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Abstract: Groundlevel ozonepollution is a complex phenomenoteaily affecting industrializedand pop-
ulatedareas.Ozoneis producedby a seriesof photochemicafeactions activatedby the emissionsof nitro-
genoxidesandvolatile organiccompoundsandmay reachmaximumconcentrationat kilometersof distance
form the precursorsourcesdependingon the meteorologicatonditions. Modelsto computeozoneconcen-
trationsare equally complex and cannotbe directly usedto optimize emissionreductionpolicies. For this
reasona neuralnetwork hasbeentrainedon the resultsof a photochemicamodel (CALGRID) to represent
the emission-receptorelationshipsgn critical conditions. Sucha network in thenenteredin an optimization
problemthatdeterminesheleastcostalternatvesto obtainagivenair quality standardThedecisionvariables
of the problemarethe emissionreductionsof ozoneprecursorsn eachindustrialsector Thesereductionsare
in turntheresultof theapplicationof anumberof technologieswhosecostsandperformanceareknown. The
approacthasbeenusedto estimateheoptimalreductionalternativesfor aregionin Northernitaly andshoved
thata consistentmprovementof air quality canbeattainedwith moderaténvestmentsprovidedthattheseare
concentrateth somesectorssuchasroadtransporiandindustrialsolvents thathave a majorimpacton ozone

dynamics.
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1 INTRODUCTION

High ozoneconcentrationgt thetropospheridevel
areamajorconcernin air pollution studiesbecause
of their impact on humanhealth and agricultural
cropsandforests. High ozoneconcentrationhiave
beenobsenedsincethe 1970sin the United States
andin Europe;sincehigh temperaturesesultin a
muchquickerozoneformation,citieswith warmcli-
matesexperienceusuallysesereozoneproblemsas
obsenedfor Milan (Silibello etal. [2000]). In par
ticular, Lombardyregion, locatedin Northernltaly,
experiencesheavy photochemicapollution almost
every summer

In orderto beeffective in ozoneconcentratiodow-
ering, control policies shouldbe focusedon ozone
precursorseduction,.e. NO, andvolatile organic
compoundgV OC). As well known, ozoneforma-
tion is controlled either from NO, or VOC, de-
pendingon the ratio betweentheir concentrations:
whenNO,./VOC is “low”, therateof ozonefor-
mation increaseswith NO, and changesdue to
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increasedvOC are negligible (NO, — sensitive

regime). At high ratio levels, ozone concentra-
tion decreasesncreasingN O, and increasesn-

creasing” OC (VOC-limitedor NO, — saturated

regime). Hence chemicalsensitvity analysisplays
akey role in developingsuccessfubzonereduction
policies: as an example, NO, reductionswill be

effective only in NO, — sensitive regimes(Sill-

man[1999]). Accordingto CORIMAIR classifica-
tion, emissionsourcescan be groupedin 11 sec-
tors; the policy designhashenceto take into ac-
countthat precursoremissionreductionwill have

different costsdependingon the consideredemis-
sionsector An evaluationof the maminal costsfor

precursor&missiorreductionin eachsectorfor dif-

ferentEuropearcountriescanbe foundin Klimont

etal. [2000].

The aim of this paperis to tackle the problem of
air quality optimizationfor Lombardyregion, de-
terminingthecostsrequestedor agivenozoneevel
reduction;a reductionpolicy is hencedefinedby a
setof reductionratesof ozoneprecursorsywhichre-
fer to differentemissionsectors.



Fromamodellingpoint of view, therelationshipbe-
tweenozoneandits precursorss capturedhrougha
neuralnetwork, thusexploiting the network ability
in recognizinghighly non linear relationships.In-
deed,artificial neuralnetworks have beenshowved
to be ableto well representir pollution phenom-
enain mary previous works (see for instances
Gardnerand Dorling [1998]). Photochemical3-
dimensionamodelssuchasCALGRID (Yamartino
etal.[1992]), while providing avery detailedsimu-
lation of thecomplex photochemicagbrocessesan-
not be usedin an optimizationtask becausef the
computationaéffort involved. Onthecontrary neu-
ral network canbe successfullyusedin suchappli-
cationbecaus®f their computationakpeed.

