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Abstract

In Lebanon, the steady growth of aircraft movemen®eatut-Rafic Hariri International Airport
(RHIA) and its geographical characteristics, sigsifthe necessity to assess the impact of Beirut
airport on air quality. Up till now, no study hassassed the impact of Beirut-Rafic Hariri
International Airport (RHIA) on the air quality &eirut. Hence, we produce the first emissions
inventory of Beirut airport activities (2012) - inding emissions from aircraft landing and take-
off (LTO) operations, ground support equipmenttisteary sources, as well as airside and
landside vehicles. This study, in which the firsimprehensive emissions inventory in the
Middle East region is conducted, provides a metlagoto assess airport emissions in a country
with no data. We estimated that in 2012, Beirupa@ir emitted 454.8 t of NQ 50.7 t of NQ,
404.1 t of NO, and 24.4 t of VOCs. Results showett tircraft emissions (Landing/Take-off
cycle and auxiliary power units) dominate the aitmnissions for N©(91%), NQ (92%), NO
(91%), and VOCs (58%). Our emissions estimatesheillsed in identifying the contribution of
Beirut airport emissions to national emissions andrder to assess the airport’'s compliance
with environmental legislations and to assess atitbgy options.

Keywords. Aviation Emission; Emissions Inventory Toolkit (EW)I Nitrogen dioxide; Volatile
organic compound; Beirut

1. Introduction

Civil aviation is an integral part of the worldogmmy providing 56.6 million jobs worldwide
and its economic impact is estimated at $2.4drilliequivalent to 3.4% of world gross domestic
product (GDP) (ATAG, 2014). Commercial aviationiaity is predicted to grow by 5% per year
over the next 10-15 years (CAEP 9, 2013). This d@oime at a cost, most notably a significant
increase in pollutant emissions. These emissiariade nitrogen oxides (NQ Volatile Organic
Compounds (VOCs), carbon dioxide (§Osulphur oxides (S, particulate matter (PM) or
soot, etc. that have the potential to impact baothdlobal climate and local air quality (LAQ)
near airports presenting risks to public healtrafhg residents, airport workers and passengers)
(Jung etal., 2011; Levy etal.,, 2012; Schindler etl., 2013; Yim etal.,, 2013) and the
environment (FAA, 2015; Mahashabdeakt 2011).



30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

To implement mitigation measures and assess thentat health impacts of these aviation
activities on residents, evaluating the emissiohsiport operations — the airport emissions
inventory — is necessary. Emission inventoriesusied as input for air quality modelling for the
assessment of compliance with environmental letipgsla Few studies have addressed airport
pollutant emissions. At Dallas/Fort Worth Interoatl Airport, Nikoleris et al. (2011)
conducted a detailed estimation of fuel consumpéiod emissions (NQ hydrocarbons, carbon
monoxide); it was found that stop-and-go situatiand taxiing at constant speed were the two
largest sources of fuel burn and emissions amoadggtki phases. In the middle east region, only
few studies have addressed aircraft pollutant eomssat airports (Kesgin, 2006; Elbir, 2008;
Yilmaz, 2017). Elbir (2008) estimated atmosphergssions (N@, HC, CO) from commercial
aircraft with gas turbine engines during the LTQ@leyat a mid-sized Turkish airport — Adnan
Menderes Airport — as 197 t /y for N1 t /y for hydrocarbons (HCs), and 138 t /yd¢arbon
monoxide (CO). Also, it was estimated that an iaseeof 1 min in taxiing time causes an
increase of 0.4%, 4.2%, and 4.6% in the amountN@f, HC, and CO emissions respectively
(Elbir, 2008). A recent study conducted by Yilm&017) estimated the total pollutant gas
emissions (N@Q HC, CO) from aircraft during the landing/take-¢ETO) cycles for the year
2010 at Kayseri Airport — Turkey. Results showeat tt02.6 t/y of NQ 8.4 t/y of HC, and 66.9
t/y of CO were emitted. However, these studies wese limited to determine pollutants from
aircraft emissions during the landing/take-off (UT€ycle - not taking into account pollutant
emissions from the different airport activitiesg(eauxiliary power units (APU), ground support
equipment (GSE), power plants, landside vehicles).élso, only few studies took into account
the real time-in-modes for aircraft operations.

