,
significantly betweenthe studi es. For di esel vehechesireblet al(2018) have reported | oner BCHS
t he key technol ogi cal paranet er concer ni ng t he B€or t he HDvehi cl es w t h OPF and S(Rthan for the
emssionsistheexi stence of thediesel particul atB¥ehicl es equi ppedw t hDPFonl y. They di scussed
ter (OPF) inthe exhaust pi pe. The OPF systens arethat the observati on can be |i nked w t h engi ne age,
desi gned to efficiently reduce t he concent rat i onengf ne nanagenent strategies, or changes in OFF
nonvol atil e particlenunber for particles|arger spsnemdurability. It should be kept in nind that
23 nmin the exhaust; for instance, the study com-hese other enissi on control devi ces can have ot her
duct ed by Wher saariet al(2020) reported 99. 998% effects onparticul ate emssions, e.g. by affectingthe
reducti oneffici encyof particl enunier for aDPFsys-enitted conpounds, i.e. senivol atil e conmpounds
temusedi ndi esel passenger car. S ncethe nonvol disee e. g. Ronkkét al2013) and conpounds t hat can
ileparticle nunber |inmt nainly concerns BGri €lor msecondary aerosol particles inthe at nosphere
soot particles, the DPF systens are al so effi ci effie.ign Gordoret al2014) .

BCrenoval , even so efficient that the BCH=s after Inadditiontothe effects of OPF fi gurmdi c-

the typi cal DPF can be assuned t o be cl ose to zeroat est hat t he BCH=s of HDdi esel vehi cl es are af f ect ed
Hovever, report ed neasur enent s of BCH-S f or di esel by ot her t echnol ogi cal devel opnent al so. Thi s can be
cars equi ppedw tht he DFFwere not found. Anot her seen as a decreasi ng trend of BC B neasured for
trend in diesel vehicle devel opnent has been thé@di esel vehi cl esinAsia; cl ear decr easewas seenas a
i nprovenent s of di esel engi ne confust i onef fi ci endyncti onof nodel year, except oneexperinent wtha
whi ch has beenachi eved by i nprovenent i nconfbus- noder nvehi cl e. Becauset he ot her exhaust aftertreat -
tionparaneterslikefuel injectionpressureandi njew- devi cesthan DPFarenot significantly affecting
tiontining (Lahdet al2011), seene.g. infigdrethe BCenissions, thisdecliningtrendnay belinked
vhi ch conpar es t he BCH=S of ol der and newer cars. tothedevel opnent of engi nes and/ or fuel s.

Furt hernore, renewabl e fuel s produce | ess BCthan |Inadditiontothe BCES inngkm!shownin
fossil fuel swhichisnainlyduetothefact that refiégurel, the BCH=S of HDdi esel vehi cl es have been

abl efuel s, i ngeneral , have hi gher fuel origi natedepgrtedinngy kg, ! (e g dynanoneter study by

gen contents and contai n | ess aronati ¢ conpounds Gordon et al (2014), chase study by Jarvi neh al
(seee.g. Arjetaal2019). Bothcanleadtoreduced (2019)). Jarvi neet al(2019) have reported BCHs
BCformati onindiesel conbustionprocess andthusfor buses with different emssion | evel s; enhanced
tol ower BCH=. envi ronnental Iy friend y vehicl e (EBV) bus utilizing

The BCH= of HDvehiclesareshowninfigurd EXR tw EiroM buses (one usi ng ER DPF and
andintable S3. Ingeneral, thevariationof BCEBER the other usi ng DPFand SR and two BBV
was several orders of nagni t ude; the range of BCHbuses that were equipped wth retrofitted exhaust
val ues was< 0. 02-2600 ng km 1, and average val ue aftertreat nent systens (DFF SCR). The experi -
vas 130 ngkm 1, nedianwas 35mgkm 1, andthe nents were nade W t h war mengi ne and on ur ban
standar d devi ati on of the val ues was 270 ng kfh  driving conditions, neasuring the BCwth AE33
The hi ghest BCEFval ues, | arger than2000ngknt, instal | edtothe chasi ngnobil el aborat ory. Therepor-
vere seen wth very ol d vehicl e technol ogi es buted B- B were 100, 10, 0, 10 and 10 ng Kge 1,
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Fi gure 3.(onpari sonof BCEF s (ngkg *fuel) of di esel passenger carsw thout OPF The col ors i ndi cat e t he geogr aphi cal area
(Asi a, Burope) wheret he neasur enent s wer e nade, the axes onthel eft shows t he BCH-val ue andt hieaxes ont heri ght

shows t he nodel year of thecars. R easenotethat the noder ndi esel passenger cars aretypical |y equi ppedw t h CPFwhi ch
decreases t he BCH-val ues cl oseto zero (see e. g. Wheretaald020) .

F gure4.BCEs (ngkm 1) for individual heavy-duty (HD) trucks andbuseswi thdifferent nodel year. Thecol or i ndi catesthe
continent (North America, Asi a, Europe) wher e neasur enent s have been nade. The eniissi on control net hods ar e shown on

upper x-axes; DOCi sthedi esel oxi dationcatal yst, N°Ci,sdiSor ber catal yst, CPFisdiesel particulatefilter, SCRissel ective
catal yti creduction, noneneansthat therearenoaftertreat nent devi ces, and NaNneans t hat thearti cl e does not containthe

i nfornati on. The experinents, wherethe BCH-was not abl et obe det ernined duetothel owen ssi ons conparedtot he

neasur enent net hodol ogy sensi tivity, areindi cat ed by BOL (bel owdetectionlint).

respectively, showng the variation in the BC BE8. 3 ng kgrue * for the HDvehicles without the

and denonst rati ngt he ef fects of technol ogy | evel @K, and 881. 9 Ny kg tue * and 1041. 6 ny Kgsue *

real -world BC emssions. In the study of Gordorfor the nedi umduty vehicles, al |l neasured usi ng an
et al (2014), four HDtrucks with different comAE Thus, theresults of thesetwostudiesareinline
bi nati ons of exhaust aftertreatnent devi ces (DOB ththeval ues presentedinfiglrendi catingagai n
CPF and SCR DOC and OPF, none; none) and theinportant rol eof CPFinnmtigationof BCenis-
two nedi umduty vehi cl es (D3OG none) have been sionsfromtraffic.