2 LOMBARDY CASE STUDY

Lombardy Region, which has an overall area of
about24000km?, compraises plain part(47%)lo-
catedn thePoValley, ahilly (12%)andamountain-
ousdistrict (41%). The plain part, heavily industri-
alizedandpopulatedfrequentlypresentstagnating
meteorologicakonditionswhich causehigh ozone
levels during summer Nationaland Regional laws
have fixedattentionandalarmlevelsfor ozonecon-
centrationbasedon hourly averages,but recently
(DM 16/5/96)a limit of 110ug/m? on the 8-hour
averagehasbeenestablishedfollowing thedirecto-
riesof theWorld HealthOrganizatiorontheprotec-
tion of humanhealth.
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Figurel: Ozonetrendsfor the metropolitanareaof
Milan.

Consideringheair pollution situationin theregion,
it shouldbe noticedthat, during the 50’s and 60’s,
the atmosphereshaved mainly a reducingbehar-
ior, dueto high SO, concentrations. The devel-
opmentof privatetransportduring the 80’'s andthe
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consequernihcreasen mobilesourcegemissionge-

sultedin asignificantincreasen NO, andCO val-

ues. Startingfrom the early 90's however, SO-

hasbegunto decreassignificantlythanksto thein-

tensve useof heatingoils with lower sulphurcon-
tents,while thecatalyticcorvertersadoption(forced
by the nationallaw) hasallowed to lower CO and
NO, levels. ThereducedS0O,, NO, andCO con-
centrationshave causeda moreoxidantbehaior of

the atmosphereand, as a consequence; levels
have begunto increasdrom the early 90’s. Ozone
trend in the metropolitanareaof Milan over the
lastdecadgMilanMunicipality [2000]) is shavn in

Fig.1; yearly averageis computedwith regardonly

to the warmerperiod of the year namelybetween
April 1st and Septembei30th. In the last years,
ozoneexceededhumanhealth thresholdfor daily

averageat almostall (96%) measuremengtations,
thus claiming for careful designof primary pollu-

tantsreductionpolicies.

Figure2: Siteswith elevationlower (light) or higher
(dark)than300mwithin Lombardyregion.

Photochemicakensitvity of the region has been
analyzedsimulating different precursorgeduction
scenariosassumediniform on the whole domain,
andthenevaluatingchangesn ozondevels(Galusi
andFinzi [2000]) or in specificspeciegatios,such
as O3 /NO, (Silibello et al. [2000]). The analy-
sisindividuatedthe VOC sensitiveareaon the plain
part, which experienceshigh anthropogeniemis-
sionrates,andon the pre-alpinezoneimpactedby
urbanplumes. In contrast,one could supposehe
mountaindistrict to have a NO, sensitivechem-
istry, sinceit is characterizedoy more aged air
massesand high biogenic emissionrates,accord-
ing to Sillman [1999]. Photochemicasimulations
shaw, asexpected,that emissioncontrol stratgies
focusedon V OC reductionarenoteffective for this
part of the domain; more noticeable,NO,, reduc-
tions evenin the order of 30% produceneggligible



effectson ozondevels High ozonelevelsmeasured
in this partof the domainneedhencefurtherinves-
tigation in orderto be fully understoodandto al-
low the designof an effective control policy. Since
ozoneconcentrationgn themountaindistrict seems
to beinsensitve to the precursorseductionwe will
focus our study only on the plain part of the do-
main, i.e. with an elevation above sealevel lower
than300m (seeFig. 2). EstimatedVOC emissions
in thewholeregion presentlyamountto about1110
ton/day;80% of themoriginsfrom solventuse(470
ton/day)androadtransport§408ton/day);lessin-
fluential are waste treatment(110 kg/day), fossil
fuels distribution (50 ton/day and productionpro-
cessesvithoutcomhustion(23 ton/day).

2.1 Stateof theart

A simplified quadraticsouice-receptor model for

groundlevel ozonecanbe foundin (Schoppet al.

