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We�greport�gon�gan�gexperimental�gstudy�gregarding�gthe�gperformance�gof�gstate-of-the-art�gventilation �gsystems�gwith �g
different �ginlet �gpositions�gwith �grespect�gto�gthe�gaerosol�gspread.�gFor�gthat,�gthe�gspatial�gdistribution �gof�gaerosol�gexposure�g
was�gdetermined�gfor�gsix�gdifferent �gsource�glocations�gin�ga�ggeneric�gpassenger�gcompartment.�gThis�gallowed�gus�gto�g
evaluate�gthe�gdifferent �gconcepts�gin�gterms�gof�gparameters�gsuch�gas�gcontaminant �gremoval�gefficiency,�gthe�gnumber�gof�g
seats�gabove�ga�gcertain�gthreshold�gor�gthe�gmean�gparticle �gconcentration�gin�gthe�gbreathing�gzone�gof�gthe�gpassengers.�g
The�gresults�grevealed�gstrong�gdifferences�gin�gthe�glocal�gparticle �gconcentrations�gdepending�gon�gthe�gsource�gposition. �g
Further,�git �gwas�gfound�gthat�gtwo �gceiling-based�gconcepts,�gmicrojet �gceiling �gand�gceiling �gmounted�gslot�gdiffusers�gaimed�g
at�gthe�gpassengers,�ghave�gsignificant �gadvantages�gover�gthe�gother�gconcepts,�gespecially�gwhen�git �gcomes�gto�gthe�gnumber�g
of�gseats�gwith �gaerosol�gexposures�gabove�gcertain�gthresholds.�gYet,�gwhich �gconcept�gis�goptimal �gstill �gdepends�gon�gthe�g
chosen�gthreshold.�gThe�gcontaminant �gremoval�gefficiency�gfluctuates�gonly�gweakly�garound�g0.5�gfor�gthe�gdifferent �g
concepts,�grevealing�gmixing-ventilation �gprinciples �gfor�gall�gconcepts.

1.�gIntroduction

Passengers�gof�gpublic �gtransport�gare�gexposed�gto�gvarious�gsources�gof�gpol-
luted�gair�gduring �gtheir �gjourneys.�gThese�grange�gfrom �gemissions�gof�gpropul-
sion�gsystems�g(Liu�get�gal.,�g2019)�gto�gbrake�gor�gwheel�gfriction �gemissions�g(Tu�g
and�gOlofsson,�g2024).�gWith �gthe�gSARS-CoV-2�gpandemic,�gthe�gexposure�gto�g
potentially �gpathogen-carrying�gair�ginside�gthe�gpassenger�gcompartments�g
significantly �gincreased�gin�grelevance.�gThe�gventilation �gof�gpassenger�gtrain �g
compartments�ghas�gto�gmeet�gseveral�gstandards,�ge.g.�gEN�g13129:2016�gfor �g
long-distance�gtrains�gor�gEN�g14750:2024�gfor �gurban,�gsuburban�gand�gre-
gional�grolling �gstock,�gto�gensure�gpassenger�gthermal �gcomfort. �gAt�gthe�gsame�g
time, �gthe�genergy�grequirements�gof�gthe�gHVAC�gsystem�gand�gthe�glocal�gair�g
quality �gmust�gbe�gconsidered.�gBalancing�gthese�gthree�gmain�gpillars �g(thermal �g
comfort, �genergy�gdemand�gand�gair�gquality) �gis�ga�gchallenging�gtask�gin�gterms�g
of�gventilating �gpassenger�gtrains.�gAdditional �gconstraints�gare�gimposed�gby�g
the�ggeometric�gand�gspecific�goperating�gconditions �gof�gthe�gtrain. �gAlthough �g
the�gair�gquality �gin�gterms�gof�ga�gsufficient �gfresh�gair�gsupply�ghas�glong�gbeen�g
defined�gand�gstipulated�gin�gstandards,�gthe�gaforementioned�gSARS-CoV-2�g
pandemic�ghas�gdrawn�gadditional �gattention �gto�gthis�gissue.�gAccording�gto�gthe�g
World �gHealth�gOrganization�g(WHO)�g(2021),�git �ghas�gbeen�gwell �gaccepted�g
since�gsummer�g2020�gthat �g� �gbesides�gsmear�ginfection �gand�glarge�gdroplets�g
� �gaerosols�gthat �gare�gabsorbed�gthrough �gthe�gmucous�gmembranes�gof�gthe�g
respiratory �gtract �gplay�ga�gmajor�grole�gin�gthe�gspread�gof�gthe�gvirus.�gThis�gled�gto�g
an�gintensification �gof�gresearch�ginto �gtransmission�groutes�gand�glocations,�gof�g
which �gpublic �gtransport�gbecame�gone�gfocus�garea�g(Gartland�get�gal.,�g2022).�g
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One�gbranch�gof�gthis�gresearch�gfocuses�gon�gmodeling�gtransmission�gways�gto�g
estimate�ginfection �grisks.�gExamples�gof�gsuch�gstudies�gcan�gbe�gfound�gfor �gbuses�g
(Fouckhardt�get�gal.,�g2026),�gairplanes�g(Webner�get�gal.,�g2024),�gand�gtrains�g
(Li�get�gal.,�g2022).

Further�gresearch�ggave�gattention �gto�gthe�gvarious�gfactors�gwhich �gcan�g
be�gmodified �gto�ginfluence�gthe�gspread�gof�gviruses.�gMost�gstudies�gapproach�g
this�gtopic �gwith �ga�gcomputational �gfluid �gdynamics�g(CFD)�gapproach,�gwhich �g
entails�gLagrangian�gparticle �gtransport. �gAs�gan�gexample,�gWang�get�gal.�g(2014)�g
compare�gthe�gefficiency �gof�gaerosol�gremoval�gfor �gthree�gdifferent �gcom-
partment �gtypes�gcommon�gin�gChinese�grail �gtransport. �gOther�gstudies�gin�ga�g
German�glong-distance�gtrain �g(ICE)�gsegment�gusing�gcomputational �gfluid �g
dynamics�gsimulations�g(Konstantinov�get�gal.,�g2023)�gunderlined �gthe�gpos-
itive �geffect�gof�gwearing�ga�gmask�gand�gthe�gincreased�gparticle �gloads�gduring �g
coughing.�gAlso,�gvarious�gaspects�glike �gthe�gspecific�gmeans�gof�gthe�gaerosol�g
emission,�gi.e.�gspeaking,�gcoughing,�gor�gsneezing,�ghave�gbeen�gstudied�gnu-
merically �gby�gWu�get�gal.�g(2024).�gOn�gthe�gother�ghand,�gXu�get�gal.�g(2022)�ginves-
tigate�gthe�ginfluence�gof�gthe�gparticle �gsize�gon�gthe�gtransport�gof�gevaporating�g
particles.

However,�gsimulating �ga�gwhole�gtrain �gcompartment�gis�gtypically �gonly �g
feasible�gwith �ga�gsteady-state�gapproach.�gWhereas,�gexperimental�gstudies�g
showed�gthat �glocal�gcontaminant �gconcentration�gcan�gstrongly�gfluctuate �g
over�gtime �g(Schiepel�get�gal.,�g2025),�gwhich �gindicates�ga�gsignificant �gimpact�gof�g
transient�geffects�gon�gthe�gparticle �gtransport. �gFor�gthis�greason,�gexperimental�g
investigations�gare�gindispensable�gwhen�git �gcomes�gto�ginvestigating �gaerosol�g
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Fig.�g1.�g(a)�gCAD�grendering�gof�gthe�gGZG�gmock-up.�g(b)�gPhotograph�gof�gthe�gmock-up�gwithout �gfurther �ginstallations.

dispersions.�gThe�gaspects�gof�gaerosol�gdispersion�gcovered�gby�gexperimental�g
studies�gcover�gthe�geffect�gof�gmask-wearing�gand�gthe�grate�gof�gthe�gfresh-air�g
supply,�gwhich �gwas�gmeasured�gin�gthe�gcompartment�gof�ga�gformer �gGerman�g
long-distance�gtrain �gby�gSchmeling�get�gal.�g(2022).�gThe�gapproach�gused�gfor �g
these�ginvestigations,�gas�gwell �gas�gfor �gthe�gpresented�gstudy,�gis�gpositioning �g
a�grealistic �gface�gmask�gwith �gconstant�gaerosol�gexhalation�gon�ga�gthermal �g
manikin �gto�gsimulate�gan�gindex�gperson,�gwhile �gmeasuring�gthe�gaerosol�g
dispersion�gwith �gan�garray�gof�gparticulate �gmatter�gsensors.�gThis�gapproach�g
is�gwell �gestablished�gand�ghas�galso�gbeen�gused�gfor �gsimilar �gstudies�gin�gfull-
size�gaircraft �gcabins�gto�ginvestigate�gthe�ginfluence�gof�gmasks�gand�gventilation �g
rates�g(Schmeling�get�gal.,�g2023)�gor�gdifferent �gventilation �gconcepts�g(Dehne�g
and�gSchmeling,�g2025).