studied at different driving conditions. The repordnour literature searches, we didnot findneas-
ted BCH=s by Gordon et al(2014) were zero for urenents of BCH= of non-road nobi | e nachi nery.

the HDvehicles with OPF 579.9 ng kgue * and Ingeneral, duetothe large use of diesel enginesin
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F gure5.BCH=s (ngkm 1) of BLROL and BLR® t wo-wheel ers usi ngdi fferent fuel s (gasol i ne-1 ubri cant mixture (2%,
mneral oi b gasol i ne and senisynt heti ¢ @i asol i ne) for different speeds, cycl e phasesandinitial engi netenperature points.

t hese nachi nes, thei r BCem ssi ons can be assunedopt i cal G0 ECanal ysi s (Sunset Laboratories or CR

tobelargely controll ed by the age of the nachi net hod). | nsone studi es, al so nethods and i nstru-

and use of DPFi nexhaust aftertreat nent system Fonents including filter snoke nunber, MAAR and

i nstance, i nthe study of Karj al aehes(2019), the AE33 AEhave beenapplied. Gorbi net al(2020) used

BCeni ssi ons of di esel engi ne have beenneasur edf orvari ous net hods to det ernine BC enissi ons, and

several exhaust aftertreat nent scenarios andfor fmomtheir study, theresults fromLl | neasurenents

fuel s, al sodenonst rat i ngt he BCeni ssi ons f rommonwer e sel ect edfor thi sreview BCneasurenent net h-

r oad nobi | e nachi nery. ods used i n revi ewed publications are giveninthe
The BCH=s of two-wheel ers (L-cat egory vehi cl esjabl e 5. BCH=s were original ly reportedinvari ous

have beenreportedinverylimtednunber of studi esinits, nostly per kg or per kVii. Gonversi on pro-

I nthe st udi es by G echaskietlal(2010) andC ai rotte cedure to per Mb,g i s specific for each paper and

et al(2012), the BCemssion factor range was 0. 4+eportedi nt he st udy by Aakko- Sakeh al(2021) .

1.7 ng km !, average BC EF was 0.9 ng km 1,

nedian BCH-was 0.9 ng km %, and the stand- 3,3.2. Mrinetrafficenissionfactor studies

arddeviationof BCEFswas 0.4ngkm™ (figuré, The internationa shiptrafficis currently notored

table $4). In general, the BC emssions of twaginly by diesel engines burningheavy fuel oil. The

wheel ers wererel atively | ow especi al |'y when repefii nes usedi nocean goi ngvessel s i ncl ude bot htwo-

ing inkiloneter-based units; the val ues are i n &hef our- st roke di esel engi nesthat canbe cat egori zed

sane range W ththe di esel carswththe DPE HWw as nedi umand sl ow speed engi nes. Typical |y, ves-

ever, the BCHS of two-wheel ers can be si gni fi cantdel's have nany engi nes t hat can be run accordi ngto

affectede.g. by driving conditions (hi gher enisst gadi ff er ent power needs at open seas and har bors.

for col dstartsandaccel eration) andt hef uel -1 ubriregeht | y, the use of cl eaner diesel fuel's (narine gas

mxture (figur&). Furthernore, it shoul d be keptoi |, marinediesel oil) andnatural gas havei ncreased,

innindthat the two-wheel ers’ BCES per passen-and dual -f uel engi nes have becone avai | abl e.

ger ki | onet er canbe hi ghwhen conparedtovehicles  The global shiptrafficis governed by the | MD

w thml ti pl e passengers. whi ch has set targets under pol | ution prevention
treaty (MMRPQL) to reduce gl obal greenhouse gas

3.3. Mrinetraffic em ssi ons fromshi ppi ng by 50%by 2050 conpar ed

3.3. 1. Masurenent techni ques and cal cul ati on t02008. Aso, enissionlinitsfor BChave been di s-

net hods f or BCH=S cussedbythel M) especial lyfor theActicarea Gir-

In narine enissi on studies, the anal ysis of BChasntly, enissi ons fromshi ppi ng have been niti gat ed
been nost |y based on filter sanpling and thernalby|initingthesul fur content of nari nefuel sto0. 5%
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F gure6.BCenissi onfactors of nari neengi nes of vari ous povwer consumngresi dual f uel setJala§18) was hi gh- speed
engi ne, ot her ei ther nedi um or | ow speedengines. Al resul ts depi ct engi neoperationat hi ghl oad pet 408«F oad
naxi numcont i nuous rati ng) representingtypi cal narine engi ne operation. Thesol i dline narks naxi numengi ne pover
vhereas t he ast eri sks i ndi cat e engi nel oad.