In Lebanon, the steady growth of aircraft movemen&/gj-at Beirut-Rafic Hariri International
Airport (RHIA) makes sense from the geographic pective. Beirut-RHIA is in the middle of a
populated area and upwind of the capital Beirundde the pollution from the airport is expected
to blow over the capital and its suburbs. This s@gported by observations found in a previous
study conducted by Chelala (2008), which reporteat 34% of the total nitrogen dioxide
concentrations at a measurement site located aedbtern part of Beirut (Pine Forest), was
coming from the southwest direction (where the airis located). This makes us hypothesize
that the airport might be one of the reasons tda@xphis observation. Moreover, the airport’s
location and layout is such that the approachrggédtory is above the seashore area (see Fig. 1
(a)), which presents a significant emission sowngedo distances greater than 8 km away from
the airport. Also, the topography surrounding thrpaat as well as time-varying wind direction
and speed, can have a substantial influence ondidpersion of aviation emissions. It is
important to note that in our study, inhabitantd eesidential apartments surrounding the airport
are much closer to it than the population surroogdither international airports worldwide.

In Beirut, many studies have focused on road tramsgmissions (Chélala, 2008; Daherakt
2013; Waked edl., 2012) Up till now, no study have assessed pollutant siois from Beirut-
RHIA’s activities via conducting an emissions inventory. The outputhid tnventory will be
later exported to ADMS-Airport model in a futur@idy to assess the pollutants dispersion taking
into account the influence of meteorological fastd@onducting this emissions inventory was a
real challenge because no previous inventory has tene for airport-related emission sources
nor for road traffic around the airport. Howevertensive work was dedicated to produce the
first emissions inventory for Beirut Airport (201ZBmissions data were calculated and stored in
the emissions inventory toolkit (EMIT) (CERC, 2015kquiring more than one year of
exhaustive work.
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While aircraft engine emissions include non-voéaphrticulate matter that are harmful to human
health and the environment (Yiehal., 2015; Stettleet al., 2011; Barretet al., 2010), this work
mainly focused on gaseous species where also adses®ther complementary experimental
studies (outdoor and indoor) to be published |atés.have focused, in particular, on the effects
of nitrogen dioxide (N@ and VOCs, key ozone and PM precursors emittech feorcraft
exhaust. Nitrogen dioxide (Nis the most significant local air quality pollataemitted from
aircraft (ICAO, 2008a) and presents a health nskhe Lebanese capital (Badaro-Salibalet
2013). On the other hand, VOCs are harmful polhstdar health (alteration of the airways,
cancer, and death) (Wood, 2008). The objectivahiefpaper are to: (i) provide a methodology
to conduct the airport emissions inventory, espigcia countries where no data is already
available; (ii) develop the first emissions invemtdor Beirut-RHIA’s activities at the medium
approach for the base year 2012; and (iii) asdessantribution of the different activities at
Beirut airport to the total mass emitted for 2012.

2. Methods

2.1 Study Area

This study was conducted at Beirut—RHIA, the onpemational commercial airport in
Lebanon, located about 8 km south of the capitEtys center (see Fig. 1 (a)). The airport is
located on the eastern coast of the Mediterraneannsaking it affected by a Mediterranean
climate. To the east of the airport, Mount Leban@mountain range sloping up to 2500 m - is
located (Daéron, 2005). Excluding its western giieediterranean Sea), Beirut Airport is
embedded in a very urbanized area.

The airport code number is 2Beirut-RHIA handles a wide range of flights inclodi
international passenger, airfreight, military, atamestic air traffic, and is primarily utilized by
the Middle East Airlines (around 50% of the totiglet). The distribution of aircraft by type at
Beirut Airport for the year 2012 is shown in Fig.tBe statistical results show that Airbus 320
(A320) (39%), Airbus 321 (A321) (13%), Boeing 738738) (9%), Airbus 330 (A330) (9%),
Airbus 319 (A319) (4%), Embraer 190 (E190) (3%),eBy 737 (B737) (3%) are the most
commonly used aircraft at Beirut - RHIA. Other &t types (< 20%) using Beirut — RHIA
include Embraer 170 (E170), Canadair Regional JRg-@00 (CRJ9), Boeing 777 (B777),
Bombardier Challenger 605 (CL605), etc. (LebaneGE€RB, 2016, 2015).