As�gdedicated�gmeasures�greacting�gon�gpandemic�gthreats,�gsuch�gas�gmask�g
mandates�gor�gthe�gimplementation �gof�gair�gpurifiers, �gare�gboth�gaccompanied�g
by�gsocial�gand�geconomic�gdrawbacks,�gthe�gstock�gventilation �gsystems�gof�g
future �gtrain �gmodels�gshould�gbe�gdesigned�gas�gresilient �gas�gpossible.�gThis�g
reduces�gthe�gneed�gfor �gdedicated�gmeasures�gin�gpandemic�gsituations,�gand�g
mitigates�gthe�gspread�gof�gairborne�gdiseases�gin�ggeneral.

With �gthe�gaim�gof�gdetermining �gresilient �gconcepts,�gthe�gmain�gcontribu-
tion �gof�gthe�gpresent�gstudy�gis�gthe�ginvestigation �gof�gthe�gaerosol�gdispersion�g
characteristics�gof�gfive�gcommonly�gused�gsupply�gair�ginlet �gconcepts,�gcom-
bined�gwith �ga�gprescribed�goutlet �gtype.�gThis�gcomplements�gother�gstudies�g
with �gdifferent �gfocuses:�gSchiepel�get�gal.�g(2025)�gexperimentally �ginvesti-
gated�gdifferent �goutlet �gpositions,�gspecifically �gtop�gor�gbottom, �gfor �gmicro-jet �g
ceiling �gvents�gas�ginlets.�gThese�goptions�gwere�gfurther �gcompared�gwith �ga�g
cabin�gdisplacement�gventilation �gconcept.�gAmong�gothers,�gthey�gconcluded�g
that �gthe�gsole�gchange�gof�gthe�gexhaust�gair�gposition �gfrom �gceiling-based�g
exhaust�gto�gfloor-based�gexhaust�ghas�gonly �ga�gminor �ginfluence�gon�gthe�gmean�g
particle �gload�gin�gthe�gbreathing�gzone�gof�gthe�gseated�gpassengers.�gSongbo�g
et�gal.�g(2025)�gpresent�ga�gnumerical �ginvestigation �gof�gthe�ginfluence�gof�gthe�g
ratio �gbetween�gtop�gand�gbottom �gexhaust�gutilization. �gThis�gstudy�galso�gshows�g
that �gdifferent �gindicators �gmay�gpoint �gto�gdifferent �goptimal �gsolutions.

2.�gExperimental �gsetup

The�gfollowing �gsubsection�gintroduces�gthe�gGeneric�gTrain�gLaboratory�g
(GZG),�gdisplayed�gin�gFig.�g�g1,�gwhich �gis�gused�gas�ga�gmock-up�gtest�genvi-
ronment.�gThis�gsection�gfurther �gpresents�gthe�gaerosol�ggenerator�gand�gthe�g
respective�gparticle �gsensor�gsystem.

2.1.�gGeneric�gtrain�glaboratory

The�gtests�gwere�gcarried�gout�gin�ga�ggeneric�gtrain �glaboratory, �grepresenting�g
the�glower �gdeck�gof�ga�gdouble-deck�ghigh-speed�gtrain, �gensuring�ghigh�gre-
peatability �gand�ga�gmore�ggeneral�gknowledge�gcompared�gto�ghighly �gspecific�g
solutions�gfor �gselected�gtrain �gseries.�gThe�gfull-scale�gmock-up�gconsists�gof�g
24�gseats�gand�ga�gprecisely�gcontrollable, �gstationary �gHVAC�gunit. �gThermal�g

passenger�gmanikins�gare�gused�gfor �ga�grealistic �gsimulation �gof�gthe�gobstruction �g
and�gheat�gdissipation�gof�gthe�ghuman�gpassengers.�gTheir�gheat�gemission�g
was�gset�gto�g85 W�gin�greference�gto�gthe�gspecifications�gof�gthe�gstandard�gEN�g
13129:2016.

For�gall �gcases,�gthe�gsupply�gair�gflow �grate�gwas�gset�gto�g9.6 l_s_seat,�gwhich �gis�g
similar �gto�gthe�gspecific�gsupply�gflow �grate�gof�gan�gICE�gtrain �gcarriage�g(Schmel-
ing�get�gal.,�g2022),�gand�gdistributed �gequally�gbetween�gthe�g6�gor�g12�ginlet �g
elements.�gThis�gresults�gin�gan�gair�gexchange�grate�gof�gapproximately �g27 h*1 .�g
The�grespective�gsupply�gair�gtemperatures�granged�gbetween�g14 ◦C�gand�g16 ◦C
to�gachieve�gthe�gmean�ginterior �gtemperature�g(definition �gaccording�gto�gEN�g
13129:2016)�gof�g23 , 0 .5 ◦C.

As�goutlets,�gtwo �gperforated�gopening�gelements�gwere�ginstalled �gper�grow �g
and�gside�gof�gthe�gaisle.�gThey�gcomprise�gducting �gto�gthe�gsurroundings�gof�g
the�gmock-up,�gwithout �gany�grecirculation, �gmeaning�gthat �gall �gcases�gwere�g
conducted�gwith �ga�gsupply�gof�g100%�gfresh�gair. �gWhile �ga�gventilation �gwith-
out�grecirculation �gis�gatypical �gfor �gpassenger�gtrains,�gthis�gsimplification �gis�g
justified �gby�grecent�gstudies�g(Schmeling�gand�gShishkin,�g2025)�gshowing�gthat �g
the�gdirect �gtransmission�gpath�gclearly�gdominates.

2.2.�gAerosol�ggenerator

A�gsystem�gof�gaerosol�gexhalation�g(made�gof�gartificial �gsaliva�gmixed�g
according�gto�gNRF�g7.5�g(ABDA�g� �gBundesvereinigung�gDeutscher�gApothek-
erverbände�ge.�gV.,�g1986))�gand�glocal�gparticulate �gmatter�gprobes�gin�gthe�g
breathing�gzones�gof�gall �gother�gpassenger�gthermal �gmanikins�gis�gused�gto�geval-
uate�gthe�gparticle �gspread.�gThe�gaerosol�ggenerator�gconsists�gof�gan�gairbrush�g
pistol �g(AFC-101�gA,�gnozzle�gdiameter�g0.35 mm),�gpressurized�gat�g2 bar.�gIt �g
is�gconnected�gto�ga�gsettling�gchamber�gand�ga�gfacial�gmask�gto�grelease�gthe�g
particles�gthrough �gthe�gnose�gand�gmouth �gat�ga�grealistic �gexhalation�gairflow �g
rate�gof�g12 l_min.�gThe�gfacial�gmask�gis�gattached�gto�gthe�ghead�gof�gone�gof�gthe�g
thermal �gpassenger�gmanikins,�gwhich �gsimulates�gthe�gindex�gpassenger,�gsee�g
Fig.�g�g2.�gThe�ggenerated�gartificial �gsaliva�gaerosol�gparticle �gsize�gdistribution �g
was�gin�ga�grange�gbelow�g2.5 �m �gin�gdiameter�gand�gwith �ga�gpeak�gat�g0.8 �m .�g
Thus,�gthe�gparticle �gsize�gdistribution �gcorresponded�gto�ga�gnormal �gbreathing�g
scenario�g(Gupta�get�gal.,�g2010).�gThe�goutput �gconcentration�gof�gthe�gdescribed�g
aerosol�gsource�gamounts�gto�g𝑐source = 3 • 10 5 cm*3 ,�gi.e.,�ga�ggeneration�gof�g
6 • 10 7�gparticles�gper�gsecond.

2.3.�gSensor�gsystem

Local�gparticulate �gmatter�gsensors�gare�ginstalled �gin�gthe�gbreathing�gzones�g
of�gall �gother�gthermal �gpassenger�gmanikins,�gsee�gorange�gframe�gin�gFig.�g�g2,�g
as�gwell �gas�gin�gthe�goutlets�gfor �gthe�gstale�gair. �gThese�gsensors�gare�gof�gthe�g
type�gSensirion�gSPS30,�gwhich �gmeasure�gthe�grelevant�gconcentrations�gof�g
the�grange�g0.3...2.5 �m �gdirectly �gfrom �gthe�gscattered�glaser�glight, �gretrieved �g
by�ga�gphoto�gdiode.�gThese�gsensors�gare�gfactory-calibrated �gagainst�goptical �g
particle �gsizers�g(Sensirion�gAG,�g2020).�gFurther,�gtheir �gaccuracy�ghas�gbeen�g
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Fig.�g2.�gInterior �gview �gof�gthe�gmock-up�gwith �gboth�gaerosol�gsource�g(highlighted �gwith �ggreen�gand�gblue�gframes)�gand�gsensor�gsystem�g(single�gsensor�ghighlighted �gwith �gorange�g
frame)�ginstalled.

