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Abstract: We present an adaptation of the US-EPA "Tier RM2 method to the local environmental conditions of
Tuscany. In particular, we include an MROXx variable ambient ratio, expressed as a functib 1-hr NOx air
concentration, estimated by models obtained corie@gi&Ox and NQ hourly ambient data from a large number of
monitoring stations over a timespan of several g/€@he data extracted from the Air Quality MonitgyiNetwork
archive have been used to obtain three 5th graj@gmial equations - having different degrees afisgvativity -
which represent the empirically derived relatiopshetween the upper limits of the observed,M@x ambient
ratios versus the NOx air concentration. This stpdgsents a comparison between the Tuscany-dateeder
polynomials and the ARM2 US-data derived originalaipn; the differences between these equationgtentllG
hourly concentrations are discussed. We also disthespossible application of this method for ratuly purposes
in Tuscany.
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INTRODUCTION

The European Air quality Directive 2008/50/EC séisit values for the ambient concentrations of
Nitrogen dioxide (NQ): 40 ug/m?® for the annual average concentration, ROT for the 99.8° annual
percentile of the hourly concentrations. The Memis¢ates are required to monitor the NO
concentrations in their territory and take apprajgrimeasures to reduce them when the limit values a
exceeded. Air quality modelling fulfills a key radleair quality management for regulatory purposes.
Nitrogen oxides are emitted as a mixture of NO &i@, by the majority of antropic sources (traffic,
industrial processes, energy production, etc). Beites are also highly reactive through the oxadadif
NO with ozone and the photo-dissociation of N® NO. Therefore, it is critical to be able to ess as
precisely as possible the actual N@crease in ambient concentrations generateddysinial and traffic
sources, whose emission ratios are usually expiesstotal Nitrogen oxides (NEXO+NQO,).

US-EPA has approved a three-tiered estimation agbrto calculate NOconcentrations (US-EPA 2005)
based on NOx air concentrations obtained by modiedd,includes the "Tier 2" method Ambient Ratio
Method (ARM). ARM applies an empirically derivedra@rsion factor, based on observed ;ANDx
ratios of monitoring data, to the modeled NOx caonicions; this is also mentioned in (Denby 2011).
Until 2013 US-EPA recommended two fixed conversfaator: 0.75 to estimate NCannual average
concentrations, and 0.80 to estimate 1-h,N@hcentrations (US-EPA 2011). However, data indigshat
the NQ/NOX ratio is variable and decreases with the pnityi to emission sources characterized by low
NO,/NOXx in-stack ratio, which is a common occurrenoe traffic and combustion-based industrial
processes. This suggests that fixed ratios overatti NQ air concentrations in the near field of the
emission, where usually the most relevant impas®apected.

Therefore, the ARM version 2 (ARM2) has been depetbusing 1-h air monitoring data to take into
account the variability of the conversion factoraaiinction of NOx concentration (RTP Environmental
Associates 2013). Currently US-EPA is proposing;Tasr 2" approach, to replace the old ARM method
with the more refined ARM2 (US-EPA 2014).

The ARMZ2 empirical relationship (a 6th grade polynal function) between NOx hourly average
concentrations and the corresponding . NDx ratios has been obtained analyzing a 10-yeta det



NO2/NOx ratio

extracted from the US air quality monitoring netkuo®ince the data used come from observationsein th
US territory, the obtained relationship can maybevige less accurate results if used to evaluatg NO
concentrations outside the US.

In the present study we adapt the ARM2 method ¢oettvironmental conditions of Tuscany (ltaly), by
employing a 19 year data-set extracted from thedmg Air Quality Monitoring Network database. By

using this set of data we derive a similar empiniekationship, to be compared to the US origina.o

POLYNOMIAL EQUATIONS FROM THE TUSCANY AMBIENT DATA

In order to adapt the ARM2 equation to the Tuscanyironmental conditions, the hourly NEOx
ambient ratios have been calculated by using tleedny Air Quality Monitoring Network database and
subsequently sorted into NOx (as N@oncentration "bins”, 2Qig/m® wide. The data-set utilized
includes all the NOx and Nhourly concentrations from all the stations of tieéwork active from 2007
to 2016, and all the NOx and N®@ourly concentrations from the stations activenfr&999 to 2006
where the NOx averages are greater than®@@%. This latter addition has been performed becaigte h
concentration values of Nitrogen oxides are lesguent in Tuscany in the recent years, given thengé
decreasing trend in NOx air concentrations. Theeetbe inclusion of older data contributes to iases
the population in the higher NOx concentrationshdj. The final data-set contains more than 2.300.0
hourly averages in total.

