ANANUIN 9
UINTFIUAMNINEILINTONNLNY IV
(WA TFIUAUAINDINA)




Uszmanaenssumsaunadosruna
T (WA, b&od)
aanﬂmmnfluwazswﬁ@dﬁ]dam’%mmz%’nmqmmwéaumé’amaﬁa‘mﬁ
WA b&n&

(399 MuuasnasgIugaumweImaluussenmalagialil

91fr1IMUANLIUNNT el IHINIEITYYAdUTTULAZ TNYIMAIN

FUAdouuand WA, bdeod AULNITUNMITWIARDNIHITAMNHUANIATFIN
qunmemaluussamalasialy 1o i
Yoo  luszmni

“n3eeia stuuiudalesan sumsusa Amaiau (Non- dispersive
Infrared Detection)” Wi0ANNT 1930aiioammamiuouyeuen lod Ins 145
pumsNIA

“m"?mﬁ’mzumﬂﬁgﬁmmmu (Chemiluminescence)” *N18AINI

) 1n30ailadammalulasiaulaoonled Iasldia e Tau
UiRsndumaluainoenlsd  Fegnudsumninmalulasioulaeen ledudaia
ﬂa1msﬁ'wuamm«?uﬁﬂmﬂﬂﬁﬁ?m‘gu a fianwenaduiigind oo wiluilines
(Nanometer) 130

(o) m%imﬁa‘Eﬂﬂ'1ﬁ”wTaTevuTﬂﬂcl“j’f’ﬁma%auﬁwﬂﬁﬁ?mﬁuﬁ'wTaTcﬁu
ué’ﬁﬂﬂmm%’mmuﬁﬁmﬁm1ﬂﬂ§ﬁ'§mﬁyu a fiNNENIAAUIEN TN mdo T4 &&o
i Tuiimos

“SeuuW115919aY (Pararosaniline)”  ¥118A141 M3IaAIY
Fanlos lavonlas TaomsgaoimearuaiazareTUdmdon wasinas Isweausa

a I~ @ a o
(Potassium Tetrachloromercurate) tnatiuenslanasIsdaliTawedsa asumand

| SF))



Dichlorosulfito Mercurate Complex 'ﬁnJ“ﬁ?mﬁufmWﬁﬂi«mﬁﬁmmzm{maﬁ'laﬁ
p

a | a, a @ a a
(Pararosaniline and Formaldehyde) natfludvesmsilssilauusa Favloiln uoda

]
=t

(Pararosaniline Methyl Sulfonic Acid) #evzgninanuannsalumsgaduueas o 0
' 4 A 4
PR E& W TUNRDS
“ 4 v a w:l a d .
inseaiAszuvezAeNn wouvsentu malnslines (Atomic
Absorption Spectrometer)” ¥118ANYN 1ATeN0 AUSINMveIRz Tasldiad i
92I¥AY (Acetylene Flame) 1ANNE1IAAN wdm.o 130 o W1 IuilneT
“STUDNNINAIN (Gravimetric)”  HWBANWIT MITAMAUAZDDY
Taggaoimaruuunsod Faldszaninmlumsnsewuazeosning oo lunseu
4 Y
(Micron) 183000z &8 udmniminduazossninuiunsoiu
1 o ] 3 | o Y
o  mmaluussemalagial)lugenamianalaliidlulUdee 1
' A o s 7 o v ' a
(0 AunasveImsasuouNouen lyd luna o ¥ T1ue vzdeelanu
oo dmlududin (ppm) 3oy oclo dadnfudsgnuiadwasuasluna @
2 Tuq wzdocliinu & druludmdin uioluiiu eolod Tadniudegnuiriuns
(o) aundsveamslulasnulasenladluna o ¥lua vwdoald
AU 0.00 duludiudiu wielliAu o.mle Taaniudognuindiuag
' A o ) 9 v a '
(@) mmasveamalalaulunm o $11ue xdod 1Ay o.00 a1
Tudmdu il o.lwo Hadniudogninaiiuns
(@) aundsvoamadamlaslaoenlealunal we 91 Tue szdodlinu
o.olo drulududiu nieliinu o.mo Jadniudegnuinfiues tazsisdivsada
(Geometric Mean) 11 o 3 @0 liiny o.oc drmludwaiy w5e'liumy o.0o
Aa Aa o 1 o
HaaniuAegnuIANUAS
) ° ' Y v o ' A ] 9
Yoo  MIMUIUMANNTNTUYBIMTBAazyialuusseme Tagni 111
AMUNBUNANNAY o VITOIMA 102QUNYT o& IR UTAITY
' o ! 4 & o e
o ¢ aensluussemalaiall lusranamianarlalidulddade U
(0 AundsvenzmMlunm o 1hou wdedliiny o.& lulnsniude
QnNARIUAS
Al dl 1 1Ta Q'l
(o) Aundevoruazensvinn liny oo Tuaseu Tunm e $1lug
wdedliiiy ool dadaniudegnuirdmas uazAufasiusvndiavesasainanly