Sandby est abl i shi ngsul f ur and Nermi ssi oncontrol to crui sing operations at open sea, were incl uded.
areasincertai nnari neregionswherethesul fur | iEngi ne 1oad affects BC emissions from narine
is0.1% Inaddition, regional limtsexist e.g. nghees. Mdi umt o hi gh engi ne | oads>(40% typ-
BJand Ghina. Particl e nunber emissions of shipicallyproducethel onest BCenissions. |f engi nesare
engi nesareonl ylimtedforinl andwat erway vessel sper at edat | owl oads, BCen ssi ons nay i ncr ease si g-
the BU Theexi stingl egislationhas drivenshi poparfi cantly (Zhae al2020) .
ators toadopt newfuel s and af tertreat nent techno- Ingenera, BCH=S of nari ne engi nes depend on
| ogi es such as scrubbers, SR and DG but di eset he naxi numengi ne power, i.e. engine si ze (indic-
particlefilter (OPFs) arenot yet adoptedby the slatied by bl ack line in fig@e The | argest engi nes
pi ng sector. seemtoenit | ess BCt hansnal | er ones, whi chislikely
The studies included in this review (figirerelatedtonorel eni ent NJegul ation (di scussedin
reported enissions fromnari ne engi nes appl i ed i detai | by Aakko- Saksat al2021). In addition, the
shi ppi ng which are typically conpression igniteagi nes wth the hi ghest naxi numpower are typ-
nedi umor | ow speed engi nes operatingw theitheri cal |y two-stroke engi nes operating at |owrotation
four-strokeor two-strokecycl e. Thei ncl uded engi speed, wher east he nedi um si zed engi nes (of t enaux-
had naxi numcont i nuous rati ng of power between iliaryengines) aretypical |y nedi umspeed, andf our-
0. 2and68. 5 M\f epresent i ngvari at i onfromengi nesst r oke.
appl i edi nshi ppi ngboat st oengi nes appl i edi nocean- A so, fuel type was observed to af fect emssi ons
goi ng vessel s. significantly whi ch can be seen by conparing the
The st udi es reporti ng BCEH= f or mari ne engi nesbars col ored di fferently i n fi@ugtegh sul fur fuel
w th naxi numr at ed power s bet ween 187 kWand o lsind catedby red, | oner sul fur contents by bl ue,
72 M\are showninfigure 6andtabl e 6. BCenmis- and nearly sul fur free natural gas by green). It can
si ons fromnari ne engi nes vari ed bet ween 0. 07 ancbe seen fromt he figure that, ingeneral, hi ghsul fur
52ny M ¢y 1, Wthaverage, nedi an and standardfuel oilstendto produce hi gher BCEFS t han| owsul -
deviationof 3.8, 1.3 and 8.6 ny M, respectivel yfur fuel s (see al so Znebal2020, Aakko- Sakszet al
The hi ghest BCeni ssi onswerereportedby Ji asigal 2016, Hiang et al2018, MGaf f er yet al2021) . Espe-
(2018) for atwo-stroke nari ne engi ne nanuf act uredci al | y t he st udi est hat report BCeni ssi ons f romsane
in1980s. My orityof theval ues, consi deringonl yétg ne burni ng nul tipl e fuel s can be used to com
nedi umand | ow speed engi nes, were between 0.5 pare the enmission effects of fuel's, and they indi cate
and5ngM ¢ L. relativelyclearlythat shiftingtol ower sul fur fuel oil
Insel ected publications, engi nes consuned vanieduces BCen ssi ons ( Zhacet al2020, Aakko- Saksa
ousfuels: residual anddistillatefuel sandnaturel gs&016). H gh sul fur fuel s are nostly heavy fuel
wthignitionbyaidof pilot fuel . Thefuel swere @idscontai ni ngal soot her i npuri ti esandheavy hydro-
sified prinarily according to their type and resiadbons i n significant nunibers, whereas | owsul fur
ual fuels according to sul fur content. The studies s areoftenconparabl etodi esel fuel susedinroad
vere cat egori zed according to fuel type used by theaffic. Thus, thedifferencesinthe BCem ssi ons nay
engi ne and engi ne | oads above 40% correspondi ngnot be expl ai ned by sul fur content itsel f but overall
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properties of the fuels. Gonpared to fuel oils, v ationandnedianat 77, 106 and 33 ng kel 2,
ural gas of fers significant reductioninBCemssiraspectively (figuretabl e ). The enissions are
(figures). Natural gas engines are often dual fusirongly dependent ontheengi nethrust conditionas
engi nes, wheregasisignitedbyinjectingpil ot oiheidas studied fuel . Typically, the BCH= fol lowa
engine nay alsorunentirely on fuel oil such as Unshaped curve, havi ng hi gh emssions at idl e con-
Leht or ant @&t al(2019) and Gor bi net al(2020). Wen ditions, andagai nat hi ghthrust percentages, corres-
runw thfuel oil, dual fuel engi nesdonot of fer any@hdi ngt o engi ne operati onduringcruising, clin-
en ssi on advant ages. out and take-of f. @ ui se corresponds to 80%t hr ust
I't shoul dbenot edt hat conpar edt oroadvehi cl eq,Chan et al2015), whereas cli nfb-out requi res 85%
particle filtration technol ogi es have not yet (deardi naet al2017, K nseyet al2019), and t ake- of f
inplenented in | arge scal e i n nari ne engi nes an®@5%-100%of t he nomnal engi nethrust (hanet al
their effects in emssions have not been studi2&8d5, Durdi naet al2017, K nseyet al2019). Durdi na
w del y. Al so, newer engi nesw t hnor e advancedt echet al(2017) found that for a1l hflight, over 70%of
nol ogy andi nj ecti onsystemnost | i kel y enit | ess BGe BCeni ssi ons canef ront hecl i nib phase and over
but ol d engines are still inusein large scal e28bttli spersed under 3000 ft al titude. The BCenis-
rel evant to mari ne BCemssi ons. Furthernore, al s onsfromer ui seoperati onswerefoundtoreach50%
the other harbor activities and snal | er vessel sofathe total BCenissi ons when the flight tine was
have si gni fi cant BCenissi onsandrel ati vel yl argeErsreasedto4 h.
e.g. inthe recent study of <hl astthl (2021), The st udi es consi der various aviationfuel s, ran-
the BCH=S of 0.56 0.86 g kgue * (passenger ging fromconventional kerosene-based jet fuels to
boats), 0.64 0.29 gkgue * (tugboats w th | oads),synt heticand paraffini ¢ ker osenes produced t hrough
0.48 0.67 g kgue ! (tugboats without |oads),F scher—Tropsch (FT) synthesis fromfossil or bio-
0.36 1.2gkgu *(fishingboats) werereported. Igeni c sources. The nost wi del y used avi ati onfuel are
the study of Sugruet al(2022) for t he BCemssi ons kerosene type Jet A1 and Jet-A whichis usedin
of in-use excursion vessels and ferries, the notke USA and has a | ower naxi numf reezi ng poi nt.

vei ght ed nean BC B- val ues for each engi ne tier Wde-cut jet fuel (Jet B) still is usedinsone parts

varied from0.05 g kge * (Tier 4, active SIR toof Canadaand Al askaasit issuitedtocol dclinates.