Fig.�g3.�gVertical �gsection�gshowing�gtwo �ginstrumented�gthermal �gmanikins�gand�gone�g
instrumented�goutlet �gelement�gwith �ga�gsettling�gchamber�gon�gthe�gexterior �gside�gof�gthe�g
mock-up.�gThe�gwhite �garrows�gindicate�gthe�ginflow �gand�goutflow �gof�gthe�gsensors.

confirmed �gagainst�gan�goptical �gparticle �gsizer�g(TSI�gOPS�g3330)�gby�gSchiepel�g
et�gal.�g(2022).�gThis�gstudy�gfound�gthe�gaccuracy�gof�gthe�gsensors�gwithin �g,5~
of�gthe�greference�ginstrument �gfor �gthe�grelevant�gconcentration�grange�gbelow�g
2500 cm*3 .�gMoreover,�gFig.�g�g3�gshows�ghow�gthe�gassembly�grecommendations�g
(Sensirion�gAG,�g2019)�gby�gthe�gmanufacturer�gwere�gtaken�ginto �gaccount:�gThe�g
sensors�gwere�gmounted�gso�gthat �gthe�gits�goutlet �gopening�gfaces�gdownwards�g
or�glies�gbelow�gthe�ginlet �gin�gorder�gto�gminimize �gdust�gaccumulation. �gIn�gorder�g
to�ginsulate�gthem�gfrom �gthe�gheated�gmanikins,�gthe�gsensors�gwere�gmounted�g
with �ghook-and-loop�gfasteners.�gThe�gstale�gair�gsensors�gwere�gmounted�g
within �gsettling�gchambers,�gso�gthat �gthey�gare�gnot�gdirectly �gexposed�gto�gthe�g
exhaust�gflow.

A�gdata�gacquisition �gsystem�g(Niehaus�gand�gWesthoff,�g2022)�gallows�gfor �g
a�gsimultaneous�goperation�gof�gall �gsensors�gwith �ga�grecording�gfrequency�g
of�gapprox.�g0.9�gHz.�gThe�gsame�gmeasurement�gsystem�ghas�gbeen�gused�gin�g
other�gtrain �gand�gaircraft �gcabins�gand�gmore�ginformation �gcan�gbe�gfound�gin�g
Schmeling�get�gal.�g(2022,�g2023).�gEvaluated�gnumber�gconcentration�gvalues�g
are�gnormalized�gto�gthe�gsource�gstrength�gand�ggiven�gin�gpermille �g(h).

3.�gMethodology

3.1.�gInvestigated�gcases

We�ginvestigate�ga�gvariety �gof�gair�gsupply�gconcepts,�gcompared�gfor �ga�g
common�goutlet �gconcept.�gConcretely,�glongitudinal �gopenings�galong�gthe�g
lower �gedges�gwere�gused�gas�goutlets.�gAn�goverview �gand�gschematics�gof�gthe�g
investigated�gconfigurations �gis�gsummarized�gin�gTable�g�g1.�gFor�gthe�gcase�gSc1,�g
twelve �gslot�gdiffusers�gwere�ginstalled �gbelow�gthe�gceiling �gwith �gthe�gadjustable�g
slot�gset�gup�gin�ga�gway�gthat �gthe�gsupply�gair�gis�gejected�gdirectly �gtowards�gthe�g
seated�gmanikins,�gwhile �gthey�gare�gheated.�gA�glaser�gvisualization �gof�gthe�gflow �g
arrangement,�gas�gwell �gas�gan�gimage�gof�gthe�gsetup�gof�gthis�gand�gthe�gother�g
cases,�gcan�gbe�gfound�gin�gAppendix�g�gA.�gThe�gabove-mentioned�gslot�gdiffusers�g
were�galso�gused�gfor �gthe�gcases�gSc3,�gSc4,�gand�gSc5.�gFor�gSc3,�gthey�gwere�g
mounted�gthe�gsame�gway�gas�gfor �gSc1,�gbut�gwith �gthe�gslots�gadjusted�gto�gproduce�g
horizontal �gsupply�gair�gjets.�gIn�gcontrast,�gthe�gdiffusors�gwere�gmounted�gboth�g
below�gor�gand�gabove�gthe�gwindows �gfor �gSc4�gand�gSc5,�grespectively.�gIn�gboth�g
of�gthese�gconfigurations, �gthe�gslots�gwere�gadjusted�gfor �gvertical �gsupply�gair�g
jets.�gFor�gthe�ginvestigation �gfor �gSc2,�gsix�gmicro-jet �gelements�gwere�ginstalled �g
as�gceiling �gvents�gabove�gthe�gaisle.

3.2.�gTest�gprocedure

For�gthe�ginvestigation �gof�gthe�gdifferent �gconcepts,�geach�gone�gwas�gtested�g
for �gsix�gdifferent �gsource�gpositions,�gspecified�gas�gseat�gnumbers�greferring �gto�g
Fig.�g�g1(a):�gC01,�gD01,�gC03,�gD03,�gC05,�gand�gD05.�gThis�grestriction �gto�gone�gside�g
of�gthe�gaisle�grepresents�ga�gtrade-off�gbetween�gmeasurement�gexpenditures�g
and�gthe�gconsideration�gof�ga�gbroad�grange�gof�gsource�gplacements�gwithin �gthe�g
compartment,�gi.e.�gaisle/window �gand�gfront/center/back, �gby�galso�gtaking �g
its�gsymmetry�ginto �gaccount.

Fig.�g�g4�gshows�gthe�gtimeseries�gof�gthe�gaerosol�gconcentration�g𝑐�gof�gan�g
exemplary�gsource�g(D01)�gand�gsensor�g(D02)�glocation �gfor �gthe�gdifferent �g
cases.�gIt �gillustrates �ghow�gthe�gtests�gwere�gcarried�gout�gfor �geach�gcase�gand�g
each�gsource�glocation: �gThe�gsource�gis�gstarted�gat�g𝑡 = 0 s,�gleading�gto�gan�g
increase�gin�gaerosol�gconcentration�gwithin �gthe�gcompartment.�gThe�gvarious�g
concentrations�gstop�gto�grise�gand�glevel�gout�gafter�gabout�g600 s.�gAs�gthe�g
displayed�gtime �gseries�gthen�gstill �gexhibit �gsignificant �gfluctuations �gof�gup�gto�g
100 cm*3 �gin�gamplitude �gin�gthe�gmeasured�gconcentrations,�gfor �gthe�gexample�g
of�ga�gsensor�gin�gthe�gvicinity �g(D02)�gof�gthe�gsource�g(D01),�gthe�ginvestigations�g
below�gare�gbased�gon�gtime �gaveraged�gvalues�gtaken�gover�gthe�glast�g300 s
before�gthe�gsource�gis�gswitched�goff�gafter�gat�gleast�g1200 s.�gThis�ginterval �gis�g
highlighted �gby�gthe�gtwo �gdashed�glines�gin�gFig.�g�g4.�gAfter �gthe�gshutdown�gof�gthe�g

Atmospheric Environment: X 31 (2026) 100487 

�� 



M.�gMommert�get�gal.

Table �g1
Investigated�ggeneric�gconcepts�gof�ga�gcooling�gair�gsupply�gfor�ga�gcommon�goutlet �gsolution.

�g inlet

�goutlet Sc1 Sc2 Sc3 Sc4 Sc5 �g

�g �g

Fig.�g4.�gTimeseries�gof�gthe�gaerosol�gconcentration�gof�gparticles�gbetween�g0.3 �m
and�g2.5 �m �gfor�gthe�gvarious�gcases.�gThe�gtimeseries�gshown�grefer�gto�gthe�gexemplary�g
sensor�glocation �gD02,�gwhile �gthe�gsource�gis�gpositioned�gat�gD01.�gThe�gdashed�glines�g
indicate�gthe�gaveraging�gtime�ginterval �gof�g300 s,�gjust�gbefore�gthe�gsource�gis�gswitched�g
off.

source,�gan�gexponential�gdecline�gof�gthe�gaerosol�gconcentration�gis�gobserved.�g
This�gphase�gtakes�gabout�g600 s�gbefore�gthe�gconcentrations�glevel�goff�gagain�g
and�gthe�gnext�gtest�gcan�gbe�gstarted.