= k) ra a a o 1 g
M e U wand iy 0.0& NAANITNADYNUIANINAT

bee



(@) fAundvvesr|uazenisiunieduazentvinaliny eoo lunseu
) 1 a A a o 1 s P v oA
luna be 1w szdedliny o.me Tadniuaegnuianuas wazdiuiy
svingiavesasananlunm o 7 wdes iy o.00 Naaniudogninafiuas
o ' A s S )
Yo &  myJamaumasvesmsamsusureuen lud luna % Tunanselunm
M yq ¥ A U = = a = o A A A
& lxs Wimaseiaszuuiuaalesan aulsusa Ama¥y wiessuUaUNNTY
a <3
Auguuaiy ItaNuiure
Y] o ' Py I s A @
Yob  m3damaunagveims lulasnulasenleanionis e Tvulunan
M Y)Y A o A a A A A a Y ]
o $1 114 ldiaTeaiassuunigiituaay ¥ioszuuduinIuAIUAUUaNyIHANNHY
¥01
oo  midamaundevesmadanes laoen lodlume we ¥1Tua #5aly
= Yg Yax % an A A' d' a Y
na1 o ¥ WlEsmsianuszuumnlsanian wiessuvdunnsuaIuguuans v
ANUTAUYO
) o ' = o A v d ' '
Yo MidamAuRdgvesnzmluna ¢ Wweu IinueImaruLEunsealy
q < o l a o o
nTounUfI08190IMAriia leToqu (High Volume-Air Sampler) anaazn10on91n
1 Y a a = Y o I 1 o ¥ A o
wnunsedlasldnsaauilszdaznsande  udnihlisamvesnznilasldasosia
szuvezaouln wouvewtu anlalasimes wieszuudunniualuguuaiy Ay
HUBOU
Y g 1 d' 1 A "a
W0 &  mitamaundevesuazesisiunioluazossuina Ay eo Tuasou
Tuna we $Iue wisluna o 1 IH1HITMITAMUIZVUNIIINNTN HTDTLVU
4 4 a <
duiinsuauquuaiylfaNnuiure
[ 1 1 a 2] A 1 = l £ =< 9 v
W0 00 NMIIAMIAIRDYVDINMFHIDAT0E19H HI0619 1AM NTD & DD o 11
mluussemeng 1 nazdesgenniiuduedinios o was ualimu b was
1Y) 1 = M 1 9 9 Y o
mslamaundguesnziuaziuazoednule & uazte & Ininluusseime
0 9
9 i nazdesgenniiuduediaies o.&o was ualuimu » was

Uszme o UN 0o WHIBU NA. bXod
¥IU HaANNY
WIBNTTUUAT

A v ' a
ﬂﬁ%ﬁ?uﬂm%ﬂiiNﬂWﬁﬁ\?LL?ﬂﬁ@N!ﬁ’f\?G}ﬂW
Wsgmalus 190Ny 18 eolo ADUN &lo ¥ Tl lb& NYUAIAN bEad)

we&



UAAIRA
Uszmenaznisumsdunadeuurana
AT 00 (WA, b&ma) ponmuauluns s TTyAduasuazine
AUNMNFUIAGOUUIHITIR WA, &

1509 MyuaATgIugUMweIMaluussemalasnaly

Fetlszmalussnenun

afulszmaia 1y 18y eolo ABUT ¢lo ¢ a9TUT & WoHMIAY W&o
Wh o uIINAT 08 M
“Liiu 0.0 Haansy” Iiufilu

“NyitAy o0.0& Tadnsy”

Wsgmalus 19790 nY1 18Y eolo ADUN do 4 TUA & AUGBY b o)

web



N »&

10N oo ABUNIAY oo 4 TIBNINYLNYI bl AU bE

15eMARNZNITUNITAUNAAONUHIFIA
WU b (WA, bEeo)

Fos Mvuamaspugamweimaluussimalaenalyl

)]

918 1NIMNANVIUNNT ol HAZVIAT o WHINTZTINTTY

o

v
v a [ a

AUEBNLAZINNAUMNRUNATOVUIINNG WA, beeme dudunIzmiyys
ftumiyejinalszmafedumshidadniuacidinnreayana 3NaT s
UYsznouAunem o AT & WA Ko UANIAT &e VDITTHITNYUWY
wisnFoNInTlne tyga sz ldleaserdus nnamuumigaaurengrue
AuznsuMsAunadonuiand Seldtudluasmmatzguaiif b/iweco
HoTull we AuAUT beeo TWiugudlumasguguninernma
Tuussnmalaeial) dsdeluil

o o Woundnanuly (@) vesde w urelsemAamznIsTNAIS
Funadouuriind MUl oo (WA, baer) panmuawulumszNMiyd
duaiuiasshNAMWRINATININING WA, e F0d MMUMNATIIY
aumworimealuussnmalaetall uazlilFanudeluiimy

“(@) Amasvossiarameslaoonlyd luna we 32lus zdos
hitiu 0.0l @ulududiu wishifiu o.mo HiadnsudegnuIAfNAS

uazAmNydNaUAdia (Arithmetic Mean) lunal o 1 asdealuiiu

o.o¢ dulududiu viohiiu o.eo Nadnsudognnafiuns”



Wi <o

10N oo ABUNIAY oo 4 TIBNINYLNYI bl AU bE

19 o IHendnanuly (o) uaz (o) V098 « unalszma
AMZNTTNMTTUNASONLITIA RUUN 00 (W.A. bEoc) 09NATNAIY

'
' a [ a

TunsznmiygAdudinnazinnguandunadonuiina w.a. beog
o ﬁmuﬂmmimﬂmmwmmﬁ“lumimmﬂiﬂaﬁa"lﬂuaﬂﬁ’lﬁffmmssia"lﬂﬁmu
“(Ip) mimavvesduazoosnalifin oo Wazeu unm we $9h
Aol 0.0l AadniudegnuIATNAT uazmNTdiuUAdia (Arithmetic
Mean) Tuna o 1 szdeshiiiu o.o& Hadnsudegnunafiiuas
(o) mmé"ﬂmm@uazamﬂuﬁaQuazaawum"lmﬁu voo lunsau
Tunm e $hn wdedhiifiu o.om Hadnfudogmneduns uazAnivdi

uAdia  (Arithmetic Mean) lunal o 1 vdealify o.e0 Hadnsu

ABQNINAN AT

dszma o Ui & MM WA, b
IQTUA DU
JOANNUNITTUUAT

Uiamhnlsesunssunmsdanadenuriana



Wi e
Y elwd ADUNIAY & 9 FIFNINYVNY 0d NOQEMAN lb&E&o

UsemManuenIsuMIaInd ouILyiIFf

AUN e (WA wEEo)