0.68gkgue *(Tier 0). JR8 (the IBnilitary) and F34 (NNQ are mlit-
aryjet fuels, sinlar tocommercial aviation's Jet A

3.4. Aviation 1, but withthe addition of corrosioninhibitor and

3.4.1. Measurenent techni ques and cal cul ati on anti-icingadditives (ChevP0d7). The al ternative

net hods f or BCHS fuel sinthestudi esi ncl udesynt heti ¢ FTker osene pr o-

The BCH=s fromavi at i onwer e coveredi nei ght pub- ducedfromnatural gas (FT(NJ, K nsegt al2019),

l'i cations whichreportedresults fromground-bassynt heti c paraffini c kerosene (SPK) produced from
ai reraft engi neneasurenents. Typi cal |y, theBCemasal (FT (coal ), Kinsey al 2019), and fully syn-

si ons were sanpl ed ei ther using a probe direct! ytdteti c FT SPK (Chan et al 2015). The studi es al so
the engi ne exhaust outl et and dil uting and cool i ngported BCH= for three renewabl e fuel s; (a) fully
the sanpl eappl yi ngej ector di | uters (@aa2013, synthetic kerosene with aromatics (CH KA Chan
2015, Durdinaet al 2014, 2017) or alternativel y bgt al2015) fromindustrial oi | seeds cari riatas$i ca
sanpl i ngt he exhaust downw ndt he engi ne, al | owi ngcari nat g produced t hrough cat al yti ¢ hydr ot her no-
natural cooling anddilutionof the exhaust (K ndeysi s process, (b) 50%vol une m xed hydr o- pr ocessed
et al2011, 2019, Moreet al2015 Yuet al2017). estersandfatty aci d (HEA) paraffini c kerosene pro-
BCdet ecti on techni ques i n avi ation studi es i ncl ddeed fromcanel i na (Ganel i na sativa L). oi | seeds
various nethods; MMP AE MBS and LIl instru- throughahydro-treati ngandcracki ngprocess, nixed
nents. | nnost cases, BCEs werereportedfor variwith 50%Jet A1 (HHFASK Chan et al 2015),

ous engi ne t hrust condi ti ons, sonewhat adaptingtand (c) canel i na-based hydro- processed bi o-j et f uel
the | andi ng and take-of f (LTQ enission test cycbg 50%i n vol une mixed wth F34 (G HEFA Chan
defined by the International Gvil AvationQ ganez-al2013).

ation(1CA). AnLTOcycl ecoverstwoaircraft oper- The synthetic kerosenes produced either from
ations, | andi ng (approach, | andi ng, andtaxi -i ntdtdssi | or renewabl e sources| eadtol oner BCH=S from
gate) and take-of f (taxi-out onto the rumvay, talesd ationengines. Chat al(2013) foundthat the G

off andclinb-out) (1CAX2021). Thest udi ed engi nes HFFA bl end reduced BC eni ssi ons by 50%at idl e
verecl assifiedeither asturbofan (turbinejet engndel2%at take-of f when conpared to F34. Inthe

or as turboprop (turbine engi ne driving propel | estjudy by Chan et al (2015) the use of 50%HEFA

type. SKledto significant reductionin BCnass enis-
si ons conpared to Jet A1 by 58%85%f or vari ous
3.4.2. Aviationenissionfactor studi es engi ne | oad condi ti ons. For the 100%FT- SPK f uel ,

The BC B=s reported for aviation engi nes ranged educti ons of BCenissi ons conparedt oJet A 1ems-
from0. 1to 554 ny kgrue %, W th average, standardsi ons of 70%97%ner e achi eved. Moreet al(2015)
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F gure 7.BCH= eniissi ons fromai rcraftsw thvari ous f uel s. Jet - Aand Jet - Al denot e convent i onal kerosenefuel s, and JR 8, and
F34their mlitaryalternatives. FT(coal), FT(N3, and FT- SPKdenot e synt het i ¢ ker osenes, whi ch ar e produced t hr ough FT

synt hesi s fromnat ural gas or coal andcontai nvery | owl evel s of sul fur or aronati cs. GH KA HEA S and G HE-Adenot e

synt het i ¢ ker osenes der i ved f rombi ogeni ¢ sour ces, whi chapart fromCH SKAhave | owsul f ur and aronati c contents.

nventi onal kerosenes ar e nar ked wi t h bl ack col or, syntheticfossil-basedfuel swithred, andrenewabl e ker osenes by bl ue cal or.

provi ded neta-anal ysis of several aviation studié&l. Masurenent techni quesandcal cul ation
(wthN = 439) and concl uded that whil e t he fuelnet hods f or BCH=S
aromati c and sul fur content nost |y af f ect thevol afliiee BC B=s from residential confbustion were
aerosol fraction, the napht hal eni c content of the&oebred in 27 publicati ons which reported results
det erminedt he nagni t ude of the BCH-S (Mboreet al froml arge vari ation of different BCenissi on neas-
2015) . Napht hal enei st hesi npl est two-ring(di cyclur@nents. Several experinental setups have been
aronat i c that canbefoundinJet-AandJet-Alfuelsed; theflue gas fromthe conbusti on has been | ed
i nup to 3%y vol une (Chevron 2007). tohoodandthentodil uti ontunnel or fl uegastrans-
Yu et al(2017) reported BCHs for two differ-fer |ines, andt hensanpl edt ot heact ual neasur enent
ent engi netypes bot h bur ni ng Jet - Af uel . They f ounfiChen et al 2005, 2006, 2009, Zhiet al 2008, Arora
that t het urbopropengi negeneral | yenittednoreBCet al2020, Liet al2021), or the fl ue gas has been| ed
A so, the BCH=S reported by Charet al(2013) are tothe chi rmey and sanpl ed f romt her e t o neasur e-
hi gher t hanf or t ur bof anengi nes at | owt hrust condient i nst runent s (Heri ngat al2012, Fachi ngeet al
tions. Inadditiontona npropul sionengines, auxkDi7, Zhanget al2021), or directlytothelineswhere
i ary pover units (AP) contributetoBCem ssi ong he sanpl ewast akentoi nstrunentsande. g. t osnog
fromai rcrafts. K nsayal(2012) foundthe BCHS chanbers (Heri ngaet al2011, Bertrandt al2017). In
fromAPUto vary bet ween 20 and 450 ng kg . 1, certai nexperinents, t hewhol e conoust i onappl i ance

dependi ng on f uel and operati onconditi on. has been cl osedtothetest chanber (Chanpi cet al
2017, Liet al2021). Sheret al(2012) havel edthefl ue
3.5. Residential confbustion gas fromt he contust i on t o nixi ng chanter where