The�gtimeseries�gdisplayed�gin�gFig.�g�g4�galso�gshow�gsignificant �gdifferences�g
of�gthe�gexposure�glevels�gfor �gthe�gsource-sensor�gcombination �gD01�D02 �gwith �g
most�gof�gthe�gcases�gaveraging�gat�gabout�g350 cm*3 ,�gwhile �gSc1�gand�gSc5�g
exhibit �gsignificantly �glower �gexposure�glevels�gof�gapproximately �g250 cm*3

and�g150 cm*3 ,�grespectively.�gSuch�gsingle�gsource-sensor�gcombinations�gare,�g
however,�ghighly �gincomplete�gwhen�git �gcomes�gto�gevaluating�gventilation �g
concepts�gregarding�gaerosol�gdispersion.

Therefore,�gconcentration�gmaps�gbased�gon�gthe�gdescribed�gtime �gaverages�g
are�ggenerated�gfor �geach�gsource�glocation. �gThese�gmaps�gare�gshown�gin�gFig.�g
5�gfor �gthe�gexample�gof�gcase�gSc1.�gFor�ga�gmore�gintuitive �gunderstanding,�g
the�gfraction �gof�gaerosol�gconcentration�gwith �grespect�gto�gthe�gsource�gcon-
centration �g𝑓𝑁 = 𝑐

𝑐source
�gis�gused�gfrom �ghere�gon.�gIn�gthese�gmaps,�gthe�g

colored�grectangles�grepresent�gthe�gaerosol�glevels�gof�gthe�grespective�gseats�g
while �gthe�garrows�grepresent�gthe�gaerosol�glevels�gof�gthe�grespective�gexhaust�g
lines.�gThe�goverview �gof�gthe�gsix�gmaps�gallows�gto�gunderstand�gdetailed�g
characteristics�gof�gthe�gventilation �gconcepts.�gFor�gthe�ggiven�gexample�gof�g
Sc1,�gthe�glongitudinal �gdispersion�gis�gthe�gweakest�gfor �gthe�gcentral�gsource�g
locations�gC03�gand�gD03.�gIn�gcontrast,�gthe�glongitudinal �gdispersion�gis�g
strongly�gpronounced�gtowards�gthe�gfront �gof�gthe�gcompartment�gfor �gthe�g
source�gpositions�gC01�gand�gD01.�gThe�gsource�gpositions�gin�gthe�gback�gof�gthe�g
compartment�gare�gdistinguished�gby�ga�gstrong�gcross-aisle�gdispersion.�gThis�g
effect�gis�gless�gprominent �gthe�gfurther �gthe�gsource�gis�glocated�gtowards�gthe�g
front �gof�gthe�gcompartment.�gFor�gthe�gcentral�gposition, �gwith �gmoderate�gcross-
aisle�gcontamination, �gthe�glocation �gof�gthe�ghighest�gcross-aisle�gaerosol�glevel�g
is�galso�gshifted�gtowards�gthe�gfront. �gComplete�gmaps�gof�gall �gother�gcases�gcan�g
be�gfound�gin�gAppendix�g�gB.�gThis�gallows�gthe�gstudy�gto�gremain�gconcise�gwhile �g
providing �ginsight �ginto �gthe�gdetails�gof�geach�gcase.�gA�gvery�gbrief �gdiscussion�g
of�gthe�gother�gventilation �gconcepts�gas�gdepicted�gin�gAppendix�g�gB�greveals�gfor �g
all �gconcepts�ga�gstrong�gdispersion�gof�gexhaled�gparticles�gon�gthe�gother�gside�g

of�gthe�gaisle�gif �gthe�gsource�gis�glocated�gin�gthe�glast�grow. �gEspecially�gfor �gthe�g
concepts�gSc3-Sc5�grather�ghigh�gaerosol�gfractions�gwere�gfound�gon�gthe�gwhole�g
rear�grow. �gFurthermore,�git �gwas�gobserved�gthat �gthe�ghighest�gcontaminated�g
seat�gis�galmost�galways�gin�gthe�gdirect �gneighborhood�gof�gthe�gsource,�gtheir �g
absolute�gvalues,�ghowever,�gdeviate�gstrongly.�gThe�gindividual �gspreading�g
maps�greveal�gfor �gall �gconcepts�gthat �gthere�gis�gonly �ga�gmarginal �gdifference�g
of�gthe�gspreading�gif �gthe�gsource�gmoves�gwithin �gthe�gsame�grow �gfrom �gthe�g
aisle�g(C)�gto�gthe�gwindow �gseat�g(D).�gOnly�gat�gthe�gcase�gSc5�gand�gthe�gmiddle �g
row �gthe�gchange�gfrom �gaisle�gto�gwindow �gseat�gresulted�gin�ga�gchange�gof�gthe�g
overall �gspreading�gpattern:�gmainly �gforward �gfrom �gthe�gaisle�gseat�g(C03)�gand�g
homogeneious�gdistributed �gfor �gthe�gwindow �gseat�g(D03)�gwith �geven�ghigher�g
concentrations�gin�gthe�gadjacent�grearward�goutlet �g(CD,�grow �g04)�gcompared�g
to�gthe�gforward �goutlets.�gIn�gorder�gto�gprovide �ga�gmore�gconcise�gyet�gspatially �g
resolved�goverview, �ga�gfurther �ginvestigation �gstep�ginvolves�gthe�gaveraging�g
of�gall �gsix�gmaps.�gThese�gaverage�gmaps�gare�gpart�gof�gthe�gcomparison�gbetween�g
the�gdifferent �gcases�gin�gSection�g4�gwhich �galso�gdiscusses�gthe�gfollowing �g
performance�gindicators.

3.3.�gPerformance�gindicators

Mean�gand�gmaximum�gaerosol�gconcentrations.�gThese�gparameters�grepresent�g
the�grespective�gparticle �gconcentration�gregarding�gthe�gsensors�gpositioned�g
in�gthe�gbreathing�gzones�gof�gthe�gmanikins.�gThe�gvalues�grefer�gto�gthe�gtime �g
averages�gdiscussed�gin�gSection�g3.2.�gBoth�gtypes,�gmean�gand�gmaximum, �gare�g
also�gaveraged�gover�gall �gsix�gsource�gpositions�ginvestigated�gper�gcase.�gHence,�g
they�gshow�gthe�gconcentrations�gpassengers�gmight �ginhale�gon�gaverage�gfor �g
an�gunknown �gplacement�g(mean)�gof�gthe�gindex�gpassenger�gor�gthe�grespective�g
worst�gcase�gpositioning �g(maximum).

Contaminant�gremoval�gefficiency�g(CRE).�gThis�gparameter�gexpresses�gthe�g
particle �gconcentration�gwithin �gthe�gexhaust�gopenings�gin�grelation �gto�gthe�g
mean�gparticle �gconcentration�gwithin �gthe�gcabin.�gBased�gon�gthe�gavailable�g
instrumentation, �gwe�guse�gtwo �gassumptions:

First,�gthe�gmean�gparticle �gconcentration�gof�gthe�gpassenger�gcompartment�g
is�grepresented�gby�gthe�gaverage�gof�gthe�gsensors�gpositioned�gwithin �gthe�g
breathing�gzones.�gWhile �gthis�gdeviates�gfrom �gthe�gcommon�gdefinition, �gwe�g
argue�gthat �ga�gbreathing-zone�gcentered�gCRE�gis�gparticularly �grelevant�gfor �g
contaminants�gaffecting�grespiratory �gtracts.

Second,�gthe�gexhaust�gflow �grate�gis�gdistributed �ghomogeneously�gover�gthe�g
exhaust�gopenings,�gmeaning�gthat �gan�gaverage�gover�gthe�gsensors�grepresents�g
flow-rate �gaveraged�gvalues.�gThis�gassumption�gis�gbased�gon�gthe�gfact�gthat �g
the�goutlet �gand�ginlet �gconcepts�gare�gall �ginstalled �gover�gthe�gcomplete�glength�g
of�gthe�gcompartment�gwith �ga�gmirror �gsymmetry�gtowards�gthe�gvertical �g
longitudinal �gplane.�gSo,�gthere�gis�gno�greason�gto�gassume�ga�gsystematic�gbias�g
towards�ghigher�gor�glower �gCRE�gdue�gto�gexhaust�ginhomogeneities.

The�gparameter�gCRE�gis�gdefined�gin�gthe�ginterval �gbetween�g0�gand�g1,�gwith �g
1�grepresenting�gperfect�gremoval�gand�g0.5�grepresenting�gperfect�gmixing. �gFor�g
details�gsee�gBrouns�gand�gWaters�g(1991).