394 MruaaTgIugun e Imaluussnmalagia il

{ g Iy o {
TagMidumsaualsdsudgaud lvasgiuqanimemaluussemalasia liin'ld
o a 4 {
fua Budr liminzavnuanuduilumadnoemans malulad vazanulasuuias
MaATEgNY tazdinnvesdszma o1ded1uvnuaNluNIng oc UHINIEIFU YA
duasunazinEUNMAWNARDULHIA WA bEo& Usznoutumaiduinuioniguuas
N Pdo/lwE&o alTUN slo NUIAYN b&EEo UAZUAAULNTIUNITAILIAZDUUHIFIATUATIING
E v 1 '
Uszguasan w/lo&&o WoTUN ok WNTIAN WA, b&&Zo UTVUFA TvIATFIUUAIN
' £
oxmaluussomalagnalyd TAdeas i
] v a ] A Pl ' A
19 o Ionananuly (o) 10919 o Y0W5TMAAUZATIUMTAUNIAADNUHIIA
2MUN 00 (WA, b&Xox) sonmuanulunszimiygaduasutazinugunndunadon
HHHIA WA b&e& 1309 fMuaNIasgIugunmeImaluussoinialagiall asiud
Y
00 KU b&ad tazlilsanuas lutiunu
1 { [ QI.I [N ] 1
“(o) aunasveImslolsulumal o 2109 azdoaliny o.00 druludiudiu
A 1A A a o 1 o Y Y [ 1
H30 1Y o.lwo HadnTuAegnuIANuAT uazlunal & $1Tue 1A 1NNy o.00 dIu
] [ =N A a o [ I'd
ludwdau wie'liiiu o.ec TodniuaognUIANNAT
Y Y a Y A Pl ' A v A
19 o Ivonananulude » veslszmanuenssuMsAUIAANLHIIIA RUUN oo
(WA, b&od) sonmuanylunsznsiyyaduasuuazineguawduadonuma
WA b&o& 1309 MruamasgiuaunwoImaluussnmalaoialyl asiuil oo wroy
Y
w&oc tazlildanuas lUidunu
9 [ 1 A (2] S A Yo A [ dy
“3 b mMIiarnaunasveiny lulasnulasen luansamesTaTou Tdduiiumsaatl
Y] 1 dl [ o o Yq ¥ dl [
() Midamaunasveams lulasnulasenlsd luna o ¥1ue 1 lHaseadiaszu

A A A A A a Y ]
mngmummu maiz‘umu°nﬂinmuﬂnnawﬂwmmmu%u g



W &
Y elwd ADUNIAY & 9 FIFNINUYVNY 0d NOQEMAN lb&E&o

(o) MidararndsveinisloTsuluma o $2Iue wielunar @ ¥1lue 1914

A Y A A A A A a Y [~
mimamzumﬂuqmuﬁwu maiwuaumﬂium‘uquuawﬁlwmmmu%au”

Usema a1 TUN eo NHIBU WA, lb&&o
a y { [ 4
Tada uilonivg
JOIUUNTIUUAT

UsEHIUNTTUMITUIAADUUHIFA



Wi Q&
Ay olwb ADUNIAY ooc I F1FNIVNYPUARN ocd MNNAY bE&Xlw

UIeMAnMENITUMITILINA0ULUHITIA

AUN oo (WA bEE )

Fo9 Mruamasgummy lulasoulaeen lod luussnmalaoia i

Tasndumsanarssmuanasgiummes lulasoulasen lod lunssenalasialy

1 )

4 ’ o ) [ ' a [ a o Z
L‘ﬁ'ﬂL‘]Q]L!Lﬂﬂ!“V]‘V]"Julﬂﬁ'lﬁiﬂﬂ'liﬁx‘llﬁiullﬂgiﬂB1ﬂmﬂ1Wﬁ'\‘lll’flﬂﬁlﬂﬂﬁ'mw383']“]11JiUU‘EU§]fT\‘1!ﬁ'3‘JJ

g

HAZSNHIAUMNAUIAADNINING WA, lo&ond

91A88119NANVTIUNING ol (&) LATNINTT o UHINTEISTyATUTT

=

v
vAa A

HAZTAEIAUANTUNARDULNIA WA, b&a& swiunsziviyganiuniy

g

=)

vadszmsiferfumsiidadniuazias mnvesyana 031 e Usznoufuinas oo
AT @ WINTT €o HATNINTT o VBITTFITUYQINTIFOIRINT TNy Tyaialnnsziila
Taverfosmemuuniygaurngruie auenssumsdaundeuuriniseeendssma
sunnasguameluTasoulaeen ledluussemealaeia iy 13 dagte il

fo o Tulszmei

“Lﬂ?aﬁmznmﬂﬁQﬁmﬁwu” (Chemiluminescence) HioAA 13 esiiaTama luTasiou
aeen'lad TasldmyTeTawihlfasnsuma luninoen laddegmidsuinnnialulasiou
"lﬂaan"lcnéﬁLé’ﬁﬂmmmﬁ’mmmLﬁﬁmﬁﬂmﬂﬂﬁﬁ?ﬁmfu u fiawemanuiigani voo mlufimes
(Nanometer)

10 o Ivondn

) a1l (v) veade b urslszmARuzATTUMIAUNAdeUIHIIG ATTUR oo
(WA w&od) aanmumm“luw:izawﬂ'mﬁﬁduﬁ?mmﬁ’ﬂmqmmwémmﬁ'auuﬁwﬁ
WA, w&ad 509 fvumnaspuaummetmaluussnmalagialy

(o) a1l (o) v8edo b urlszmAruzATINMIAUNAAeNIHIIG ATTUR oo
(WA, bEand) aaﬂmummiuw'3zawﬁwg@?ﬁdqm?mmﬁﬂymmmw?}unm’fauuﬁwﬁ
WH. bdod 1509 Muanasgiugunnemaluusseimalaeialy ufludiudnlae
UsgmeamenIsumMsauwIndonuiind atiufl be (WA, ba&o) 1389 AMUANATIN

aunmemaluussomalasialy



Wi @b
Ay olwb ADUNIAY ooc I F1FNIVNYPUARN ocd MNNAY bE&Xlw

fo o Wiimuamasguaimslulasenlaeonledlussonmalasialy1s
Sasto i

o) aundvvesmaiulasnulasenlsdluna o Tus wdod iy o.00 iU
Tudmdumieliify ool fadnSudognnaniuns

(o) MTsANAUANA (Arithmetic Mean) voanw lulasnulasenlodluna o 1
wdedliny o.oe damludwdiu wielifu o.o&e fadnSudegmnaniunas

Fo <« mssnamanududuvesiaiulasoulasen ladluussernalaeia'll
TS mfiouiinnudy o vssMa uazamngi & earmuTaFued

Fo & mitammasvestslulasoulaeenladlunm o $1Tua Wieaiwdivavada
(Arithmetic Mean) Junan o 3 1fl$ia50e3aszuuafiginemay vSoszunduiinsuniuguuaiiy
Tanuiivse