Beirut airport has three runways and 14 taxiways.(R). The runways are named
according to their magnetic heading; and are rusw@®/21, 16/34, and 17/35. Runway 21,
located to the east of the airport center, is tl@nndeparture runway due to the prevalence of
southwest wind conditions. It extends to 3800 m &nd5 m wide (Lebanese DGCA, 2017),
making it well equipped to accommodate a varietyiofraft. Runway 16 is the main landing
runway due to the prevalence of wind conditionsjlevhunway 17 is mainly used for landing
and take-off of light private aircraft.
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2.2 Generating an Emissions Inventory

An emissions inventory contains information regagdairport emissions (magnitude of
emissions and the spatial allocation of emissiddsj)ng appropriate input data, it calculates the
total mass of emissions released into the enviromrfrem specific emission sources for a
selected period of time (e.g. t/yr) to be usedmmut for modelling pollutant concentrations
(ICAO, 2011). To minimize the uncertainty, the fuiinge of sources (97% aircraft - engine
combinations, 90% auxiliary power unit (APU), afirgerators and fuel tanks, all ground support
equipment (GSE), etc.) which are important in assgsair quality in the vicinity of Beirut
Airport, were included in the emissions inventoffnese sources have been grouped into the
following 5 categories: aircraft main engines (2)2auxiliary power unit (2.2.2), aircraft ground
support equipment (2.2.3), airport static sourcgsfael tanks (2.2.4), and other sources (2.2.5).

Emissions data were calculated and stored in EMEmig§sions Inventory Toolkit),
developed by CERC (2015); extra work was urgecdetddne in this regard due to the absence of
any previous database (aircraft types and engirgelmpAPU models, GSE, power plants, etc.).
Within EMIT, the emissions inventory contains sedegroups. Each group contains only
sources of the same source type, i.e. volume, paiagf, road, etc. The magnitude of emissions
for each source was calculated from source actdaty using emission factor datasets stored in
EMIT, using equation (1) below:

E=Axg 1)

where A is the unit activity/yr and & the emission factor in tonnes of pollutant/wagtivity.
These emission factor datasets are activity datasetfor these source types the total emission E
of a particular pollutant in tonnes per year (tigrgqual to the product of the activity (A) ane th
emission factor ¢ For example, the activity A can be the numbeL®O cycles per year or
working hours of APU per year. EMIT holds the enussfactors and thus calculates the
emission rate E (t/yr) when the activity data areeeed by the user. This is applied to point, area,
line, and volume sources. These emission rateq (/gre then converted by EMIT to units of
g/m®/s (volume source) or gfits (area source) or g/s (industrial point soure&), according to
the dimensions of each source type used (Sect®n Bncertainty analysis of emission rates
generated by EMIT are rarely reported in literature

On the other hand, the spatial allocations werégaan ArcMap based on the real locations of
the operations taking place in Beirut Airport. Ifiudure study, these emissions rates and spatial
allocations will be exported directly to ADMS-Airgas input for air dispersion modelling.

2.2.1 Aircraft Main Engines

The assessment of aircraft main engine emission2G®?2 included ca. 63000 aircraft
movements during the different modes of operatibthe Landing/Take-off cycle. A standard
LTO cycle is comprised of four modal phases thatesent approach (30% thrust), taxi-in/idle
and taxi-out/idle (7% of the total thrust), také-if00% of the total thrust), and climb-out (85%
of the total thrust). The landing phase was furttveken down into arrival (approach (3000-
1500 ft), approach (1500 ft-touchdown)) and landiolf to obtain more accurate results. Each
phase has a duration or time-in-mode and thrushgstas assigned by ICAO (2011).