Seats�gover�gthreshold.�gFor�gthis�gmetric, �ggeneric�gthresholds�gof�g0.5,�g1,�gand�g
2h�gwere�gdefined�gas�gpossible�gtime-averaged�gconcentrations�gleading�gto�ga�g
critical �ginfection �grisk.�gThis�gallows�gone�gto�gcompare�gthe�gconcepts�gin�gterms�g
of�gexpected�ginfections�gfor �ggeneric�gairborne�gdiseases�gwith �gstronger�g(low �g
threshold), �gmoderate,�gor�gweaker�g(high �gthreshold) �ginfectivity. �gWhile �ga�g
translation �gof�gthese�gthresholds�ginto �gconcrete�ginfection �grisks�gis�gpossible�g
(Webner�get�gal.,�g2024),�gthey�gwould �gbe�gstrongly�gdependent�gon�gpathogen-
specific�gemission�grates,�gwhich �gvary�gby�gorders�gof�gmagnitude�gbetween�g
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Fig.�g5.�gMaps�gof�gthe�gaerosol�gfraction �g𝑓𝑁 �gfor�gall�ginvestigated�gsource�gpositions�gof�gcase�gSc1.�gColor-coded�grectangles�grepresent�gthe�gaerosol�glevels�gin�gthe�gbreathing�gzones�g
of�gthe�grespective�gseats.�gArrows�gindicate�gthe�gaerosol�glevels�gin�gthe�grespective�gexhausts.

diseases,�gstrains�gof�ga�gvirus,�gor�geven�gsingle�gstudies�gof�gone�gvirus�gtype.�g
For�gthat �greason,�gthe�gpresent�gstudy�glimits �gits�gfocus�gto�gtransport-related �g
parameters,�ghighlighting �gthe�gcharacteristics�gof�gthe�gdifferent �gconcepts.

As�gfor �gthe�gother�gindicators, �gthese�gvalues�gare�galso�gaverages�gover�gall �g
source�gpositions,�gif �gnot�gstated�gotherwise.

4.�gResults �gand �gdiscussion

This�gsection�gcomprises�gthe�gcomparison�gof�gthe�gdifferent �gventilation �g
concepts,�gstarting�gwith �gtheir �gaveraged�gspreading�gmaps,�gwhich �gare�gfol-
lowed�gby�gthe�gintroduced �gperformance�gindicators. �gFor�gthe�glatter, �gwe�g
mainly �gdiscuss�gthe�gaverages�gof�gthe�gsix�gmeasurements�gper�gconcept,�g
which �gare�gassociated�gwith �gdifferent �gsource�gpositions.�gTo�gdetermine�gthe�g
significance�gof�gdifferences�gbetween�gtwo �gconcepts,�gthe�gsix�gmeasurements�g
are�gconsidered�gas�gsamples�gof�geach�gconcept,�gwhich �gare�gpaired,�gas�gthe�g
same�gsource�gpositions�gwere�gused�gfor �geach�gconcept.�gThus,�gthe�gdetailed�gp-
values,�gindicating �gthe�gsignificance�gof�gthe�gfollowing �gresults,�gcan�gbe�gfound�g
in�gAppendix�g�gC.

4.1.�gAveraged�gspreading�gmaps

For�gthe�gcomparison�gof�gthe�gdifferent �gcases,�gwe�gfirst �gassess�gthe�gav-
erages�gof�gthe�gaerosol�gdispersion�gmaps�gover�gall �gsix�gsource�gpositions,�g
which �gare�gdisplayed�gin�gFig.�g�g6.�gBesides�gthe�goverall �gconcentration�glevels�g

being�gdiscussed�gin�gmore�gdetail �gbelow,�gthese�gmaps�gspecifically �gexpress�g
the�ggeneral�gcross-aisle�gcontamination �gtowards�gthe�gA�gand�gB�gseats�gas�gwell �g
as�glongitudinal �ggradients.

Regarding�gcross-aisle�gcontamination, �gthe�gcases�gSc3�gand�gSc4�gexhibit �g
the�geffect�gthe�gstrongest,�gas�gthey�gshow�gelevated�g𝑓𝑁 �gvalues�gfor �gthe�gA�gand�g
B�gseats�gover�gthe�gcomplete�glength�gof�gthe�gcompartment.�gOf�gthe�gremaining �g
cases,�gSc1�gperforms�gthe�gbest,�gwith �gthe�glowest�gaverage�gaerosol�gfractions�g
on�gthe�gA�gand�gB�gseats.�gAdditional �gto�gthis�glateral �ggradient,�gall �gcases�g
show�ga�gform �gof�glongitudinal �ggradient�gwith �ghigher�gvalues�gtowards�gthe�g
back�gof�gthe�gcompartment.�gWe�gattribute �gthis�gto�gthe�gfact�gthat �gthe�gsource�g
positions�gin�grow �g5�gtypically �ggenerate�gthe�gstrongest�gaerosol�gspread,�gas�git �g
is�gobservable�gin�gFig.�g�g5�g(and�gin�gAppendix�g�gB).

4.2.�gMean�gand�gmaximum�gcontaminations

In�gorder�gto�gdetermine�gthe�gglobal�gperformance�gmetrics,�gthe�gmean�gand�g
maximum �gvalues�gof�gthe�gaerosol�gfractions�gare�gcompared�gby�gbar�gcharts�gin�g
Fig.�g�g7.�gThe�grespective�gerror �gbars�gof�gthis�gand�gthe�gfollowing �gcharts�gindicate �g
the�gstandard�gdeviations�gassociated�gwith �gthe�gaveraging�gover�gthe�gdifferent �g
source�gpositions.

The�gcomparison�gof�gthe�gdifferent �gcases�greveals�gdifferent �gtrends�gwith �g
regard�gto�gthe�gmean�gand�gmaximum �gvalues.�gRegarding�gthe�gmean�gconcen-
tration, �gSc1�gand�gSc2�gperform �gbest�gwith �gvalues�gof�gapproximately �g1h.�g
Compared�gto�gthat, �gthe�gother�gcases�gperform �gworse�gexhibiting �ghigher�g
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Fig.�g6.�gMaps�gof�gthe�gaerosol�gfraction �g𝑓𝑁 �gaveraged�gover�gall�ginvestigated�gsource�gpositions�gfor�gthe�gdifferent �gcases.�gColor-coded�grectangles�grepresent�gthe�gaerosol�glevels�g
in�gthe�gbreathing�gzones�gof�gthe�grespective�gseats.�gArrows�gindicate�gthe�gaerosol�glevels�gin�gthe�grespective�gexhausts.

Fig.�g7.�gSource-position�gaverages�gof�gthe�gmean�g(blue) �gand�gmaximum �g(orange)�g
aerosol�gfractions�gof�gall�gseat�gpositions.�gError�gbars�grepresent�gthe�gstandard�g
deviations�gassociated�gwith �gthe�gdifferent �gsource�gpositions.

values.�gSignificant �gdifferences�gexist�gtowards�gthe�gconfigurations �gSc4,�g
with �g1.3h,�gand�gSc3,�gwith �gapproximately �g1.6h.

Regarding�gthe�gmaximum �gconcentration,�gthe�gstandard�gdeviations�g
based�gon�gthe�gdifferent �gsource�gpositions�gamount�gto�gsignificant �gportions�gof�g
the�gdisplayed�gvalues,�greaching�gup�gto�g54%�gat�gSc5.�gFor�gthis�greason,�gSc1,�g

Sc4,�gand�gSc5�gare�gconsidered�ghaving�gan�gequal�gperformance�gof�garound�g
5h.�gThe�gonly �gconcepts�gdisplaying �gsignificant �gdeviations�gfrom �gother�g
ones�gare�gSc2�gand�gSc3.�gFor�gthe�glatter, �gthe�gdeviation �gis�gagain�gtowards�g
a�gworse�gperformance�gwith �gapproximately �g7.5h.�gIn�gcontrast,�gSc2�gshows�g
with �g3.5h�gthe�gbest�gperformance�gregarding�gthe�gmaximum �gconcentration�g
within �gthe�gcompartments�gbreathing�gzones.

4.3.�gContaminant�gremoval�gefficiency

The�gnext�gcomparison�gof�gthe�gcases�gconsiders�gthe�gcontaminant �gre-
moval�gefficiencies�gdisplayed�gin�gFig.�g�g8.�gThe�gbar�gchart�gshows�gthat �gthe�g
CRE�gvalues�gof�gall �gcases�gare�gclosely�garranged�garound�g0.5,�gwhich �gis�galso�g
expected�gfor �gmixing �gventilation �gconcepts.