A A

Ysegma o TUN o0 URUIU NA. bE&

Q
4

9NANT NFIFIL
UWONTIUUAT

UsEHIUNTTUMI AIIAADNUHINA



i e
B onst AOUNLAY ebm FIUNIIULUNY & NINYIAN  lodo&

U38N1AANYNTIUNITAIIA DRI
Foq Avuanesguuazoounliiy e luaseu Tuusssnalasild

Tngdunisauasuivugamsimuasnasgiuduazossvuialiiiu ve luasou
luusseinialagily ieidunasiviiludmiunmsdaaiy wasinwaunimdsuindo
mmwasﬁwﬁagajadua%mLLaz%’ﬂQOmW%qmé’ammm@ WA, b&n&

mﬁaé’mmmumm‘iummw oo (@) HATUINT e WANNTETIUYQRALATILAY
sﬂwmmmwammaaumem NA. odnd wazmuiddinuIenisuues 7 bans/odon
atTull o WIAN NA. bEbm 1309 NaUMIIBLATNEUSILIAlKIeINENTTILAT Laz
SguuasUszdndrinuieniguuns Uﬁﬁ’awﬁ’lﬁﬂs“muﬂﬁmmﬂuﬂmzﬂisumwm 9
munguang wewsslsudinuieniguund wassRenenssunsunateuiend lumsussg
AT blocoe Wotull oo NquAIAN NA. beoe FwenuszniAll mmlﬂu

fo o WondnUsznmanuznsnsaundotumintd adull mo (A, oeen)
Fos Amusinasgiufuazessvinlitiu e luasou luusseinialaeialy asfud
bs UNTIAN WA, o&&n

o © Amussasuduazessmuialiiu e luaseu luusseimalaginly
Anadelunm o Falus azdediiiu ¢o lulasniudegnuiadiung Tnelvidnasudetud
me NQUNIAN WA bdob uarhudTuil o fquisy wa beos Huduly liduade
luna be il azdodhifu mme lilasndudegnuiariiamsg

fo o Asussnasguduazesstuialiiu o.e luaseu luusseimalaginly
Adudisavadn (Arithmetic Mean) Tua o U aviedhiiiu o¢ hilasnSudegnuierns

fo « FWeneiaduadsvesjuazessuinliiu e lunsou nude b uazde w
Wl$Bamain e

<o 19959910189 Ap TaNINIWATN (Gravimetric)
<o /ATIVIANAULYN
(@) ADwUA L5ty uevinuyledy (Beta Radiation Attenuation
%39 Beta Ray Attenuation)
(o) AWwUlUes Baud ooadiass lulasuiatud (Tapered Element
Oscillating Microbalance; TEOM)
() AoNINITLTUDMAY (Light Scattering)
(@ FBiAuiegwertouiuiegwermewuulalelasia (Dichotomous
Air Sampler) LazIlATIERAIBIBNIIUNATA



Vi bl
B onst AOUNLAY ebm FIUNIIULUNY & NINYIAN  lodo&

(&) 389U awdinsumuauafivUszmalusvRanyunw

fo & Frmaaradevesiuaveswuinliiiu b.e luasou aute <o WY
8959979119551 Federal Reference Method (FRM) uazte <o 1ildignsiaiamieuwi
Federal Equivalent Method (FEM) mnaflesdnmisfiindauindouuisussimaanigolusni
(United States Environmental Protection Agency 30 US EPA) AMmum

fo o mImnaindiedsvesuazesualiiy b.e luaseu mute « Tiviilu
ussomie lufigunaliuazaufuusIeINIAan19z93e (Actual conditions) wazdesga
MniluAueEtos e.¢o WAt udliiAy o¢ e

o o Ussmadlildtuiusiudaonfulssmalussianuuneiduduly

Usna o Tufl oe Tiquieu wa. beoe
waLan UseIng 19¥enTIad
sesuendguuss URTAmThi
Us¥5IUNTTINIAUINEBULIY



¢ v Y 6V [-1 =]
wnaginUdntuingatsuaulaoenlen luuniiaingelsy
Uszinadnna 1ag |. Pigliautile, et al.




° ege /
Qg? sustainability @\"y

Article

Investigation of CO, Variation and Mapping Through
Wearable Sensing Techniques for Measuring
Pedestrians” Exposure in Urban Areas

Ilaria Pigliautile 1, Guido Marseglia 1> and Anna Laura Pisello 13*

CIRIAF, University of Perugia, 06125 Perugia, Italy; pigliautile@crbnet.it

Research Department, Link Campus University of Rome, 00165 Rome, Italy; g.marseglia@unilink.it
Department of Engineering, University of Perugia, 06125 Perugia, Italy

*  Correspondence: anna.pisello@unipg.it; Tel.: +39-075-585-3563

W N =

check for
Received: 6 February 2020; Accepted: 6 May 2020; Published: 11 May 2020 updates

Abstract: Citizens’ wellbeing is mainly threatened by poor air quality and local overheating due
to human-activity concentration and land-cover/surface modification in urban areas. Peculiar
morphology and metabolism of urban areas lead to the well-known urban-heat-island effect,
characterized by higher air temperature in cities than in their surroundings. The environmental
mapping of the urban outdoors at the pedestrian height could be a key tool to identify risky areas
for humans in terms of both poor-air-quality exposure and thermal comfort. This study proposes
urban environment investigation through a wearable miniaturized weather station to get the spatial
distribution of key parameters according to the citizens’ perspective. The innovative system monitors
and traces the field values of carbon dioxide (CO;) concentration, such as air temperature and
wind-speed values, which have been demonstrated to be related to outdoor wellbeing. The presented
monitoring campaign focused on a two-way, two-lane road in Rome (Italy) during traffic rush hours
on both working days and weekends. Collected data were analyzed with respect to timing and
position, and possible correlations among different variables were examined. Results demonstrated
the wearable system capability to catch pedestrian-exposure variability in terms of CO, concentration
and local overheating due to urban structure, highlighting potentials in the citizens” involvement as
observation vectors to extensively monitor urban environmental quality.