There are various approaches or methodologies &mtiy aircraft emissions, with varying
degrees of accuracy and what determines the clobiapproach (basic, medium, and complex)
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is the availability of information (magnitude anghsial allocation) and the required accuracy of
the concentration output (CERC, 2017). In brieg thasic approach requires basic knowledge
with easily available data; the medium approacimase airport specific and requires additional
information (e.g. volume sources for each of taxiitake-off, climb-out, approach, and landing
rather than representing all aircraft emissiona amgle volume source (CERC, 2017)), whereas
the complex approach requires in-depth knowled@AQ, 2011). In the complex approach,
emissions generated are based on the actual paricemof each aircraft i.e. a trajectory path and
engine power setting is calculated for each ait@afine combination and specific aircraft
weight, allowing accurate calculation. Hence, ie tatter approach a more accurate TIM is
known compared to the medium approach and the ggmmthat the aircraft power is set at a
fixed level in a flight mode is not required (CERZD17). Despite the absence of any previous
database or inventory for Beirut Airport, intensiverk was performed to assess aircraft engine
emissions using the medium approach for the ye&aP.2To achieve that, a detailed emissions
inventory for about 63000 aircraft movements (31&8@/ing and 31600 departing aircraft) was
conducted covering 97% of aircraft-engine comborai These movements included all
commercial, cargo, and general aviation flights;weeer, it was impossible to access
information regarding military fleet (2.5 % of thetal fleet) due to security reasons.

The emissions inventory required detailed pararsgtiéke aircraft-engine combination (e.g.
B737-300 may have different engines installedx ZFM-56-3B1, 2x CFM-56-3-B2, 2 x
CFM56-3C-1, or CFM56-5B6/P), thrust for each aifitraode, annual number of LTO cycles for
each aircraft-engine combination, and time-in-m@d&/) for each mode in a single flight. For
emission calculations, the ICAO dataset (year 2@dtplled within EMIT was used along with
activity data. The ICAO dataset provides the mqgoeegic emission factors (NQNO,, VOCs,
etc.) for certified engines of every aircraft-erggibpombination in units of kilogram per min
(kg/min), for the four power settings of the engeraissions certification scheme. For example,
the general speciation for NGNO and NQ) according to ICAO’s dataset (2011) for the
aircraft-engine B737-CFM-56-3B1 are provided in [Ealb. In comparison with the speciation
(kg/LTO cycle) presented by Woad al. (2008) for the same aircraft-engine combinatiod an
TIM presented in Table 2, the major difference pedation was at idle power: the emission
ratio (NO,/NOy) was equal to 91% (Wooet al., 2008) versus 15% according to ICAQO’s
datasheet (CERC, 2015). Also, the total LTONdissions presented by Wood (3.30 kg) was
very similar to ICAO'’s total N@emissions (3.60 kg) presented by Wabal. (2008). Hence,
even the emission factors reported by ICAO at chfié times, i.e. 2011 and that presented by
Wood et al. (2008), showed big discrepancies i.e. a factoR (f7.19/3.60). Of course, we
implemented the most recent datasheet in our SI@AO, 2011) since it takes into account the
latest engine and aircraft technologies. AlthoudD i the major emitted pollutant; however, it
is rapidly transformed to NfQwhich justifies why we focused on N@ our emissions inventory
and experimental field measurements.

Multiplying the mode-specific EF by the TIM yields mode-specific emission rate in
units of kilograms per LTO for each engine. The s=ain rates (kg/yr) were calculated using
equation (2) (CERC, 2017).

Emissions (kg) = XL, LTO; X [N; x X%, TIM;; X EF;] (2)
where i: airframe-engine type
J: aircraft mode (take-off roll, climb-out, apprdgdaxi-in or out)
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n: number of different air frame-engine types (dA320-200, CFM56-5B4/3, (8CMO055)],
[Boeing 777-200 series, GE90-94B, (8GE100)], etc.)

EF, ;: emission factor for airframe-engine type i in ragdunit kg/min).
LTOi: number of landings and take-off cycles of airfeagngine type i
N;: number of engines installed on an airframe-engine

TIM;, j: the time period (min) an airframe-engine typgersds at an identified power setting,
pertaining to each of the four LTO operating mogése., take-off, climb-out, approach, and
taxi/idle) of the operational flight cycle (ICAOQ21).

Aircraft movements (timetable) for the year 2012revebtained from the Directorate
General of Civil Aviation (DGCA). Information regding aircraft type and engine model were
obtained by conducting field visits to airline coamges, pilots, airport authority (Lebanese
DGCA and Airlines, 2013), as well as from aircrgfte certificate datasheets available online.