[1999]); the modelpredictsdaily ozoneconcentra-
tion at eachreceptortaking into accountvOC and
NO, emissionratesat the sources.This simplified

descriptionof the source-receptorelationshipcan
beusedwithin anintegratedassessmembodel,thus
allowing for a systematiccost-efectivenessanaly-
sis. It shouldbe notedthat more complex models,
which containa high degreeof detail of chemical
andmeteorologicaprocesses;annotbe employed

in optimizationanalysisbecausef their computa-
tional requirements.

Following in partthisapproachGuariso[2000] for-
mulatedfor Lombardyregion a two objectvesop-
timization problem,namelyozonelevel reductions
andminimizationof relatedcosts.For this purpose,
hegriddedthedomainon4 km* 4kmcellsandsim-
ulatedseveral precursorgeductionscenariosising
CALGRID. Then, on the baseof the simulations
results, he identified on eachcell of the domain,
a quadraticrelationshipbetweenNO, and VOC
emissionsatthesourcesaindozoneconcentrationat
thereceptor The optimizationproblem,formulated
at regional scale,exploited suchfunctionsin order
to evaluatethe effectivenes®of givenreductionpoli-
cies. As a result, the computedPareto boundary
shaved a maximum cunvaturefor a reductionde-
greeof about40% of maximumfeasiblereduction,
while costswere aboutjust 15% of the costssus-
tainedin the caseof maximumfeasiblereductions.

Aim of this paperis to solve a similar optimiza-
tion problems,improving somemodelling issues.
The calibrationof a quadraticrelationshipin each
cell of the domain resultsin a quite low ratio
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data/parameteithus possibly forcing the parame-
tersto capturealsothe noisecontainedn the data.
Instead of calibrating several hundredsquadratic
relationships,we chooseto take into accountthe

photochemicabehavior dissimetryby selectingthe

VOC-sensitivepartof thedomain,andthentraining

a neuralnetwork on this partition. Such network

usethe sameparametersetfor all the cell belong-
ing to the partition,thussignificantlyimproving the

data/parametenstio. This resultsin a bettergen-
eralizationof the network with respecto the local

guadraticmodels,andmakesthe analysisof there-

ductionpoliciesmorereliable.

3 NEURAL SOURCE-RECEPTOR MODEL

We traineda neuralnetwork modelaimedat cap-
turing the relationshipNO, — VOC' — Os for the
plain partof thedomain.The maximun8-hours av-
erage ozoneconcentationduringthecurrentdayon
eachcell, i.e. on eachreceptoywaschoseraspro-
cessvariable. Let usdefine,for a givenreceptorof
coordinategi, j) onthegriddeddomain theneigh-
boring setS;; consistingof the 8 outercellsin the
squarecenteredon position (i, 7). In orderto cap-
turetherelationshipsbetweernzoneandits precur
sors,we usethefollowing input variables:

e overall NO, and VOC emissionsduring the
previousday;

e initial NO, andVOC concentrations;

e elevationof thecell abore sealevel.

Sinceinput variablesare evaluatedat eachcell be-
longingto S;;, theresultinginput setis compound
by 45 = 5 % 9 variables. In orderto lower the
input dimensionality we removed input variables
which shaws too low variancesthroughthe Prin-
cipal ComponentAnalysis(PCA). Thus, the input
setreducesto 22 variables. We focusedon a one
hidden-layernetwork with hyperbolic tangentas
transferfunction for the hidden nodesand a lin-
ear output node, since such architecturehasbeen
widely shavn assuitablein this kind of application
(GardnerandDorling [1998]).

The available datasetcontainsCALGRID outputs
for five differentemissionscenariossimulatedon
the meteorologicalconditions of 5-7 June 1996,
which hasbeena major pollution episodein Lom-
bardyandentire Europeduring the lastyears. The
simulatedscenariosassumea 35%, 50%, 60% uni-
form reductionin just VOC or NO,, or in boththe



pollutantsat the sametime. Suchreductionsare
computedwith respecto the basecase hamelythe
estimatecemissionpatterndor Junel996.