Keywords: microclimate; CO, monitoring; urban heat island; monitoring; wearable sensing;
outdoor comfort

1. Introduction

World urban-population growth and urban built-up expansion are internationally recognized
and consolidated trends [1], particularly intense in developing countries [2]. This demographic
tendency means that an increasing number of people will live in urban areas where impervious surfaces
generally replace natural ground, altering local energy balance [3,4]. Increasing concentration of
anthropogenic actions and activities is further responsible for air-quality deterioration and contributes
to local overheating [5,6]. In this view, in 2015, the Member States of the United Nations committed
to implementing the 2030 Agenda for Sustainable Development [7], including the economic, social,
and environmental fields of sustainable development. The Agenda is based on 17 universal Sustainable
Development Goals (SDGs), aimed at reducing inequality and improving living standards all around
the globe, and always keeping high attention on sustainability [8]. The urban sustainability concept is
thus gaining increasing attention among the scientific community and urban planners, as reported by
Shen et al. [9]. Within this framework, governments have to promote urgent actions to fight climate
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change and its impact on humans’ life quality and well-being, and the improvement of urban air
quality is a key point in achieving the proposed SDGs [10-14].

Regarding the pollutant emissions, some research has underlined that transport (including the
movement of people and goods by cars, trucks, trains, ships, airplanes, and other vehicles) is one of
the main sectors for the emission of the Greenhouse Gases (GHGs) [15]. Garceau [16] demonstrated,
through long-term monitoring of air pollutants, that introduction of roundabouts allowed decreasing
PM2.5 concentrations up to 40% in the case study of Knee, New Hampshire (USA). The municipality
of Potsdam (Germany) introduced specific traffic-reducing measures in 2017, and Schmitz et al. [17]
investigated the public acceptance of the implemented actions by means of questionnaire submission.
The study highlighted that individual awareness of the air-quality problem was the most important
predictor of community support. Moreover, the European Commission has defined an important CO,
vehicle-emission-reduction project, setting the limit value for the New European Driving Cycle (NEDC)
of 95 g/km of CO; to be reached before 2021 [18].

Urban areas, and thus citizens, are particularly vulnerable to pollutant exposure since the urban
form alters wind patterns, producing wind-calm or vortex zones [19], and pollutant sources are
mainly concentrated in urbanized areas, such as vehicular traffic, industrial activities, heating systems,
and commercial areas. Thanks to rising awareness and recent emission-reduction standards, important
improvements have been achieved worldwide in terms of air quality, but pollutant-concentration limit
values still exceed the Air-Quality Standards’ threshold values in several cities [20-23]. These standards
mainly focus on PM10, PM2.5, NOy, and SOy concentration monitoring, while CO; is not commonly
mentioned as a pollutant since it is harmful to human beings only at very high concentration levels,
that is, equal to or above 2%, as specified by Langford [24]. Nevertheless, high CO, emissions cause
severe damage to human health [25-27], and variations of its concentration levels below the urban
canopy could represent the existence of punctual anthropogenic sources which may be threatening
the environmental quality of the outdoors. Accordingly, CO, concentration could be assumed as
representative of the air quality [28].

Furthermore, cities are affected by the well-known phenomenon of the Urban Heat Island
(UHI) [29,30] due to their morphological peculiarities, land surface cover and usage, and lack of
greenery [31]. This specific microclimate characteristic mainly occurs in the higher air temperatures
detected in the urban areas with respect to rural surroundings, but it also further deteriorates the air
quality of urban spaces, altering city photochemistry [32] and affecting atmospheric circulation [33].
The relationship between microclimate features, such as air temperature, solar radiation, wind speed,
air pollution, and urban morphology, can be understood through a detailed analysis of the temporal
and spatial distribution of the Urban-Heat-Island Intensity (UHII) [34] which numerically expresses
the impact on microclimate due to urban environment. High values of UHII compromise citizens’
everyday commuting, open-air activities, and dwellers’ well-being, in general [35,36].

Zhang et al. [37] considered a diagnostic methodology to evaluate the UHI effect in Xi’an, a Chinese
city. They proposed a model to estimate the maximum UHI intensity on the basis of real meteorology
data of a rural station, analyzing the link between UHI and the city morphology. Pakarnseree et al. [38]
highlighted the importance of considering, in buildings, such physical features as the Water Surface
Ratio (WSR), Street Surface Ratio (SSR), Park Surface Ratio (PSR), Building Coverage Ratio (BCR),
and Floor Area Ratio (FAR) that strongly influence the presence of the UHI issue in the Bangkok area.
Li et al. [39] underlined the interaction between the UHI and the Urban Pollution Island (UPI) by
analyzing their effects on the environment during summer in Berlin, focusing on various risky aspects
that made citizens more vulnerable during hotter seasons. Rizvi et al. [40] showed the existence of
UHI in a city in the Pakistan zone and analyzed the effects of its interaction with Heat Waves (HWs)
which are foreseen to be more intense and frequent in the next decades due to climate change [41].
The sensitivity of the existing synergy between HWs and UHI was investigated through climate
modelling by Zhao et al. in [42], even in future climate scenarios. The relationship between microclimate
parameters in urban zones and the effects of global warming were analyzed by Sun et al. [43]. Gu and
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Li [44] evaluated the impact of precipitation on the intensity of UHI in the continental United States at
microclimate scales. Jato-Espino [45] analyzed the impact of UHI in the Mediterranean area by means
of statistical analysis, considering the value of the daily thermal fluctuations.

The common practice of urban environmental monitoring is conducted by means of fixed
monitoring-station networks [46,47] properly designed in order to optimize monitoring costs, that
is, the instruments, installation and maintenance, and spatial coverage [48]. Nevertheless, the high
heterogeneity of city landscapes leads to highly granular microclimatic conditions which could not be
detected by those networks due to their dimensions [49]. Furthermore, weather stations are generally
located above roof levels, and such position does not allow to catch the pedestrians’ perspective in
the urban environment, losing information for an accurate evaluation of citizens’ life quality and
well-being. Spatial distribution of anthropogenic activities, which could be assumed as punctual or
linear sources of pollutants, produces different air quality levels at the pedestrian height throughout
cities [50] that could not be highlighted from common station networks either.