In general, times-in-mode differ depending on thracteristics of the airport. For
example, the total time-in-mode for taxi-in anditaxt is 26.0 min according to ICAO reference
LTO (ICAO, 2011) (see Table 3); which is much lontfen the actual duration for taxi at Beirut
Airport. However, it was possible to determine maletailed times-in-mode to allow for a
realistic emissions inventory through monitoringceaft movements from the control tower. The
taxi-out/idle duration was measured the momentileaft started its engine for taxiing until it
entered the runway for take-off. The same proceda® used to measure TIM for taxi-in from
the time the aircraft left the runway until readhithe gate. Thus, the total taxi time was
estimated to be 10 min, which is less than the ICAM by a factor of 2.6, which implies a
significant reduction in emission estimations dgrtaxi by a factor of 2.6. Similarly, real time-
in-modes for the other LTO operational modes wetemined as summarized in Table 3.

In fact, it was not feasible to obtain exact infatian regarding thrust settings at each
site and for every aircraft. However, estimatedushrsettings were used based on the ICAO
(2008b) standard thrust settings; the thrust leeelssidered for idle, approach, take-off, and
climb-out are respectively 7%, 30%, 100%, and 85%he rated thrust (see Table 3). It is
important to note that in real operation, the taKethrust varies from aircraft to another
according to the aircraft type and engine moda&htlload, meteorological conditions, runway
conditions, etc.

Regarding the spatial references of the different@s of the LTO cycle, information
was obtained from monitoring the aircraft movementsn the control tower as well as from
pilots, air traffic controllers, and aircraft engers to obtain representative values. The
geographic coordinates for the arrival and deparsaurces were obtained from pilots and air
traffic controllers using real aircraft observasoand Standard Instrument Arrival Routes
(STARS) that are published procedures followed ibyraft before reaching a destination airport,
or Standard instrument departure (SID) routes dnatpublished flight procedures followed by
aircraft on an IFR flight plan immediately aftekéaoff from an airport. Aircraft sources used in
this study have the same location of emissionsliiaaircraft types i.e. all aircraft during climb-
out are modelled within the same geographical égtaithough in reality there are differences in
the trajectories. This is a simplification, and whmodelling an airport more details can be given
by assigning different geographical extents toedéht aircraft types. The depth and elevation
used for each mode was adapted from ADMS-Airporhikd (CERC, 2017) for the medium

6
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approach and is explained as follows: (i) Takeaoffl taxi are emissions for the main engines, so
the elevation used (1.75 m) represents typical rendieights (ii) the defaults (depth and
elevation) for approach were used to representiéfseent of aircraft: the first volume source
assumes well-mixed emissions between 3000 ft afi) I6 and the second volume source
assumes well-mixed emissions between 1500 ft andngrlevel. Because approach (elevated
source) has a relatively small impact on grounell@oncentrations of gaseous pollutants, this
relatively simple approach can be used to repreen@ircraft and its environmental impact
(Matthews, 2018; Peace et al., 2006).

2.2.2 Auxiliary Power Unit (APU)

APU emissions were also assessed to complememnafainsovements for about 63000
aircraft. These emissions, which take place atghie prior departure or after landing, were
modelled as volume sources. The activity data fBlJa (APU type and operation hours) were
obtained as follows: (i) An approximate time of hiSbefore departure and 1.5 hr after landing
was used, as estimated by several airport engirsetsilots in RHIA; (ii) the APU models
were obtained from several airline companies andisigig several references (CERC, 2015;
European Environment Agency, 2009; Unique, 2005 depth (12 m) and elevation (6 m)
were chosen according to ADMS-Airport manual valsiese APU units, typically located at the
back of an aircraft, are located around 6 m aboweargl-level. For emission calculations, APU
2004 dataset (CERC, 2015) installed within EMIT wiaged along with activity data. The APU
2004 dataset, compiled by FAA, includes emissianois (kg/unit) for 29 different APU types
which are associated to aircraft included in themory.