Gonbusti on of fossil and renewabl e fuel s are utitthe sanpl i ngtoi nst runent s was conduct ed. The BC

i zed i n househol ds f or cooki ng, heati ngand pl easucent ai ni ng fl ue gas has been sanpl ed usi ng a probe
(saunas, visual effectsof fire), resultingtosubsiasttélytodilutiontunnel or sanpl elineandbydi | ut -
BCeni ssi ons front hese sources. I ngeneral , resi démg and cool i ng t he sanpl e appl yi ng gj ector dil uters
tia BCsourcesarecharacterizedbylargevariati ¢ivefi ngaet al2011, 2012, Bertranet al2017, N el sen
different fuel s and conbustion appl i ances and segt al2017), FPS 4000 dil uter (Dekati Q) (Rinal

eral applications, as well as alack of standardieg, porous tube dil uter (Ti ssiral2019) or by

eni ssi on neasurenents; inscientificliterature radtal diluter (Qebz a2018). E g. inthe study of

of the experinents have been desi gned i ndepend-1 sl anet al(2021), the fl ue gas has been sanpl ed di r -
entlyand separately, andinternational enssionantly frompl une 1-1. 5 mabove t he cookst ove or
neasur enent standards have not typical |y af fecteldove the chinmey's exit. Offerences in BCH-res-
the study desi gns. Thishas|edtothesituati onwhates obtai ned by di fferent neasurenent setups have
the conparability of BCH=s is not ideal. Onh theot beenextensivel y studi ed. Hwever gl Bl(2021)

ot her hand, the exi sting BCH-infornationis vetave studi ed howthe fl ue gas resi dencetineinthe
satile, duetothedifferent society | evel s and habmsar;enent systemaf fects the B, observing t hat
avai | abl e and af f or dabl e f uel sour ces and contoust i tine EC B-s were not systenati cal | y changed. From

t echnol ogi es. val ues provi ded by Let al(2021), we incl uded t he
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B neasured wth the shortest residencetine (1s) Aso, thefuel typesandfuel qualitiesusedinBC
tothisreview B-studi esvari edsi gnifi cant| yfromat ural bi onasses

BC det ecti on techni ques utilized in residenttialprocessed bi o-based fuel s and di fferent types of
eni ssi on st udi es i ncl ude MMAP (Heringat al2011, fossil fuel s. Fuel s have i ncl uded wood, sticks, dung,
2012, Fachingeret al 2017), AE (Zhi et al 2008, nustard stal k (Johnsomt al 2008, Chanpi on et al
Heringaet al2011, Bertrandtt al2017, N el seet al 2017, Goetzet al 2018, Aroraet a 2020, Islam
2017, Qoetzet al2018, Tissarét al2019), refl ecto-et al2021, Liet al2021); | ogwood and wood pel | et s
neter (Johnsonet al 2008), and SR AME (N el sen (9 ppul &t al2007, Heringeaet al2011, 2012, N el sen
et al2017). Theoptical transmssonet ers (Qui noneset al 2017, Bertrandet al 2017, Tissaréet al 2019,

Revel est al2021, Zhanget al2021) andthethernal - Qui nones- Revel eset al2021; references i n Savol aht i
opti cal carbonanal yzers has beenusedt o anal yze € al2020); different types of coal (anthracite, bitu-
fromguartzfiber filters (CGae@l2005, 2006, 2009, m nouscoal , rawcoal andcoal chunks, coal briquettes

S ppul aet al 2007, zhi et al 2008, Shenet al 2010, nade fromdifferent rawcoal s) (Chest al 2005,

2012, 2015, 2020, Chanpi onet al2017, Tissarét al 2006, 2009, Zhiet al2008, Sunet al2017, Chanpi on

2019, I sl aret al2021, Liet al2021, Qui nones- Revel es et al2017, (et zet al2018, Zhanget al2021); saw

et a2021). Theintegrating sphere net hod has al sdust (Goetzet al 2018); bi ogas (Goet et al 2018)
beenused (Sunet al2017) and, i naddi tion, e.g. Arorand LPG(Isl amet al2021); rice straw corn straws,

et al(2020) have usedintheir studies acel | phoneornstover, corncobs, cornstal ks, wheat straw crop
based noni t or i ng syst em based on aut onat ed cal cu-resi dues, bi onass pel | ets, cotton stal ks, branches of
| ationof BCconcentrationfromthefl ue gas exposqubpl ar and ot her wood, wood | ogs, sesane straws,
quartzfilters. soybean st raws, and banfboo (Shenet al2010, 2012,

In sone cases, BC B have been reported for 2020, Liet al2021, Zhanget al2021).
various confustion conditions (e.g. N eleenal
2017) and for different phases of the conusti ol 5.2. Residential conbusti onenissionfactor studi es
process (warmstart, flanming, snol dering, see eB@sed onthis review there are many experinental
Fachi ngeret al 2017). S andardi zed prot ocol s havest udi es wher e t he BC B have been neasur ed and
been used i n sone of the neasurenents (Bertrand reported for residentia conbustion applications. A
et al 2017, Chanpion et al 2017, Liet al 2021); clear result of this reviewwas that the variation of
e.g. Liet al(2021) have st udi ed t he eniissi ons usi hgesi denti al | y used f uel s and confoust i on appl i ances i s
the water boiling test and Chanpi ot al (2017) |arge, dependi nge.g. onthe purpose of the confbus-
have used ‘' Sandard Test Mthod for Determin- tion(heating, cooking, saunas, etc.), local |y avail abl €
ing Particul ate Mitter Emissi ons fromVidod Heat - fuel s and apparent|y al so on econoniical and soci -
ers, ASTMtest’ (Qordwood Annex fromthe Aner-  etal context. | naddition, asnenti onedabove, nouni -
ican Society for Testing and Miterials (ASTMformor standardi zed net hods exi st in the studies,