Figure 1 presents the scatterplot of JNDX ratio as a function of NOx concentration, &samed from
the Tuscany dataset. It is easily noticeable thpeeted decreasing trend in the ambient as NOXx
concentrations increase. At very high concentrati@mound 54Qug/n7 and above) the large majority of
observed ambient ratios clusters to values betWekand 0.3.
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Figure 1. Scatterplot of Tuscanian NDIOx ambient ratios as a function of NOx hourly centration. In red is
represented the plot of the 98th percentile rdtiastion, associated to the median value of eachg20F wide NOXx
"bin”, and the 5th grade polynomial fit.

To obtain conservative NChourly concentrations assessments, for each "thi@”upper bound of the
observed N@NOX ratios has been taken into account by selgdiie 98th percentile of the ratios,
following the same procedure used in the ARM2 oagimethod. See also (US-EPA 2011) for further
considerations about the choice of using the 98thgmtile.

A "cut-off” value (60pg/nr) has been applied to the lower NOx concentratinse the 98th percentile
of NO,/NOXx ratios turns out about 1 when NOx values lothan 60ug/m® are taken into account. This
is a higher value than the corresponding "cut-affie used in data analysis of ARM2 original method
(20 ppb, equal to 376g/m®, as NQ: RTP Environmental Associates, 2013). The deangasend of the
98th percentile NgNOXx ambient ratios is strictly monotone for vallsNOx smaller than 540g/nr.

For higher values the trend behavior becomes tefdes most likely because the data populatioraithe



"bin” decreases as the value of NOx increasestHisireason, also an upper "cut-off’ value (7@fnr)

has been applied to NOx concentration databasetasedract the percentiles.

In Figure 1 we also plot the 98th percentile of H@,/NOXx ratios, each one associated to the median of
NOx hourly concentrations of the corresponding "b{as x-coordinate). The following 5th grade
polynomial is the function that best fits the pl@ind it can be used to represent the empiricatiogiship
between the upper limits of the NROx ambient ratioR) and the NOx hourly concentratiox):(

Rmedian= 6.0635E-1%° — 5.8028E-1%' — 5.1576E-2° + 9.2741E-& — 4.7886E-8 + 1.2647 (1)

In order to assess the magnitude of the variabilithe above relationship, the lower and uppembleny
values of each "bin” have also been used as x-toates for the corresponding 98th percentile of
NO,/NOx ratios obtaining a "lower boundary” and an pgp boundary” plot. Two similar 5th grade
polynomials have been obtained, that fit the afenetioned plot:

Rower = 6.0635E-1%° — 5.4996E-12" — 5.3837E-2° + 9.1159E-& — 4.6047E-8 + 1.2177 2)
Rypper= 6.0635E-1% — 6.1060E-1¢2" — 4.9194E-9® + 9.4253E-&” — 4.9756E-8 + 1.3135 (3)
TRENDS

In Figure 2 we plot equations (1), (2), (3) obtalirieom Nitrogen oxides data measured in Tuscany, an
compare them to the ARM2 original equation. It istg evident that the discrepancies between theethr
plots of the equations based on Tuscany ambieatatatmore pronounced for low values of NOx hourly
concentration, while they tend to become negligddeNOXx hourly concentration increases.

It is also noticeable how ARM2 original equatiorpaprs to be more conservative when referring to NOx
data of approximately 260g/n?* or less, as its NENOX ratios estimated values are slightly highemth
the Tuscany ambient data adapted ones; the opjmsitee for NOx values greater than 269",
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Figure 2. Plots of the polynomial equations relating MTOx ambient ratio and NOx hourly concentrationsdany
data derived (green, blu, red lines) and ARM2 oagaquation (black line; RTP Environmental Asscasa2013).

Figure 3 is a plot of the calculated Bl€@ncentrations as a function of the NOx conceioinatusing the
ARM2 original equation and the Tuscany ambient @atapted ones.

It is worth reminding that US-EPA assumes 0.9 toabeeptable as the maximum value of ANDXx
ambient ratio and - in the absence of locally mesbUING/NOX in-stack ratios - 0.5 as the minimum



value (Podrez 2015, US-EPA 2015). The plot corredpg to the aforementioned ratios are reported in
Figure 3.