The�gsmall�gdeviations�gbetween�gthe�gcases�gfurther �gfollow �gthe�gtrend�g
already�gobserved�gfor �gthe�gmean�gconcentrations,�gwith �gSc1�gand�gSc2�gex-
hibiting �gthe�gmore�gfavorable�gvalues.�gHowever,�gthe�gsmall�goverall �gdevi-
ations�glead�gto�gonly �gSc2�ghaving�ga�gsignificant �gadvantage�gover�gSc4.�gThis�g
suggests�gthat �gthis�gindicator �gis�gnot�gideal�gfor �gevaluating�gthe�gperformance�g
of�gdifferent �gventilation �gconcepts�gregarding�ga�gdirect �gdisease�gtransmission�g
path.

4.4.�gSeat�gabove�ga�gthreshold

Due�gto�gthese�gdeficiencies�gof�gthe�gCRE,�gthe�gnext�gcomparison�gis�gbased�g
on�gthe�gnumber�gof�gseats�gabove�gcertain�gthresholds,�gresembling�ga�gstrongly�g
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Fig.�g8.�gSource-position�gaverages�gof�gthe�gcontaminant �gremoval�gefficiencies�g(CRE)�g
of�gthe�gdifferent �gconcepts.�gError�gbars�grepresent�gthe�gstandard�gdeviations�gassoci-
ated�gwith �gthe�gdifferent �gsource�gpositions.

Fig.�g9.�gSource-position�gaverages�gof�gthe�gseats�gabove�ggiven�gthreshold�gaerosol�g
fractions.�gError�gbars�grepresent�gthe�gstandard�gdeviations�gassociated�gwith �gthe�g
different �gsource�gpositions.

simplified �ginfection �gmodel,�gwhere�gthe�gnumber�gof�gseats�gexceeding�ga�g
threshold�grepresents�gpotential �ginfections.�gThese�gnumbers�gare�gpresented�g
in�gform �gof�ga�gbar�gchart�gin�gFig.�g�g9.

It �gis�gremarkable�gthat �gthe�gdifferent �gthresholds�gagain�glead�gto�gdifferent �g
results�gin�gthe�gcomparison�gof�gthe�gcases.�gFor�gthe�ghigh�g(2h)�gand�gmedium�g
(1h)�gthresholds,�gthe�gcomparison�gbetween�gthe�gcases�gyields�gsimilar �gre-
sults:�gThe�gbest�gperformance�gis�gachieved�gby�gSc1�g(H:�g3�gM:�g8�gseats),�gwhich �g
is�gfollowed �gby�ga�gmidfield �gcomprised�gby�gSc2�gand�gSc5�g(H:�g4�gM:�g10�gseats),�g
as�gwell �gas�gSc4�g(H:�g5�gM:�g11�gseats).�gThe�gworst�gresults,�gon�gthe�gother�ghand,�g
are�gproduced�gwith �gSc3�g(H:�g6�gM:�g14�gseats).�gSo,�gwhile �gthe�gdifferences�g
of�gthe�gCRE�gbetween�gthe�gcases�gwere�gmostly�ginsignificant, �gthe�gdifference�g
between�gthe�gbest�gand�gworst�gcase�gcould�gmean�gthe�gnumber�gof�gseats�gover�g
a�gthreshold�gdoubling. �gIn�gcontrast�gto�gthe�gother�gthresholds,�gSc2�g(14�gseats)�g
performs�gsignificantly �gbetter�gfor �gthe�glow �g(0.5h)�gthreshold�gthan�gall �gother�g
concepts�gexcept�gfor �gSc5,�gwhich �greaches�ga�gsimilar �gperformance�gwith �g15�g
seats�gon�gaverage.�gIn�gthis�gcategory,�gSc1�gunderperforms�gwith �gan�gaverage�g
of�g17�gseats,�gonly �gexceeded�gby�gthe�gsignificantly �gworse�gperforming �gSc3�g
with �gabout�g20�gseats.

4.5.�gDiscussion�gand�glimitations

Summarizing�gthese�gresults,�gthe�gfollowing �gkey�gmessages�gare�gevi-
dent:�gThe�gmetric �gused�gto�gcompare�gthe�gconcepts�gmatters,�gas�gdifferent �g

metrics�gproduced�gminimal �g(CRE)�gor�gsignificant �g(seats�gover�gthreshold) �g
differences�gbetween�gthe�gdifferent �gconcepts�gand�gdifferent �granking �gorders�g
of�gconcepts.�gAs�gminimizing �gpathogen�gtransport�gis�gonly �gone�gaim�gof�g
designing�ga�gventilation �gsolution �gbesides�gpassenger�gcomfort �gand�genergy�g
efficiency, �gwe�gpropose�gusing�ga�gmetric �gthat �gis�gas�gclose�gas�gpossible�gto�gthe�g
ultimate �ggoal�gof�greducing�ginfections.�gThis�gmetric �gcould�gthen�gbe�gweighed�g
against�gthe�gother�ggoals.�gBased�gon�gthe�ghere�gavailable�gexperimental�gdata,�g
we�gconsider�gseats-over-threshold�gto�gbe�gclosest�gto�gthe�gultimate �ggoal�gof�g
reducing�ginfections.�gHowever,�gtranslating �gthe�gresults�gof�gthis�gmetric �ginto �g
actual�ginfections�gstill �gdepends�gon�gthe�gspecific�gapplication �g(expected�g
travel �gtime �gwithin �gthe�gcompartment), �gcombined�gwith �gthe�gconsidered�g
pathogen�g(infectivity). �gIn�gthese�gregards,�git �ghas�gto�gbe�gnoted�gthat �gthere�gis�g
no�gsingle�goptimal �gventilation �gconcept.�gYet,�gboth�gSc1�gand�gSc2�gshowed�g
to�gbe�gadvantageous�gover�gthe�gdifferent �gmetrics.�gConsidering�gall �gmetrics,�g
their �gdifferent �gcharacteristics�gare�grevealed:�gThe�gcase�gSc1,�gwith �gthe�g
inflow �gaimed�gdirectly �gtowards�gthe�gpassengers,�gexhibits�ga�gcontrolled �g
aerosol�gtransport�gcharacteristic�gin�gclose�gproximity �gto�gthe�gsource,�gwhile �g
its�gcharacteristic�gis�gbetter�gdescribed�gby�gdilution �gthrough �gdispersion�gin�g
the�gfar�gfield. �gFor�gcase�gSc2,�gwith �gthe�gmicrojet �gceiling, �gthe�gexact�gopposite�g
applies.�gThis�gcase�gshows�gdilution �gthrough �gdispersion�gin�gproximity �gto�g
the�gsource�gand�ga�gmore�gcontrolled �gtransport�gon�gthe�glarger�gscales.�gThis�g
explains�gwhy �gSc1�gperforms�gbest�gfor �gthe�gseats�gabove�gthe�ghigher�gthresh-
olds�g(see�gFig.�g�g9),�gwhile �gSc2�gstill �gshows�gthe�glowest�gnumber�gof�gseats�gfor �g
the�g0.5h�gthreshold�gand�gthe�glowest�gmaximum �gvalues�g(see�gFig.�g�g7).

Regarding�ga�gtransfer�gto�greal�gworld �gapplications,�gthe�glimitations �g
caused�gby�gthe�gfollowing �gsimplifying �gomissions�gneed�gto�gbe�gconsidered:�g
persons�gwalking �gin�gthe�gaisle,�gchanges�gof�gthe�goccupancy�gduring �ga�gtravel �g
or�gpartial �goccupancy,�gdoor�gopenings,�gsolar�gradiation �gheat�gloads,�gand�g
possibly�gmore.�gHowever,�gthe�gsupply�gair�gflow �grate�gis�gtypically �gkept�gcon-
stant�gin�ga�gtrain �gto�gavoid�gtemperature�ginhomogeneities�gand/or �gtoo�ghigh�g
flow �gvelocities.�gFurther,�gdue�gto�gthe�grather�ghigh�gflow �grates,�gthe�glarge-
scale�gflow �gstructures�gare�gmainly �gdetermined�gby�gthe�gmixing �gventilation �g
scheme�gand�gonly �gweakly�gchanged�gby�ginternal �gheat�gloads�gor�gdifferent �g
boundary�gconditions. �gConsequently,�gwe�gexpect�gthat �gour�gfindings �gare�g
in�ggeneral�gtransferable�gto�gother�ggeometries�gand�gwill �galso�gbe�gvalid �gfor �g
varying �gother�gconditions. �gYet,�glocal�gdifferences�gof�gthe�gaerosol�gdispersion�g
are�gto�gbe�gexpected.�gWith �gregard�gto�gdoor�gopenings,�gone�ghas�gto�gdistinguish �g
between�glong-distance�gtrains�g(less�gfrequent�gdoor�gopenings�gand�gtypically �g
additional �gseparation�gdoors�gbetween�gthe�gpassenger�gseats�gand�gthe�gen-
trance�gareas)�gand�gsub-urban�gor�gmetro�gtrains�g(frequent �gopenings�gand�g
doors�gdirectly �gin�gthe�gpassenger�garea).�gWhile �gfor �glong-distance�gtrains,�g
a�gnegligible �geffect�gof�gdoor-openings�gis�gexpected,�gthe�geffect�gshould�gbe�g
integrated�gin�gfurther �gstudies�gon�gtrains�goperating�gon�gshorter�gdistances.