The whole datasethas beendivided into a train-
ing set usedto estimatethe parametersf the neu-
ral networks, a validation set usedto evaluatethe
generalizationcapability of the networks, and fi-
nally a testingset. In orderto avoid overfitting,
we exploited the early stoppingtechnique,evalu-
ating at eachiterationthe objectve function (actu-
ally the sumof squaed errors) on the training and
on the validationset. Accordingto Bishop[1995]
the training is stoppedoncethe error function on
the validation setbegins to increase.We analyzed
exhaustvely combinationsof PCA thresholdand
numberof neurons: in thehiddenlayer, by trial and
error; eachconfigurationhasbeentrained several
timesandby meansof differenttrainingalgorithm,
suchas standardbackpropagatiorand Levenbeg-
Marquardt. Finally, the network hasbeenevalu-
atedon the testingset, not involvedin any training
phase Thebestperformancesvereobtainedusing
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Figure3: Comparisorbetweemetwork targetsand
outputs.testingset

Levenbeg-Marquardtastraining algorithm,which
is in fact recognizedas very suitablein the esti-
mate of small and mediumsize networks (Bishop
[1995]); with regardto numberof nodesin the hid-
denlayerwe obtainedthe bestresultswith n = 20.
A comparisonbetweennetworks outputsand tar
gets,i.e. CALGRID outputs,is shaved in Fig.3,
while someperformancemdicatorsarecollectedn
Tahl.

If we considerthe complexity of the problem,the
model provides satishctory performances: high
correlationsbetweenCALGRID simulationsand
network outputs,acceptabldevel of over and un-
der estimation. The ANN modelling approachre-
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Training  Testing
p 961 912
Mue -17.72% -28.87%
Moe 23.18% 38.73%

Table 1: Network performancescorrelationp be-
tween network target and outputs; maximum un-
derestimatel/ ue andmaximumoverestimatesrror
Moe.

sultsin 480 parameterso be estimatedcompared
to the about6000for thelocal quadraticapproach;
onecantheneasilyunderstandhe improvementin
thegeneralizatiorcapabilityof the model.

3.1 Determination of the Pareto boundary

Thepurposeof thewholeresearclis to find outaset
of efficient solutionswhich, for a given costlevel,
shavs the maximumfeasibleozonereduction. We
have henceto solve a multi-objective optimization
problem.

In the ANN modellingphaseaimedatcapturingthe
physicalrelationshipbetweenozoneandits precur
sors,we did not careaboutemissionsourceshow-
ever, the optimizationphase,aimedat providing a
differentreductionrate for eachsector requiresto
groupemissionsaccordingo the subdvision previ-
ouslyexplained.

With regardto the spatialaggreyationof the deci-
sionvariablesthework of Guariso[2000] assumed
a uniform reductionratesfor eachsectoron the
whole domain. Although one could in principle
configurea differentreductionrate for every sec-
tor on every cell, it shouldbe noticedthat in the
real world it is in generalnot possibleto take so
fine-grined decision. Consistentlywith the ANN
modelling phase,we assumeduniform reduction
ratesfor eachemissionsectoron the whole plain
partition. This solution hasalso the advantageto
presere the computationafeasibility of the prob-
lem, sinceit leadsto a overall optimization prob-
lem which containsonly 5 decisionvariables. In
fact, we did not take into accountemissionsectors
suchas power plants, comhustion, off road trans-
ports, which play a minor role; morewer alsobio-
genicemissiorhave notbeentreatedn theanalysis,
sincesuchemissioncanbemodifiedonly changing
thelanduse.

Thereforewe focusedour analysisonly onthe most
influential VOC emissionsectors: production pro-
cessesvithoutcomhustion(sectord), extractionand



distribution of fossil fuels (sector5), solventuse
(sector6), road transport (sector7), wastetreat-
mentand disposal(sector9). Let us denotewith
s theVVOC emissionsector with r; the VOC reduc-
tion ratefor the s-th sectorandwith E%J the VOC
emissionof cell (i,j) for the s-th sectorin the base
scenario.The optimizationproblemcanbe formu-
latedas:

min(costs) = min Z[rs * E5 % cy(ry)] @)

min(pollution) = mrin Z I j(rs) (2)
%,

constrainedy
0<rs <R, 3)

wherel;; (r,) is thevalueof theair quality indicator
for cell (i,)), i.e. theoutputof the previously trained
ANN, andR; is the maximumfeasibleVOC reduc-
tion for sectors with the setof technologiegonsid-
ered. Unitary emissiongeductioncostsc, (rs) and
their dependencen reductionratesr, have been
evaluatedaccordingto the estimatespublishedin

Klimont etal. [2000] for the Italian situation.