E 2780) . neani ng t hat t he procedures of conbusti on experi -

The studi ed conbusti on appl i ances have beennents, flue gas sanpl i ng systens and BC neasur e-
technical |y very different ow ngdifferent technal@gytechni ques vary significantly. Asaresult of all
level s; different types of cookstovestypical for dessb-factors, the BCH= of residential conustion
opi ngcount ri es (A oret al2020), openfireandpat- havel argevari ation.
sari stoves usedin Mxi co (Johnseh al2008), nud W present the BCHs here separately for fossil
stoves, chinmey stoves and several ot her appliancesl (figur&) and renewabl e bi onass (figures
typical in Nepal (Qetet al 2018), the residentiabnd 10). Bothfuel typesincl ude nany different com
wood st oves used i n Navaj o hones (Chanpi on et a  binati ons of fuel's, conbusti on appl i ances and com
2017), mud stoves, tandoor stoves, |iquefied petbaostionsituations, and al t hough t he hi ghest BCH=S
| eungas (LPQ st ovestypi cal for northernandsout haere found for the coal conbustion, the B vari ed
ernindi a(lslast al2021), different types of cookeven nore thanthree orders of nagnitude neani ng
i ngand heat i ng st oves usedi nhi na(Shenal2020, that thefossil coal conbustioninhousehol ds cannot
Zhang et al2021), coal stoves usedin Chi na (Chenbe sai dto be cl eaner than t he bi onass conbust i on,
et al2005, 2006, 2009, Sheat al2015, Sunet al2017, fromthe vi ewpoi nt of BCenissions. I nrespect of
Zhi et al2008, 2009), canp st oves (Qui nones- Revel estotal climatewarmingeffects, it isclear thatthe QO
et a2021), brick wok stoves and novabl e cast -i romeni ssi ons fromcoal confustionare cruci al andthe
stoves (Sheret al2010), | ogwood bur ners andwood coal conbustionisnoreharniul for theclinatethan
pel | et burners (Heri ngaal2011, 2012), bi of uel gas-bi onass conbust i on.
ifier stove (Sheh al2015), wood stoves (Bertrand  For the residential coal conbustion, the neas-
et al2017, Fachi ngeret al2017, N el semt al2017), ured BCHS vere inrange 0.03-13. 25 ny kgue *
sauna st oves (Ti ssaef al2019, Savol ahtét al2020, w th average, nedi an and st andard devi ati on bei ng
andreferences therei n) anddifferent stoves fuel etl 98, 0. 208 and 2. 38 g kg *, respectively (figure
pel | et s (S ppueaal2007, Shenet al2012, Bertrand table S7). W observed that the quality of the coal
et al2017). significantlyaffectstheBCenissions; thi scanbeseen
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Figure8.The BCEs (gkg fuel) for residential fossil fuel conbustion. Innost of thestudiesthefuel wasdifferent coal types
andvarietyof different residentia coal stoveswerestudied(seetabl eS7for burni ngdevi ce)etlal¢2@lLy| arhe bur ni ng
devi ce was LPGbur ner andi n Shenet al(2015) t he bur ni ng devi ce was agasi fi er st ove.

F gure 9.BCE-sfor resi dential conbustion(gkg ) whenburningvariety of different bi onass-basedfuel s. The BCEFval ues
and devi ces aregivenintabl e Bandfigure 2.

especi al | y by conpar i ngt he BCE=s f romconoust i on significantly | ower for the coal briquettes. Further-
of bitumnous coal wth anthracite coal (fi@urenore, the design of the conbustion devi ce af fected
these two qualities of coal have different conpashe BCem ssi ons; for exanpl e, the study of 2hial

tion (bitunnous coal contains significantly tar{PDRE) shonedthat the BCH=S for sinilar coal were
subst ances whil e the anthracite coal is nostly BDgnificantly | ower with i nproved st ove when com
andtheir heatingval ues aredifferent, approxi napergdtonornal residentia stove.

33M kg !foranthraciteand27M kg for bitu- Thevariationof thefuel qualitywasinthe stud-
mnous coal . Inaddition, theother clearly infl u@s of BCEH=S fromresi dential bi onass contousti on
cing factor was the formand structure of coal, egen larger than in the studies focusing on resid-
that the BCH=s wererel atively highfor therawcoahtial coal conbustion. For the residential bi onass
and t he chunk coal , whi | et he emi ssi ons fact or s werenust i on, the neasured BC B were in range
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Fi gure 10.BCEFs for resi denti al conbustion (gkg 1) whenburni ngvari ety of different bi onass-basedfuel s. The BCEF
val ues and devi ces aregivenintabl e Bandfigure 3.

0.014-3.51gkge W thaverage, nedi anandst and- nunoer of fuel specificheatingval uesareavail abl ein

ard devi ation being 0.68, 0.49 and 0.63 g&g', theliterature.

respectively (fi g@,edandtabl e 8). For t he st ud-

i es wheret he energy content was reportedi nst ead & 6. Fower and heat generati on

fuel nass, the neasured BCH= wereintherangeDuetotheir relatively highcontributionto anthro-

of 0.001-316 ny M ! with average, nedian and pogeni c at nospheri c emissi onsingeneral , it coul dbe

standard devi ation being 44, 1.2 and 82 ny M}, assunedt hat al sol ar ge-scal eproductionof el ectricity

respectivel y. As nenti onedaboveandseeni nfi §ureand heat woul d enit substantial anount of BC In

bi onass fuel s vari ed fromcowdung and straws tol argepower pl ants, thetypi cal fossil fuel sincl udecoal ,

different wood fuels. Inaddition, e g BCH-=s frarh, natural gasandsonetines peat. | nrecent decades

wood contust i on have been st udi ed varyi ng both pover pl ant s have beendesi gnedand const r uct edal so

t he wood t ypes and st ruct ures, | og wood and pel | etfsor wast e f uel s and bi onasses. Hwever, thei nform

bei ngt he nost typi cal studi edwoodfuel s. As aresuaiti onon BCH=S f roml ar ge scal e pover and heat pro-

of thisvariation, alsothereported B vari ed sdgat+ onuni tsis scarce.

ficantly, fromval ues approxi nately 0. 001 ngy k@ The BCH=s of | ar ge scal e power pl ant s have been

to the val ues close to 10 ng M. Interestingl yreported only by two articles (Ml 128, 2019).