It can be noted that the trend of the (1), (2) é@)dequations show a quasi-linear increase ind@hge of
NOx concentrations between 2@§/m® and 70Qug/m’, where NQ concentrations increase at
approximately 20% with respect to the correspondd@x growth ratio. Conversely, the NO
concentrations obtained with the ARM2 original eipm show an inflection when 3Q@/m® NOXx
concentration is reached. Actually, it can be restithat increasing the NOx value from 3@9m® to
700ug/n? generates a corresponding increase gig@® NO, if ARM2 original equation is used and a
more conservative increase of f@m°® NO, if the local Tuscany data equation ones.

US-EPA itself has evidenced that the ARM2 methattiseto be more conservative when the,MDx
in-stack ratios of the emissions of interest ameelothan 0.5 and the ozone ambient concentratieneat
very high (lower than 90 ppb, i.e. 186/nm°).

US-EPA has conducted theoretical calculations usifiglume volume” method, similar to the Plume
Volume Molar Ratio Method (PVMRM), over a rangeozione concentrations and for different ;00x
in-stack ratios: when the in-stack ratio is 0.5 ARM2 method estimates ambient ratios lower than th
pure volume theoretical calculations (US-EPA 2014js is actually one of the reasons behind US-EPA
suggestion of using an NO2/NOx ratio of 0.5 asrtieimum ambient ratio, in the absence of locally
measured data.
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Figure 3. Estimated N@ ambient concentrations as a function of the NO®sueed ambient concentrations using
ARMZ2 original equation and the Tuscany ambient daf@pted ones (equations (1), (2), (3))

The trend due to the above mentioned US-EPA recamdat®n about the minimum ambient ratio
(NO,/NOx = 0.5) is certainly the most conservative agsirthose shown in Figure 3. However, the gap
between the estimated NQ@oncentrations and observed ones tends to enkart@ as the NOXx
concentration increases.

For the above reasons, we can conclude that the ZARMginal equation and the polynomial equations
derived from the Tuscany ambient data are bettéedsufor representing NZNOx ambient ratios
generated by low N&NOX in-stack ratio emissions.

REGULATORY APPLICATION CONSIDERATIONS
The ARM2 equations adapted with the Tuscany amldatd display a very similar trend to the original



US-EPA polynomial for NOx hourly concentrations kvthan 30Qug/n?, although the US-EPA equation
is slightly more conservative. As already pointed, ehe polynomial equations (1), (2) and (3) beeom
more conservative than the original ARM2 equaticsr thigher than 30Qg/m® NOx hourly
concentrations. As they are obtained from localgasured data, the adapted equations are probabdy mo
coherent with the environmental conditions of Turgctenat of US ones.

Experience in Nitrogen oxides modeling and evatumtfor regulatory purposes in Tuscany region
suggests that the availability of a good "Tier 2%ethod is especially crucial to estimate NO
concentrations when the modeled NOx hourly conegintis due to antropic sources are expected
between 10Qug/m® and 30Qug/m?, without considering the background levels.

This is mainly because concentrations of ;NIBwer than 10Qug/m®, when added to the typical
background levels in Tuscany, usually do not imgig risk of exceeding the European Air quality
Directive 2008/50/EC limit values for Nitrogen dide ambient concentrations. In such cases, a simple
screening evaluation (“Tier 1") is usually enougiptoceed.

The opposite is true for the modeled NOx hourly ammrations higher than 3@@/m®, usually
associated with Nohourly concentrations higher than 1j5§/m®. Given the fact that such concentrations
increase the likelihood of exceeding the air qudliinits when added to background levels, it seems
advisable whenever possible to further refine thier'2” evaluation, implementing measured NTDx
in-stack ratios of local sources into models thietinto account NOx chemistry in the atmosphere.

It is also worth noting that, given the order ofgndaude of emissions usually authorized in Tusciny,

not frequent that NOx hourly ambient concentratidng to a single industrial activity are higherrtha
300pug/m®, without taking into account the background. Itnisre likely to find very high values of
Nitrogen oxides when modeling the impact generétgdeveral sources like other industries and busy
roads nearby.

Finally, it has to be taken into account that tHRM? method is probably less conservative when the
sources’ NQ/NOx in-stack ratios are very high (more than 0S)ch ratios, in Tuscany, are rare enough
occurrences to warrant a case-by-case approach.
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