5.�gConclusion �gand �goutlook

We�ginvestigated�gthe�gaerosol�gdispersion�gfor �gfive�gdifferent �ginlet �gcon-
cepts�gin�ga�ggeneric�gpassenger�gcompartment�gof�ga�gtrain �gby�gmeasuring�g
aerosol�gconcentration�gin�gthe�gbreathing�gzones�gand�gexhaust�glines�gfor �gsix�g
different �gsource�glocations�gfor �geach�gcase.�gFor�gthe�gevaluation, �gthe�gmetrics�g
of�gmean�gconcentration,�gmaximum �gconcentration,�gcontaminant �gremoval�g
efficiency �gand�gseats�gabove�gthreshold�gwere�gconsidered.�gWhile �gthe�gvari-
ance�gbetween�gthe�gcases�gwas�glow �gfor �gthe�gcontaminant �gremoval�gefficiency, �g
the�gspread�gwithin �gthe�gother�gmetrics�gamounted�gup�gto�ga�gdoubling �gbetween�g
best�gand�gworst�gconcept.�gRegarding�gthe�gperformance�gof�gthe�gconcepts,�g
different �gmetrics�gresulted�gin�gdifferent �gorders.�gHowever,�gthe�gtrend�gover�g
all �gmetrics�grevealed�gthat �gthe�gconcept�gSc3,�gsideways�goriented�gceiling �g
inlets,�gis�gdisadvantageous�gregarding�gthe�gcontainment �gof�gthe�gaerosol�g
spread.�gIn�gcontrast,�gthe�gconcepts�gSc1,�gceiling �ginlets�goriented�gtowards�g
the�gpassengers,�gand�gSc2,�ga�gmicrojet �gceiling, �gproved�gto�gbe�gadvantageous�g
for �gthe�greduction �gof�gthe�gspread�gof�gparticles.

However,�gthese�gtwo �gconcepts�gexhibit �gdifferent �gshort�grange�gand�g
large�gscale�gflow �gcharacteristics,�gwhich �gleads�gto�gSc1�gbeing�goptimal �gfor �g
avoiding �ginfections�gof�gpathogens�gwith �glower �ginfectivities �g(associated�g
with �ghigher�gthreshold�gconcentrations)�gand�gSc2�gbeing�goptimal �gfor �gthe�g
highest�ginfectivity �g(associated�gwith �gthe�glowest�gthreshold�gconcentration).
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Additionally, �gthe�ginvestigation �grevealed�gtrends�goverarching�gall �gcon-
cepts,�gsuch�gas�ga�glongitudinal �gdraft �gtowards�gthe�gfront �gof�gthe�gcompart-
ment,�gas�gwell �gas�gstronger�gcross-aisle�gcontamination �gfor �gsource�gpositions�g
at�gthe�gvery�gback�gof�gthe�gcompartment.

Even�gunder�gconsideration�gof�gthe�gdiscussed�glimitations, �gthe�gpresented�g
results�gmay�gindicate �gwhich �gconcepts�gshould�gbe�gpreferably�gpursued�gor�g
avoided�gduring �gthe�gdevelopment�gof�gnovel�gpassenger�gtrains.�gWhile �gthis�g
indication �gis�gjustified �gby�gconcept-specific,�glarge-scale�gflow �gstructures�g
forming �glargely�gindependent�gof�gspecific�gtrain �ggeometries,�gstudies�gof�g
the�gapplication �gin�gconcrete�ggeometries�gare�gcertainly �gstill �gnecessary�gto�g
quantify �gthe�grespective�gdispersion�gcharacteristics.

Besides�gstate-of-the-art�gconcepts,�gupcoming�gresearch�gfocuses�gon�gin-
hibiting �gthe�gspread�gof�gpathogens�gthrough �gdeveloping�gair�gsupply�gcon-
cepts�gtailored �gfor �gthis�gvery�gpurpose.�gFurther,�gthe�gapplication �gof�gmore�g
elaborate�ginfection �gmodels,�glike �gthe�gone�gpresented�gby�gWebner�get�gal.�g
(2024),�gshould�galso�gbe�gextended�gtowards�gexperimental�ginvestigations,�g
as�gexpected�ginfections�gare�gthe�grelevant�gmetric. �gThe�gnecessary�ginforma-
tion �gfor �gmodeling�gthe�gparticle �gage�gmay�gbe�ggathered�gby�ganalyzing�gthe�g
exponential�gresponses�gof�gswitching �gthe�gsource�gon�gor�goff.
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Appendix �gA.�gLaser�gvisualization �gof �gventilation �gconcepts

This�gappendix�gprovides�ga�gmore�gdetailed�gview �gof�gthe�gtechnical�gimple-
mentation �gof�gthe�ginvestigated�ginlet �gconcepts.�gSmoke�gvisualizations�gin�ga�g
cross-section�gof�gthe�gcompartment�gfurther �gsupplement�gthe�gunderstanding�g
of�gthe�gresulting �gflow.

A.1.�gCase�gSc1

The�gconcept�gSc1�gcomprised�gthe�ginstallation �gof�gslot-diffuser �ginlets�g
under�gthe�gceiling. �gThe�gvanes�gof�gthe�gdiffuser�gelements�gwere�gadjusted�gin�ga�g
manner,�gthat �gthe�gair�gflow �gis�gdirected�gtowards�gthe�gcenter�gof�gthe�gtwo �gseat�g
groups�gon�geach�gside�gof�gthe�gaisle.�gThe�gresult�gis�gdisplayed�gin�gFig.�g�gA.10.

A.2.�gCase�gSc2

For�gthis�gconfiguration, �gmicro-jet �gceiling �gelements�gwere�ginstalled �gin�g
the�gmock-up.�gAs�gshown�gin�gFig.�g�gA.11,�gthis�gresulted�gin�ga�gdown-welling �g
large-scale�gcirculation �gwithin �gthe�gaisle�gregion.

A.3.�gCase�gSc3

For�gthe�gconcept�gSc3,�gshown�gin�gFig.�g�gA.12,�gthe�gslot�gdiffusers�gwere�g
mounted�gin�gthe�gsame�gway�gas�gfor �gSc1.�gHowever,�gthe�gvanes�gare�gnow�g
adjusted�gso�gthat �gthe�gair�genters�gthe�gcabin�gwith �ga�ghorizontal �gmomentum,�g
subsequently�gfollowing �gthe�gcontour�gof�gthe�gceiling. �gRespectively,�gthe�g
configuration �ginduces�ga�glarge-scale�gcirculation �gwith �gup-welling �gair�gin�g
the�gaisle�gregion.

A.4.�gCase�gSc4

The�gconcept�gSc4�grepresents�gsupply�gair�gopenings�gin�gthe�glower �gwindow �g
sills�gfacing�gupwards.�gHence�gthe�gslot�gdiffusers�gwere�gmounted�gbelow�gthe�g
window �gregion.�gThe�gresulting �gflow �gdisplayed�gin�gFig.�g�gA.13�gfollows �gthe�g
side�gwall/window �gcontour�gof�gthe�gcompartment�gto�gthe�gceiling; �gthere,�git �g
converges,�gyielding �ga�gdown-welling �gflow �gin�gthe�gaisle�gregion.

A.5.�gCase�gSc5

In�gcontrast�gto�gthe�gconcept�gSc4,�gSc5�grepresents�gan�gair�gsupply�gthrough �g
the�gupper�gwindow �gframe�gdirected�gdownwards.�gAccordingly, �gthe�gslot�g
diffusers�gare�gmounted�gas�gshown�gin�gFig.�g�gA.14.�gThe�gresulting �glarge-scale�g
circulation �gexhibits�gan�gup-welling �gflow �gin�gthe�gaisle.

Appendix �gB.�gTime-averaged �gaerosol �gconcentration �gfor �geach�gsource �g
position

This�gappendix�gprovides�gthe�gdispersion�gmaps�gfor �geach�ginlet �gconfigu-
ration �gand�gsource�gposition.

B.1.�gCase�gSc1

For�gthe�gdetailed�gdispersion�gmaps�gof�gcase�gSc1,�gsee�gFig.�g�g6�gin�gSec-
tion �g3.2.

B.2.�gCase�gSc2

See�gFig.�g�gB.15.

B.3.�gCase�gSc3

See�gFig.�g�gB.16.