2.2.3 Ground Support Equipment (GSE)

Aircraft GSE included both GSE operating at thendtée.g. GPU) and mobile sources
across the apron (called airside vehicles (e.gw dvases)). For GSE at the stand, detailed
information about the working hours for each GSgetyvas obtained from the major handling
companies like Middle East Airlines Ground HandIl{MEAG) responsible for the majority of
ground support equipment, Directorate General ofil Giviation (DGCA) at Beirut Airport,
Mideast Aircraft Services Company (MASCO), MiddleadE Airports Services (MEAS),
Lebanese Air Transport (LAT), Trans Mediterranedannvays (TMA), Executive Air Services,
Beirut Wings, and others. This included informatedrout the various types of GSE utilized (>
16 GSE types): baggage belt loader, air climaté, @anicraft tug, baggage cart tractor, cargo
loader, cargo loader main deck, catering truck, GrRiflelling truck, forklift, lavatory truck,
narrow body towbarless aircraft tug, passengersstafuelling dispenser truck, refuelling tanker
truck, water truck, etc. In section 3.1, the enoissiof al GSE are grouped together according to
literature (Celikel et al., 2002; Kennedy et aD0Q; Stettler et al., 2011). Since the majority of
GSE emissions are from vehicles on the ground, Haakies for the depth (2 m) and elevation
(2 m) are suggested by CERC. For emission calonstiAIRPORT GSE 2007 dataset (CERC,
2015) installed within EMIT was used along withieity data. This dataset includes emission
factors (kg/hr) for generic heavy GSE or based quipment at Zurich airport (Unique, 2005).
To assess airside vehicles (i.e. road traffic witthe airport vicinity), emission rates were
computed using the EMIT datasheet (EUROSCALED OBk &ctivity data related to traffic
(vehicles/hr classified as motorcycles/light/hedwyurly speed). Due to the lack of any previous
assessment, activity data for airside vehicles etdgsined by manually counting the vehicles on

7
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the airport ramp and classifying them (light orwngaat low, medium, and high traffic activities
during different times of the week between July @uatober.

2.2.4 Fud Tanks

Airport fuel farm emissions are mainly constitutefl VOCs, which result from the
evaporation of the fuel stored in the airport tatdiscraft fuel, GSE fuel, and power plant fuel).
Because emissions from fuel tanks are dependetiteotype and location of the tanks as well as
the ambient temperature, a single set of emissiotofs are not available for this source type, so
are not included in EMIT.

Annual emission rates (t/yr) for VOCs were firstccgdated usingTANKS (EPA, 2016), which is
a software designed by the United States Envirotamhdprotection Agency (US EPA) to
estimate emissions from organic liquids in stortageks. TANKS allows users to enter specific
information about a storage tank which includediteensions (height and diameter in meters),
turnovers/yr, construction, paint condition (roofdashell), roof type, radius, and height; the
liquid contents (average and maximum liquid heigtits chemical components (chemical
category and liquid temperature); and the locatbrihe tank (ambient temperature, etc.), to
generate an air emissions report. The combinatfoeewgeral parameters make the emission
factor of a fuel tank as described by US EPA. Adoagly, the software TANKS calculates the
total emission per year upon filling in all the vegd parameters (activity data). The detailed
equations installed in the software are found ilERIocument (EPA, 2016). For example, for a
fixed-roof tank (case of Beirut Airport), total ks are equal to the sum of the standing storage
loss and working loss:

Lt =Ls+ Lw (3)

Standing Storage Lossdl= 365 W Wy KeKs 4)
Where the activity data is,\\(the vapor space volume) and the emission fastdd,KeKs

Working Loss (l,) = 0.0010 M R/a Q Ky Kp (5)

All the parameters required for the 3 keroseneddaoind at Beirut Airport, as well as 20
other tanks (related to generators and GSE) wetia@nsal, and the calculated emissions (kg/yr)
were manually entered into EMIT. Upon entering the ygagmission rates and the spatial
allocation of each fuel tank, emission rates foel ftanks (modelled as area sources) were
calculated by EMIT.

2.2.5 Other Sources (Power plants, urban sources)

Airport power plants (19 power plants) were modelés point sources. Activity data
(working hours) were obtained fromliddle East Airports Services (MEAS) and Mideast
Aircraft Services Company (MASCO). Due to the laifkprevious measurements, the power
plant stack heights and diameters were manuallysured (measuring tape) and their geographic
coordinates were taken using a GPS tracking upit.elfission calculations, activity data were
used with emission factors based on the UK EmisBactor Database (UKEFD) 2007 Energy
dataset (CERC, 2015) installed within EMIT. Thidadst, based on private communication from
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UK Atomic Energy Authority, contains emission facto(kg/unit) for different combustion
sources.