Therefore, experimental data collection below the urban canopy is fundamental to map the
urban environment in terms of site-specific microclimate conditions and air-quality personal exposure.
To guarantee citizens’ health and security, the current challenge is to study more and more sophisticated
monitoring systems and methods for real-time evaluation of the urban-microclimate spatial pattern.

Nowadays, the scientific community is moving in this direction, focusing on collecting
environmental data at a high spatial resolution, taking advantage of advances in technology and
communication sectors [51-53]. Dominguez et al. [54] developed a cloud platform to integrate different
typologies of environmental-sensor networks with a sensor web providing urban air and noise pollution
data to common citizens. Pedestrians can thus decide how to move around the city on the basis of
pollutant spatial distribution, as proposed by Dhingra et al.’s IoT-Mobair application [55].

Considering this scenario, the current work moved from previous contributions of the authors [56-58]
to further investigate monitoring potentials of an experimental innovative system in terms of urban
COzs-level mapping. In particular, CO; concentration was assumed as an indicator of existing
anthropogenic activities in the investigated area [59] that may affect the environmental quality at
the pedestrian height which cannot be highlighted by common fixed monitoring stations. Taking
advantage of the improvements in wearable sensing techniques [60], pedestrians became predominant
observational vectors allowing to accomplish a twofold aim: (i) to increase monitoring network
coverage, and (ii) to focus data collection on humans exposed to urban environmental conditions.
In particular, the developed system was a miniaturized weather station which could be settled on a
common bike helmet due to its small size and light weight. The adoption of a wearable sensing technique
also allowed to monitor the quality of the urban environment across areas which were not approachable
by vehicles that were the most common observation vectors. Moreover, the monitoring perspective
was that of the pedestrian, thus data collected through this method were strictly related to the real
perception of dwellers living in the outdoor spaces of the city. As the key research progress with respect
to previous works, here the focus was also on CO,-concentration mapping through wearable sensing
techniques, which are considered to be an innovative tool for identifying air quality as specifically
perceived by pedestrians in dense and polluted urban areas [61]. In addition, CO; concentration, even
at a very local scale, may be correlated to an increase in premature mortality. CO, local increase in
concentration was indeed correlated to an increase in ozone concentration and particulate matter. In this
view, even more importantly, specific granular, localized CO;-concentration-mitigation strategies may
also be helpful in reducing local air-pollution mortality, even if CO, is not specifically controlled in
adjacent regions [62].

The experimental set-up with the basic information on the prototype design, embedded sensors
accuracy and system recording mode, and a description of the planned monitoring for the CO,
concentration analysis across the case study area are presented in Section 2. The monitoring system
was tested by planning a monitoring campaign focused on the limited area of Rome (Italy) which is
described in Section 3. Finally, the obtained monitoring results are discussed, showing detected CO,
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spatial distribution and pointing out correlations among the monitored gas particles, other collected
environmental parameters, and site-specific characteristics.

2. Material and Methods

The experimental campaign focused on a heavy-traffic urban road which was monitored during
peak rush hours, i.e., around 9:30 a.m. and 6:30 p.m., by means of a miniaturized weather station
settled on a common bike helmet. The observer was always the same person throughout the whole
monitoring campaign, thus the worn station was always at the same height, i.e., sensors platform
was at about 180 cm in height, and the walking speed was kept constant as much as possible going
along the selected road from A to B and backward. The designed monitoring system and the planned
monitoring campaign are described in the following subsections.

2.1. Monitoring System

The monitoring system was a miniaturized weather station specifically designed in order to be
worn by pedestrians or city bikers and thus to catch the perspective of these weak categories within the
urban environment. The system monitored the main environmental parameters such as air temperature,
relative humidity, wind speed and direction, solar radiation, illuminance level, and CO, concentration.
Table 1 reports technical specifications of the embedded sensors in terms of data accuracy which was
acceptable considering the small size of the whole system.

Table 1. Technical specifics of the embedded sensors.

Monitored Parameter Technical Specifications

Operation range: —40 < Ta < +85°C
Absolute accuracy: + 0.5°C at 25°C
Relative Humidity (RH) [%] Absolute tolerance: + 3%
Operation range: 300 < Pa < 1100 hPa
Sensitivity error: + 0.25%
Spectral range: 360 < SR < 1120 nm
Calibration uncertainty: + 5%

Air Temperature (Ta) [°C]

Atmospheric Pressure (Pa) [hPa]

Global Solar Radiation (SR) [W/m?]

Lighting (E) [lux] Spectral error: 2.3%
Operational range: 0.25 < E <40 m/s
Wind Speed (ws) [m/s] Resolution: 0.1 m/s

Sensitivity: 0.13 m/s
Resolution: 1°
Sensitivity: + 1°
Accuracy: + 2% full scale
at 20°C and 1000 hPa

Wind Direction (wd) [deg]

CO;, Concentration (CO,) [ppm]

Data were collected every two seconds, and each observation was associated with GPS coordinates,
i.e., latitude, longitude, elevation, and attitude (roll, pitch, and yaw). The GPS horizontal spatial
accuracy was 2.5m. The operator communicated with the system through a Wi-Fi access point which
was automatically generated by the system when it was switched on. The Wi-Fi connection allows
to check data in real time and manage data-recording sessions from a smartphone or other portable
device. The authors have already presented the monitoring system validation and its potentials in
detecting critical conditions for citizens in terms of thermal comfort in [56,57].

2.2. Monitoring Campaign and Data Analysis

The monitoring campaign aimed to statistically characterize a heavy-traffic urban road in terms of
CO; concentration according to the pedestrian perspective.

In this view, the designed campaign consisted of several repetitions of the same path in different
days in order to compute means and fluctuations of the parameter in the specific area and thus to verify
the monitoring system’s capability in detecting CO, punctual or linear sources, most probably related
to intense anthropogenic activities in urban contexts [58]. All the monitoring sessions were carried out
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during the same month (March 2019) to avoid a significant effect of collected data fluctuation due to
the seasonal cycle of the gas.

In particular, the observer covered the same path from point A to point B and backward along
the selected road several times throughout the month, always during traffic rush hours, i.e., around
9:30 a.m. and 6:30 p.m. The presented monitoring campaign comprised 16 continuously monitored
transects consisting of eight sessions at 9:30 a.m. and eight sessions at 6:30 p.m.; five out of the
16 conducted sessions concerned weekend days, as summarized in Table 2. In this way, a comparative
assessment of the two traffic-dependent conditions was possible.