4 RESULTS
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Figure4: Paretoboundary

The problem was solved using the constraint
method: the optimization of air quality hasbeen
performedatfixedcostlevels. TheobtainedPareto-
boundaryis showvedin fig. 4.
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As one can notice, the pollution index decreases
rapidly till 70% of the feasiblereduction:this hap-
pensat a costlevel equalto 30% of the costsfor the
maximumfeasiblereduction. One canhencesug-
gesta 60%-80% pollution reductionlevel, whose
associatectostsare between20% and 40% of the
maximumcosts;in factit is hardly acceptableo
operatebeyondthe 80% of pollution reduction,be-
causeof the high costsinvolved. We will analyze
in greaterdetail the solution (70% pollution, 30%
costs) which onewould chooséf operatingaccord-
ing to the maximuncurvatuee criterion.
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Figure5: Reductionrateson the different sectors
for agivenoverall costlevel.

VOC reductionratesr, correspondingo a given
costlevel in the Paretoboundaryareshovedin Fig-
ure 5. With regardto the mostinfluential sectors
onecannoticethat:

e sector7 (roadtransport),which hasa feasi-
ble reductionrateof 80%,is severelyreduced
evenin low costsituations.The proposedso-
lution will decreas& asmuchaspossible;

e sector6 (solventuse) whichhasafeasiblere-
ductionrateof 95%, hashigh reductionrates
only for high costssituations.In theproposed
solutionit is loweredby 40%.

With regard to the remaining sectors: sector 9

(wastetreatmentinddisposa) hasaverylow feasi-
ble reductionrate(6%), which s fully implemented
in the proposedsolution; sector5 (fossil fuelg,

which hasa feasiblereductionrate of 88%, is re-

ducedby about68%in the proposedsolution;sector
4 (productionprocessewithoutcomhustion), which

hasa feasiblereductionrate of 98% is reducedby

about55%.
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Figure 6: VOC emissionreduction comparedto
their associatedosts.

For a differentpoint of view, it could be of inter-

estto examinetherelationshipbetweerintervention
costsand VOC emissionsshavn in Fig.6; asone
cannotice,costsarealmostlineartill 50%VOCre-

duction, while mamginal costincreasegsapidly for

higherreductions The overallrelationshipbetween
VOC reductioncostsandozonelevel improvement
canbe thusthoughtas composedy two different
steps:thefirst one,which joins VOC reductionlev-

elsto therequesteatosts,anda secondone, which

mapsVOC emissionsto ozonelevels, namelythe
Paretoboundaryshown in Fig.4. The proposedso-
lution involvesa 30% costslevel anda 42% emis-
sion reduction;it is noticeablethat suchemission
reductionresultsin amuchhigher(70%) ozonein-

dicatorimprovement.

5 CONCLUSIONS

The purposeof this paperhasbeento investigate
the main priorities of emissionreductionsin order
to low troposphericozonepollution in Lombardy
region. Accordingto the photochemicatharacter
ization of the domain,we focusedour analysison
VOC emissionreductionin the plain partof the Re-
gion; a multi-objective (cost, pollution) optimiza-
tion problemhasbeensolvedexploiting thecompu-
tationalspeedf the network trainedon CALGRID
output. Resultsshow thatnoticeablédmprovements
in ozonelevel arereachableventhroughmoderate
investmentsprovidedthattheseareconcentrateth
somesectors suchasroadtransportandindustrial
solvents.

Thewholeanalysiscanbefurtherdevelopeddetect-
ing, from a photochemicapoint of view, a higher
numberof homogeneousreasin orderto provide
morespecializedeductionpatterns Furthermorea
more detailedevaluationof the emissionreduction
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costsfor the specificplantsof the region would be
neededo checkwhich of the consideredechnolo-
giescanbeactuallyappliedin thearea.With regard
to themountainpartof the domain,a moredetailed
photochemicaensitvity analysisis neededefore
designingprecursorseductionpolicies.
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