Urban sources included airport landside traffic stiiating road traffic at major roads
close enough or directly related to the airportequire explicit modelling - the airport’s main
entrance road. Emission rates resulting from roaffi¢ at the airport main entrance (landside
traffic) were computed using the EMIT datasheetREASCALED 03) with activity data related
to traffic, i.e. vehicles/hr (motorcycles/light/hsg and hourly speed. EURO SCALED 03 is a
year-dependent emission factor dataset for vel@clessions including the effects of new fuels
and vehicle technologies (CERC, 2015). Spatial rpatars included road width (m), elevation
(m), canyon height (m) and gradient, as well agiapallocation (vertices). Due to the lack of
any information about these parameters, the fluxebiicles (count/hr) by vehicle category was
determined by manual counting, which took placéhatroad leading to the airport entrance at
different levels of activity (low, medium, high) @dmepeated several times a week to account for
all the traffic variations during the week.

2.3 Emission Source Models

All of the aforementioned sources were modellecegslicit sources as shown in Fig. 3.
Once calculated, these emissions were includeddM® according to several types of sources
(volume, area, point, road). In brief, a volume rseucorresponds to a source where the
emissions are distributed in a volume, a point @®yor industrial point source) represents
typically a stack emission, and an area sourcein@ustrial area source) corresponds to an
industrial source that is too large to be treate goint source and is distributed over a large
area at ground level (CERC, 2015). Fig. 3 depiwtsdifferent types of source models used. All
the aircraft sources, including APU, were modelsdvolume sources. GSE was modelled both
as a volume source (GSE at the stand) and a raades(airside vehicles). It is important to note
that the GSE at the stand and APU are both locdtdte gates at the center of the airport, which
leads to the increase in the estimated emissiotigsaiocation, as will be seen later in the model
results. The other airport sources were considasgefbllows: fuel tanks were modelled as area
sources, generators or power plants as point sguarel the airport main entrance as a road
source as shown in Fig. 3.

3. Results and Discussion

3.1 Emissions

The emission rates calculated by EMIT are preseintddble 4-3. EMIT first calculates the
emission rates in t/yr and then converts them ttswi g/s (point sources), gffs (area source)
or g/nt/s (volume source) or g/km/s (road source) by dingjcthe emission rates in t/yr by the
product of the total volume or area with the toitae (Fig. 4 and Fig S1land S2 in supplementary
material). These converted emission rates will lsedulater in ADMS-Airport dispersion
modelling equations.

Fig. 5 shows the estimated annual airport-relat€d Ahd VOCs emissiens (t/yr) as a
function of major source category. The estimatadl tNO, and VOCs emissiens for the year
2012 are 50.7 and 24.4 t respectively. As seengn3; aircraft emissions (APU and LTO cycle)

9
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dominate the airport emissions for both N(®2%) and VOCs (68%). As expected, aircraft
emissions during the LTO cycle (37.4 t/lyr) make th@minant contribution to airport NO
emissions, followed by aircraft APU emissions (8y8), GSE (3.7 t/yr), whereas stationary and
road sources are minor contributors (see Fig. )5 T&)s order of contribution, observed in other
studies (Celikel et al., 2002; Stettler et al., PQ1s due to the dependence of the total emissions
on the yearly activity data (e.g. working hoursyamission factors (section 2.2) which are
highest for aircraft engines. Similarly for VOChketmajor source is also the LTO cycle (11.5 t)
(see Fig. 5 (b)). The estimated VOCs emission fGBE are 5.5 t, followed by stationary
sources (3.8 t), and APU (2.7 t). In fact, the majontributors to these stationary source
emissions are fuel tanks (99.7%), especially tlker®sene fuel tanks located at the eastern part
of the airport which present a significant sourt¥0Cs.