Table 2. Performed monitoring sessions.

Number of Monitoring Sessions

Time 9:30 a.m. 6:30 p.m.
Weekdays 6 5 11
Weekend days 2 3 5
8 8 Total: 16

The monitoring repetitions allowed to collect a significant amount of data and to analyze both the
background level and the events-related spatial distributions of the analyzed gas. In particular, datasets
collected during each monitoring session were analyzed in terms of detected minimum and maximum
values, and the average and standard deviation of the data distribution. The same statistical analysis
was performed on the whole collected population of data and two data partitions outlined following
two different criteria: (i) morning and afternoon campaigns, and (ii) weekdays and weekends.

Finally, correlations between detected CO, concentration and other environmental parameters,
i.e., air temperature and wind speed, were investigated since possible significant dependencies would
support the analysis of the CO,-level dispersion throughout the monitored area. All the presented
data were simultaneously collected by the same wearable station described in the previous section.

3. Case Study

The case study was selected in order to be a relatively “short” transect of the city that could be
(i) easily accessible by the researcher wearing the system and (ii) covered in a limited time span in
order to avoid time-related fluctuations of the monitored parameters in each single monitoring session.
Furthermore, the selected area had to present a clearly defined morphology, i.e., unique orientation
and almost-constant aspect ratio, in order to avoid any possible fluctuations of the parameter which
could be imputed to different configurations of the crossed area. All the observed variations were thus
to be imputed to punctual sources existing in the area or to mutual dependencies among different
environmental parameters.

Given the presented constraints, the specific case study was in a moderately polluted area,
according to the reports of the Regional Environmental Protection Agency [63], connecting one of the
two main railway stations in Rome to one of the functional hubs of the city.

The case study comprised two carriageways, both of two lanes covering a road of 450 meters
in length in Rome (Italy) and connecting two squares which were generally congested during traffic
rush hours, around 9:30 a.m. and 6:30 p.m. The monitoring path started and finished in the Southern
square. The operator covered both the roadsides and a single monitoring session comprising forward
and backward routes, i.e., total length of each session of about 900 meters. The walking average speed
was 6 km/h, and it ensured a dataset of about 260 observations for each performed session. Figure 1a
and b shows the monitored area scheme and the conducted monitoring campaign, respectively.

The monitored road intersected at two points by secondary roads. These were one-way, one-lane
streets, and both intersections with the main road under study were regulated by traffic lights. Therefore,
it was common to face frequent acceleration and deceleration of traffic speed along the selected road
with a consequent increment of vehicle emissions in the area.
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two ways, two lanes « « « » one way, one lane — — —monitoring path

Figure 1. (a) Monitored area scheme; (b) conducted monitoring campaign.

4. Results and Discussion

Human exposure to varying carbon dioxide concentration was investigated in terms of CO,
geospatial distribution and combining detected pollutant levels with air temperature and wind speed
monitored data. In particular, CO, concentration analysis was correlated with each specific session
of monitoring, day of the week (weekends and working days), timing during the course of the
day, and position along the path, with particular attention to crossroads points, which have been
demonstrated to exacerbate pedestrians’ wellbeing, as showed in previous studies [64]. In detail,
Figure 2 shows the spatial distribution of the collected CO, concentration along the monitored
route for each monitoring session, both forward and backward. Evident massive variability of
carbon-dioxide-concentration levels was visualized by means of the proposed techniques. Monitoring
sessions 1 and 2 (both tests) and monitoring session 6 in the afternoon refer to weekends showing a
relatively weaker anthropogenic pressure, compared to most weekdays. Non-negligible local increase
of concentration was focused in specific spots with no clear instant correlation to crossroads (highlighted
sections) and in specific peak times, even within the same monitoring round. Results demonstrated
how highly detailed and granular data are required to be integrated into classic weather stations’ data,
since the variability of air-quality related parameters was strongly affected by the local and temporary
phenomena, affecting pedestrians” wellbeing.
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Figure 2. Spatial distribution of CO, concentration as collected during the performed monitoring
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Table 3 shows that the single-session averages throughout the several performed campaigns
assumed similar values around 450 ppm, ranging in between a minimum of 419 ppm and a maximum
of 592 ppm. Nevertheless, between the total 16 sessions, two of these (session 5 at 9:30 a.m. and
session 7 at 6:30 p.m.) were clearly out of the common concentration profile, presenting higher CO,
concentration baseline, i.e., an average value of 524 and 592 ppm, respectively. This fact can be
explained considering that both sessions were monitored during working days when the maximum
flux was concentrated at rush hour.

Table 3. Statistical descriptors of datasets collected in each monitoring session.

Monitoring Session

9.30 am 1 2 3 4 5 6 7 8
Min [ppm] 290 330 360 260 350 190 160 290
Max [ppm] 620 710 570 600 800 750 700 790
Ave [ppm] 441 445 448 419 524 441 449 479

St. Dev. [ppm] 49 44 27 44 65 95 60 78

6.30 pm 1 2 3 4 5 6 7 8
Min [ppm] 350 300 310 230 260 350 340 390
Max [ppm] 610 540 660 620 560 610 1340 550
Ave [ppm] 458 442 425 430 419 462 592 469

St. Dev. [ppm] 38 35 44 51 41 27 205 27

For a better understanding, correlation to other physical parameters is here discussed.

CO, variability (i) in space for the whole 9:30 a.m. and 6:30 p.m. monitoring sessions, and (ii)
during every single session are expressed simultaneously by graphs in Figure 3 on the xz and yz
planes, respectively. Moreover, each observation was associated with the collected air temperature
(Figure 3a,b) and wind speed (Figure 3c,d) values by color plots. The space variation, along the x-axis,
is expressed in terms of absolute distance between the specific observation location and the starting
point of the monitoring path in meters. Locations of the two crossroads are highlighted on the xz
planes of the graphs.

The highest peaks of CO, were observed during monitoring session 7 at 6:30 p.m. when the
collected dataset standard deviation rose up to 205 ppm. The CO, peaks were detected in the proximity
of the Northern crossroads and at the beginning of the monitoring path, i.e., when the operator was still
in the Southern square. Moreover, such CO, peaks occurred almost simultaneously with the highest
detected air temperatures and low values of wind speed, responsible for buoyancy and stagnation.