the reviewindi cated that the type of fuel (e.g. Tragse studi es neasured the BCfor fromcoal -fired

wood vs. wood pel let) was not the nost inport- conbi ned heat and power (GH) plant with an AE

ant factor af fectingthe BCenissi ons fromconbusAE33 (Dri novec et al2015) after direct sanpl i ng of

tion, instead, the design of conbustion appliaridele gas fromflue gas duct fol | oned by control | ed

seened to affect nuch nore, which can be seen dil utionandcoolingof thefluegas beforethe neas-

e.g. by conparingthe results for wood pel | et cormarenent instrunent. The reported BC B for the

busti on present ed by Sheet al(2012) and S ppul a pover pl ant, i nnornal situationequi ppedw thel ec-

et al(2007). trostatic precipitators (ESRs) and conti ned unit for
Regardi ng the future studi es on BC enissi ond | ue- gas desul phuri zati on (F@) and bag house fil -

fronresidential conbustion, thisreviewstudyinders (BH), were 3.6 ng M * when neasured af t er

atedthat it isinportant toreport t he BFval uesi nE&ebut bef orethe F@and B and0.014ng\d !

uni t s whi ch enabl e correct conpari sons with ot henhen neasured after all flue-gas cl eani ng syst ens.

studies. Thecurrent |iteraturereportsthe Bs tpiarat hese val ues, thel atter BFrepresents the enis-

al lynornal i zedby heat i ngval ueof theconbusti onasion to the atnosphere. BC B fromthe sane

by nass of fuel . Lhit conversi onsandt hecorrect cor@H pl ant but firedwth the mxture of i ndustrial

parisonrequiretypical lytheinfornati ononheatpabl ets and coal (share of pellets was 10.5% were

val ue of the fuel but al sowater content of the fud..74 ng M * when neasured after the ESP but

W di dnot naket heunit conversionsinthisstudyimeforethe F@and BF and 0.014 ng M ! after

order toavoi dt hedecr ease of accur acy; however, | atbe fl ue-gas cl eani ng systens, thelatter representing
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agai nt he at nospher i ¢c em ssi on of t he st udi ed poneon-road traffic BC enissi ons (see e.g. Prebla
plant (M1 arét al2019). The BCHE-s for power and 2018, Boveroux et al 2019). Inportantly, the pro-
heat generati onhavebeencol | ectedtotabl e 8. gressinvehicl et echnol ogi es seens t o produce oppos-
itetrendingasolinevehiclefleets after c. 2010; the
3. 7. O scussi on BC enii ssi ons wer e obser ved t o be hi gher for gasol -
Based on the review results above, a significanevehicleswthdirect fuel injection(@) thanfor
anount of |iteratureabout the BCenissi ons and BCvehi cl eswith PH bei ngoppositetothetrendipn GO
B-s has accumul at ed over t he past decades. The | i enissi onsw t htheset echnol ogi es.
erature contai ns B for several categories of ant hroRegardi ng the BCH= fromresi dential confus-
pogeni ¢ e Ssi on sour ces. However, it was seen thdti on, we observed | arge variationin B, indicating
vhi | e e. g. the vehi cl e emissi ons and resi denti al ddmat fuel typeandqual ityaswel | asconbustionappli -
bust i oneni ssi ons have beenst udi edrel ati vel yw danges i nf | uence si gni fi cantly to BCH=s. Sone of the
e.g. the BCenission factor infornation rel at edrigasur enent s wer e f ocusi ng on enissi ons of open
| arge scal e contousti onappl i cationsi s present ed driles pl aces, whereas i n other studies the enissi ons
invery fewscientific publications. I'nadditionet&eeasuredfrom he contusti onappl i anceeither
conpar abi lity of the neasurenent results is oftienl aboratoryor theor at the househaol deit her i nsi de
difficult duetothe differences i n BCneasurenear at t hetopof chi rmey. \ariati onwas| argei nexper-
net hods; | argevari ety of neasurenent devi ces basddent al set ups sothat sone of t he st udi es vere done
onoptical, thernal andot her neasur enent t echnol o4 ncont rol | ed and r epeat abl e nanner and sone of t he
gies, aswel | asinstrunents desi gned for at nosphest adi es st udi ed BCenssi ons of househol dsintheir
studies (requires dilution when appliedintail pveeyday life. Aso, theusedfuel svariedfromdiffer-
en ssi on neasurenent s) and eni ssi on st udi es wereent forns of coal towood, bi onass resi dues (sticks,
used f or BCand ECquanti fi cation. Furthernore, théay etc) and dung. Hwever, due to | ack of bi nd-
Hs have been cal cul at ed usi ng di ff erent approachiesgregul ati onandl ack of aftertreat nent systenssuit-
and net hods. abl ef or househol duse, t he decrease i n BCH= can be
BCHs areoftenpresentedindifferent units eaghi evednai nl ybyi nprovedandnoreef fi ci ent com
ng km ! (vehicles), ng M' (energy production bustiontechnol ogi es and by correct fuel choi ces and
and shi ppi ng), ng kgue * (avi ation and resi denti ahdapt i on of ¢l ean bur ni ng procedur es by i ndi vi dual s.
conbustion). Mst of theunit formats are logical In the case of shipping, a relatively clear cor-
andj ustifiedbased onthe applicationand applicalel ati on was seen between the engi ne si ze and BC
ility of the Bs. The nost contradictory appl i catiemso that the fuel specific BCHs of the | argest
isresidential conbustion, wherethe literature esgiines were the lowest. This result as well as the
either ny kg *or ngM 1. Boththe differentobservations relatedtothe effects of narine engi ne
neasur enent net hods and conversion to different fuel s on BCenissi ons shoul d be t aken i nt o account
units canincrease the uncertai nty of BCH= founel g. whenthel MDconsi dersalinitationtoBCems-
inpeer-reviewed literature and conpl i cate the sdipons of ships, as well as when t he engi ne nanuf ac-
sequent useof val uesintheinventori es(seee. g. Miyerer s are devel opi ng t echnol ogi es with | ower at no-
2012) and nodel i ng. spheric emissions and | ower clinate inpact. Engi ne
Qur reviewhighlights the i nportance of socil-oad (thrust) andfuel af fectedal sothe BCH=S of air-
ety level emissionregulationinBCenssionmtigraft engi nes, sothat the hi ghest val ues vere at id e
ation; especiallyinNorthAnerica, aclear BCenand agai nat highthrusts correspondi ngto cruising,
si on reducti on was observed i n | ong-termtrend ofl i nfo-out andtake-of f. Regardi ngavi ation, synthetic
anii ent studies for road traffic influenced by KiDel swerereportedt oreduce BCH conparedtotr a-
di esel vehi cl es. Thi s can be seen as a consequencedbt i onal kerosenefuel s. Thus, taki ngt hechal | enges of
strict enissionregul ationsforci ngtheuseof DPFeximaust cl eani ng syst ens i nt o account, especi al |y the
vehicles. Ingeneral, the OPFs renove effici entl yftiek rel at ed t echnol ogi cal devel opnent coul d di min-
BCparti cl es fromengi ne exhaust whi ch was seenin sh the BC emssi ons and emssi ons’ i npacts both
st udi es where t he BCH= were deternmined by di rectfromnari netrafficandavi ati on.
tai | pi pe neasurenents of individual diesel - povnered A though the BCHS have beenreportedin sev-
vehicles. The gasoline particle filter will |ikergalabshlicationsandfor | argenunber of conbusti on
reduce the BCH= of gasoline vehicle fleet in nesrosol sources, it is hardto say howthe B have
future. Hwever, we note that vehi cl es with brokettevel oped i n certai n geographi cal areas; e.g. Arica
or renoved particlefilters may be i nportant souread Sout h Anerica are underrepresented i n BCH-
of BCenissionsa soinfutureaswel | as ol dvehi cbesdi es, both related to the individual BC sources
that renai ni nthefl eet for decades. Theseol dor nand anti ent studi es. Gobal |y, the | argest data gaps
functi oni ng vehi cl es shoul d be i ncl uded i nemssiwere in BC B= of |arge-scal e energy production
inventories, and in terns of BC emission mtigashi chcanbeseencrucial for estinatingglobal radi-
tion, renovi ngthesevehi clesfromtrafficisgeneadl g forcing potentia of anthropogeni c BC enis-
seenasaneffectiveandefficient strategytoredusions. Qnlly a fewarticl es contai ned B neasured
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F gure 11.1 ndi vi dual BCEs of di fferent ant hropogeni ¢ sources (circl es), nedi anval ues for each subcat egori es (vertical |ines),
and 25-75 percent i | es (boxes) of theval ues. Fercentil eswerenot cal cul atedfor power and heat generati onastherewereonly four
val ues avai | abl e. Mredetail edi nfornat i oncanbe foundfromt he secti ons above, fromtabl es present edi nsuppl enent arly
naterial, andfromoriginal articles.