B.4.�gCase�gSc4

See�gFig.�g�gB.17.

B.5.�gCase�gSc5

See�gFig.�g�gB.18.
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Fig.�gA.10. �g(a)�gDetail�gimage�gof�gthe�gvane�gsetting�gof�gthe�gslot�gdiffusers.�g(b)�gLaser-smoke�gvisualization �gof�gthe�ginflow �gprovided �gby�gconcept�gSc1.

Fig.�gA.11. �g(a)�gMicrojet �gceiling �gelements�gused�gas�gsupply�gair�ginlet �gin�gthis�gcase.�g(b)�gLaser-smoke�gvisualization �gof�gthe�ginflow �gprovided �gby�gconcept�gSc2.

Fig.�gA.12. �g(a)�gSlot�gdiffusers�gas�gsupply�gair�ginlets�gmounted�gbelow�gthe�gceiling �g(as�galso�gfor�gSc1).�g(b)�gLaser-smoke�gvisualization �gof�gthe�ginflow �gprovided �gby�gconcept�gSc3.

Fig.�gA.13. �g(a)�gSlot�gdiffusers�gmounted�gbelow�gthe�gwindow �gregion�gas�ginlets�gfor�gthe�gconcept�gSc4.�g(b)�gLaser-smoke�gvisualization �gof�gthe�ginflow �gprovided �gby�gconcept�g
Sc4.
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Fig.�gA.14. �g(a)�gSlot�gdiffusers�gmounted�gabove�gthe�gwindow �gregion�gas�ginlets�gfor�gthe�gconcept�gSc5.�g(b)�gLaser-smoke�gvisualization �gof�gthe�ginflow �gprovided �gby�gconcept�g
Sc5.

Fig.�gB.15. �gMaps�gof�gthe�gaerosol�gfraction �g𝑓𝑁 �gfor�gall�ginvestigated�gsource�gpositions�gof�gcase�gSc2.�gColor-coded�grectangles�grepresent�gthe�gaerosol�glevels�gin�gthe�gbreathing�g
zones�gof�gthe�grespective�gseats.�gArrows�gindicate�gthe�gaerosol�glevels�gin�gthe�grespective�gexhausts.
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Fig.�gB.16. �gMaps�gof�gthe�gaerosol�gfraction �g𝑓𝑁 �gfor�gall�ginvestigated�gsource�gpositions�gof�gcase�gSc3.�gColor-coded�grectangles�grepresent�gthe�gaerosol�glevels�gin�gthe�gbreathing�g
zones�gof�gthe�grespective�gseats.�gArrows�gindicate�gthe�gaerosol�glevels�gin�gthe�grespective�gexhausts.

Fig.�gB.17. �gMaps�gof�gthe�gaerosol�gfraction �g𝑓𝑁 �gfor�gall�ginvestigated�gsource�gpositions�gof�gcase�gSc4.�gColor-coded�grectangles�grepresent�gthe�gaerosol�glevels�gin�gthe�gbreathing�g
zones�gof�gthe�grespective�gseats.�gArrows�gindicate�gthe�gaerosol�glevels�gin�gthe�grespective�gexhausts.
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Fig.�gB.18. �gMaps�gof�gthe�gaerosol�gfraction �g𝑓𝑁 �gfor�gall�ginvestigated�gsource�gpositions�gof�gcase�gSc5.�gColor-coded�grectangles�grepresent�gthe�gaerosol�glevels�gin�gthe�gbreathing�g
zones�gof�gthe�grespective�gseats.�gArrows�gindicate�gthe�gaerosol�glevels�gin�gthe�grespective�gexhausts.

Appendix �gC.�gSignificance �ganalysis

To�gassess�gthe�gsignificance�gof�gthe�gdifferences�gbetween�gthe�gconcepts,
p-values�gare�gcalculated�gbased�gon�gpaired-sample,�gtwo-tailed �gt-tests,�gas�g
the�gsame�gsource�gpositions�gare�gsampled�gfor �geach�gventilation �gconcept,�g
and�glisted�gin�gtables�gfor �geach�ginvestigated�gperformance�gindicator. �gThe
p-value�gentries�gare�grounded�gto�gthe�gthird �gdecimal�gplace.�gThe�gcell�gshading�g
indicates�gsignificance�glevels:�g�g𝑝 ≤ 0.05,�g�g𝑝 ≤ 0.01,�g�g𝑝 ≤ 0.001.

C.1.�gMean�gand�gmaximum�gaerosol�gconcentrations

The�gfollowing �gtables�gcomprise�gp-values�gindicating �gthe�gsignificance�g
of�gthe�gdifference�gbetween�gall �gcombinations�gof�gtwo �gconcepts,�gregarding�g
their �gmean�g(Table�g�gC.2)�gand�gmaximum �gconcentrations�g(Table�g�gC.3),�gas�g
shown�gin�gFig.�g�g7.

C.2.�gContaminant�gremoval�gefficiency

The�gfollowing �gtable�gcomprises�gp-values�gindicating �gthe�gsignificance�g
of�gthe�gdifference�gbetween�gall �gcombinations�gof�gtwo �gconcepts,�gregarding�g
their �gCRE�gvalues�g(Table�g�gC.4),�gas�gshown�gin�gFig.�g�g8.

Table �gC.2
p-values�gindicating �gthe�gsignificance�gof�gthe�gdifferences�g
between�gtwo �gconcepts�gregarding�gtheir �gmean�gaerosol�g
concentrations.

Sc1 Sc2 Sc3 Sc4 Sc5�g
Sc1 � �g
Sc2 0.843 � �g
Sc3 0.000 0.001 � �g
Sc4 0.012 0.000 0.021 � �g
Sc5 0.190 0.169 0.001 0.052 � �g

Table �gC.3
p-values�gindicating �gthe�gsignificance�gof�gthe�gdifferences�g
between�gtwo �gconcepts�gregarding�gtheir �gmaximum �gaerosol�g
concentrations.

Sc1 Sc2 Sc3 Sc4 Sc5�g
Sc1 � �g
Sc2 0.038 � �g
Sc3 0.033 0.003 � �g
Sc4 0.927 0.016 0.062 � �g
Sc5 0.951 0.113 0.030 0.833 � �g
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Table �gC.4
p-values�gindicating �gthe�gsignificance�gof�gthe�gdifferences�g
between�gtwo �gconcepts�gregarding�gtheir �gCRE�gvalues.

Sc1 Sc2 Sc3 Sc4 Sc5�g
Sc1 � �g
Sc2 0.694 � �g
Sc3 0.118 0.087 � �g
Sc4 0.080 0.042 0.706 � �g
Sc5 0.346 0.523 0.871 0.642 � �g

Table �gC.5
p-values�gindicating �gthe�gsignificance�gof�gthe�gdifferences�g
between�gtwo �gconcepts�gregarding�gtheir �gseats�gover�gthe�g2h�g
threshold.

Sc1 Sc2 Sc3 Sc4 Sc5�g
Sc1 � �g
Sc2 0.025 � �g
Sc3 0.002 0.107 � �g
Sc4 0.007 0.062 0.771 � �g
Sc5 0.045 0.842 0.025 0.180 � �g

Table �gC.6
p-values�gindicating �gthe�gsignificance�gof�gthe�gdifferences�g
between�gtwo �gconcepts�gregarding�gtheir �gseats�gover�gthe�g1h�g
threshold.

Sc1 Sc2 Sc3 Sc4 Sc5�g
Sc1 � �g
Sc2 0.034 � �g
Sc3 0.000 0.001 � �g
Sc4 0.002 0.111 0.005 � �g
Sc5 0.025 0.611 0.000 0.034 � �g

Table �gC.7
p-values�gindicating �gthe�gsignificance�gof�gthe�gdifferences�g
between�gtwo �gconcepts�gregarding�gtheir �gseats�gover�gthe�g
0.5h�gthreshold.

Sc1 Sc2 Sc3 Sc4 Sc5�g
Sc1 � �g
Sc2 0.007 � �g
Sc3 0.021 0.004 � �g
Sc4 0.341 0.038 0.064 � �g
Sc5 0.007 0.253 0.011 0.434 � �g

C.3.�gSeats�gover�gthreshold

The�gfollowing �gtables�gcomprise�gp-values�gindicating �gthe�gsignificance�g
of�gthe�gdifference�gbetween�gall �gcombinations�gof�gtwo �gconcepts,�gregarding�g
their �gnumber�gof�gseats�gover�gthe�ghigh�g(Table�g�gC.5),�gmedium�g(Table�g�gC.6),�g
and�glow �gthresholds�g(Table�g�gC.7),�gas�gshown�gin�gFig.�g�g9.

Data�gavailability

Data�gwill �gbe�gmade�gavailable�gon�grequest.
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