The same Figure 3a,b also shows interesting data in terms of air-temperature overheating.
An increase in air temperature was registered during the afternoons when a more compact temperature
distribution was monitored, imputable to local anthropogenic actions. In fact, morning air temperature
was still dependent on weather conditions, which were relatively buffered in the afternoons due to
UHI perceived at the pedestrian level. The only exception is the monitoring number 7, when both
the morning and the afternoon sessions showed comparable values with an average temperature of
18.2 °C and 17.7 °C, respectively. This condition could be imputed to hotter conditions experienced
during the day, able to dominate the local UHI effect.

Figure 4 shows the CO, concentration with respect to both air temperature (Figure 4a) and wind
speed (Figure 4b), considering the whole collected data to better underline possible existing correlations
among the presented data. The CO, dispersion fluctuated around the average value, i.e., 459 ppm,
representative of the monitored area level of pollution. CO, values above 1000 ppm were observed
only for air temperatures between 17.6°C and 19.0°C and wind speed below 1.3 m/s, suggesting the
occurrence of air stagnation.
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The detected CO, dispersion across the monitored road is statistically analyzed in Figure 5,
by taking into account the two day-time monitoring sessions, ie., 9:30 am. and 6:30 p.m.,
and distinguishing between working days and weekends. The continuous horizontal lines in the
graphs represent CO, data range out of what observations can be considered outliers. In particular,
outliers were defined from the interquartile range (IQR), which is the difference between the third
(Qs3) and the first (Qq) quartile of the dataset, i.e., 75th and 25th percentiles, respectively, as reported in

Figure 5.
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Figure 5. CO, distribution with respect to the latitude of the (a) 9:30 a.m., (b) 6:30 p.m., (c) weekdays,
and (d) weekends monitoring sessions.

The monitoring sessions performed in the morning and in the afternoon did not show any
significant differences in terms of the sample distribution. The upper and lower outlier limits were the
same for both obtained datasets, i.e., 360 and 540 ppm, respectively. On the other hand, the collected
CO;, range seemed less disperse during the weekends with respect to weekdays. Therefore, the peak
daily hours may be defined as having similar air quality conditions, even if they are characterized by
different levels of UHI, as previously shown. These observations were in line with the choice of the
monitoring times as the two traffic rush hours throughout a working day. In addition, the weekday
traffic may be responsible for important peaks of CO;-concentration increase, which were not visible
during the weekends, where the anthropogenic action in terms of CO,-concentration increase was
more compact and narrowly distributed.

5. Conclusions

The study of physical environmental parameters influencing the pollutant dispersion in urban
areas plays a key role in achieving the main sustainable goals that are fixed in the 2030 Agenda for
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Sustainable Development. These variables are also important for determining population well-being
in urban areas affected by anthropogenic actions, responsible for urban heat island and local climate
change. In this view, this work presents the original results coming from the novel adoption of a
wearable sensing device meant to map environmental parameters’ (including CO, concentration)
spatial distribution in the urban environment from the pedestrian perspective. Citizens have an active
role in environmental mapping of the urban spaces. The above-mentioned device was placed on
a common bike helmet and the environmental information collected by the system was linked to
geographic coordinates by means of a GPS antenna embedded in the compact experimental apparatus.
The performed monitoring campaign consisted of several repetitions of the same path at traffic rush
hours on both working days and weekends. In particular, the selected case study was a two-way,
two-lane road in Rome, and 16 monitoring sessions were performed in total throughout one month,
that is, eight at 9:30 a.m. and eight at 6:30 p.m. Collected CO,-concentration values were therefore
correlated to timing, position, and other environmental parameters affecting pedestrians’ well-being in
the outdoors.

Data analysis showed that CO, concentration was generally around 450 ppm in the area.
The pollutant dispersion was quite homogeneous along the road, while peaks were observed during
only a few performed monitoring sessions. Rare concentration peaks, that is, up to 1340 ppm,
meant the temporary presence of punctual sources of CO, or, referring to traffic flow, vehicle
accelerations/congestions on working days. This assumption was confirmed by peak spatial distribution:
they were located almost in proximity of the crossroads, regulated by both roundabouts and traffic
lights. Therefore, the wearable monitoring system demonstrated the ability to catch pedestrian
exposure variability to vehicle exhaust gases with a high spatial and temporal resolution. The same
CO;, concentration was also investigated in parallel to the air temperature analysis along the path,
which showed to be influenced by emitted anthropogenic heat during the afternoons, combined with
UHI intensity exacerbation.

The complexity of the monitoring system, indeed, allows to simultaneously collect several
environmental parameters and experimentally investigate existing correlations. In this work, the CO,
concentration was then analyzed with respect to air temperature and wind speed. None of the
investigated correlations was found to be of statistical relevance, even if reasonable observations
were carried out. For instance, CO; levels above 1000 ppm were observed only in relatively high
air temperatures, that is, ranging between 17.6°C and 19.0°C, and low wind speed, that is, below
1.3 m/s, suggesting the occurrence of air stagnation. Finally, differences between weekday and weekend
measures were analyzed. The dataset collected during weekends was more concentrated around the
average, 450 ppm for both datasets. The monitored area was, indeed, less congested than during
the weekends.

The experimental analysis and data assessment showed that the innovative methodology can
provide further insight into people’s well-being in an urban environment, where several variables
affecting people’s health and city livability may be correlated and need to be monitored at a specific
pedestrian level in order to identify realistic risk and vulnerability maps. Therefore, further size
reduction of the proposed tool and its diffusion among citizens may provide new opportunities and
perspectives to extensively monitor and improve the life quality of pedestrians, influenced by poor air
quality and local overheating, especially in a very dense and polluted city such as Rome.

As a future development to push forward effective exploitation of wearable monitoring systems,
further monitoring campaigns will be planned in order to compare data collected in (i) different
areas of the same city or (ii) the same types of outdoor spaces but located in different geographical
areas. Final optimal configuration of combined monitoring strategies (e.g., weather stations, satellite
measurements, and portable wearable instruments) for detecting microclimate granularity within the
urban areas is the final ambition of this research.
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