inthefull-scal e energy production site. These sbomki caand Europe, thetechnol ogi cal devel opnent

i es werefor nodern pover plants. Thus, it woul dbeandtheutilizationof | owemssi ontechni ques canbe

ut nost i nportant t oi ncreaset he know edge onen s-accel er at edby eni ssi onregul ation, i.e. bysoci etyl evel

sions fromdifferent powner plantswthdifferent ages ons.

and t echnol ogi es, such as fuel and fl ue gas cl eani ng

devi ces. I naddi ti on, nuchnoreresear chi s neededté Sunmar y and concl usi ons

i nprovet he gl obal coverage of BCH=s of | arge-scal e

pover and heat producti on. F gurell presents a sunmary of the BCH=s found
Inadditiontothe anount of BCenissi ons, alsdromthe literature for different sectors. The differ-

thel ocati onof t he BCem ssi oni sani nportant fact encesi nobserved Bsverel arge, evenuptosi xorders

vhent he heal thand cl i nat e i npact s of at nospheri cof nagnitude within the sane category depend-

BCare considered. Eg. the road traffic BC enisng on the conbusti on devi ce, fuel, and aftertreat-

sions take typically placeinthe vicinity of peughtesystens. It isinportant tonoticethat the BC

and t hus the decrease of BCH-=s of diesel vehicl&Bs of di esel passenger cars are not includedinthe

androad traffic in general is likely reducing sfggurell, because of the underrepresent ed share of

ficantly the BCconcentrati ons and exposure of cillP~equi pped vehicles in scientific literature con-

izensto BCinurban areas (e.g. Luorat al2021). cerni ngBCH=s. Hwever, wet hi nkt hat t he BCHS of

Regar di ng pover pl ants and several industries, hitlgbvehi cl esdenonstraterel ativel ywel | t he BCHS of

stacks of power plants and nore distant | ocatioasesel vehiclesingeneral, i.e. theB=shavelargevari-

reducetheir rol ei nrespect of hunanheal thbut, howti onandthey aresignificantlyaffectedbyfiltration.

ever, not total Iy sol vingthat probl em Wenconsid- BCis an inportant pollutant and significant

eringtheclinateinpacts of BCenissions, the geefforts need to be done in near futurein order to

graphi cal | ocati on(near t he snow cover ed ar eas) andcr easet he under st andi ngof t he sour ces of BG nost

the season (W nter vs sunmer) arenoreinportant. efficient mtigati onnethods aswell asitsinpactsto

The BCH-infornation coll ected hereis applicablainate, ai r qual ity and heal th. By i ncl udi ng accurat e

e.g. for futuresimilationor nodel i ng st udi es whdd@BE-s inenissioninventories aswell asinclinate

thefocus coul dbe, for instance, tounderstandatnand heal th nodel s, it woul d be easi er to effectively

spheric processes af fecting the optical processestofyat et he adver sei npact s and subsequent soci et al

at nospheri c aerosol s, or the effects t he BCcan hasest s caused by BC enissi ons. For that purpose, it

onclinatewrning e.g. whendepositedoniceandis utnost inportant to coll ect and nai ntai n accur-

snowcover. Anyway, this revi ewshowedthat t he BCat e and up-t o-dat e BCemssi on factor i nf ornati on.

en ssi oncanbereducedt echnol ogi cal | yandasi ndi Thet rends obser vedi nBCH=s arei nportant i nform

at ed by decreases i n BCH=s seen especi al | y i n Nortdti on bot h for the devel opnent of conbusti on and
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