Aircraft NO, and VOCs emission are broken down further intossians by the different
modes of the LTO cycle (see Fig. 6). It is impottém differentiate between ground level
emissions and elevated emissions associated withatiiwhere the former have the biggest
impact on local air quality, whereas the latterééass impact as they take place at increasing
heights. Aircraft ground N© emissions (Landing roll, taxi-in, taxi-out, takeBofwere
approximately 15.45 t in 2012 constituting 41% atiat aircraft engine emissions, whereas the
corresponding Aircraft N©and VOCs emission are broken down further werignastéd to be
10.29 t constituting up to 90% (see Fig. 6). Asvaman Fig. 6 (a), the 2 major contributors for
NO, emissions are the climb-out and approach (arriphfses each contributing to 11 t/yr. In
fact, the emission rate per second for the climbphiase (1.15 x 10g/nT/s) is greater than the
approach phase (4.7 — 5 x®@/m’/s), but the total volume for the approach phadedesqual
emissions in tonnes per year. This is significadawuse this highlights the fact that the climb-out
phase has a higher impact on the concentrationsrggea by the dispersion modelling (future
study). Although the total duration for the také-plfiase is 0.7 min, it contributes by 1.3 t/yr to
the total NQ emissions (14% of the total LTO) (see Fig. 6 (@h an emission rate of 3.53 x
107 g/n’/s (see Table 4). This is due to the fact thatigh Bpeed, the temperature within the
combustion chamber is higher, which leads diretilyhe increase in the emission of nitrogen
oxides (Dagaut edl., 2006; Penner, 1999). On the other hand, thepaase (taxi-in and taxi-
out) dominates the VOC emission sources with argmriton of 10 t/yr or 88% of the LTO cycle
contribution as seen in Fig. 6 (b). This is follaMey the approach (7%), climb-out (3%), take-
off (1%), and landing roll (1%). This result is eqted as the ICAO VOCs emission factors for
the taxi phase are the highest and those of tleedtilphase are the lowest. VOCs emission are
higher at low power settings when the temperatdréhe air is relatively low and the fuel
atomization and mixing process is least efficiditis is also in accordance with ICAO databank
sheets for unburned hydrocarbons (UHC) for all modarbine engines; all engines produce
less CO and NMHC emission per kg of fuel burnethas power levels are increased above idle
(Andersonret al., 2006).

3.2 Comparison with Other Airports

Table 5 compares the annual LTO emissions at Béimgort (2012) with two mid-sized
airports (Adnan Menderes Airport (AMA) (2004) anayseri Airport (2010)) in Turkey (Elbir,
2008; Yilmaz, 2017) which is a Middle Eastern couriike Lebanon. Comparisons were also
done with Toronto Pearson International Airport an&@da (2007) (Kennedy al., 2009) which
represents a busy airport in North America. Thaltemissions of VOCs from LTO activities at
Beirut Airport (11.5 t/yr) are comparable to emigs from Kayseri Airport (8.4 t/yr) and are

10
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almost half the VOCs emission by AMA (21 t/yr). Hewer, much higher VOCs emission are
produced by Toronto Pearson International Airp®RIA) (222 t/yr) as summarized in Table 5.
These observations can be explained by the higlmabar of LTO movements in TPIA (182122
movements/yr) which was almost 6 times the numib&rT® movements in Beirut Airport for
the year 2012. NOQemissions exhibit the same relative variabilityosg the airports listed in
Table 5, reaching up to 2265 t/yr which is arountiir@s NQ emissions at Beirut Airport. This
observation maybe explained by the higher numbeLT® cycles in TPIA (182122 LTO
movements for the year 2007) which is interestiraibp around 6 times the LTO movements at
Beirut Airport for the year 2012. As a compariseve can see that the average VOCs mass
emitted per LTO movement at Beirut — RHIA (0.00@88) is much less than the mass emitted
by other airports (0.0012 — 0.0021 t/yr) listedlable 5, which may be related to the fact that in
this study we used the real TIM of taxi which isde¢han the time assigned by ICAO by a factor
of 2.6 (see Table 3). On the other hand xN(nitted per LTO movement was in the same range
(0.012 — 0.013 t/yr) for Beirut Airport, Izmir, aricbronto Airport. This is probably attributed to
the use of similar TIMs for each of the take-offlaslimb phases (almost equal to ICAO TIMs
presented in Table 3), which are the major contolsuamong the various LTO phases toxXNO
emissions. It is important to note that while tgpallutant emissions from Beirut Airport are
much lower than emissions from large internatiaxigdorts (e.g. Toronto Pearson International
Airport); however, the location of Beirut Airport the middle of an urbanized area in very close
proximity to nearby residents, upwind of the cadeirut, surrounded by the sea to the west and
mountains to the east — all make it a significamission source.

4. Conclusions

A methodology to assess emissions from Beirut Atfpa@ctivities has been developed and
applied despite the absence of any data (actiatg delated to aircraft, airport stationary and
mobile sources, road traffic, etc.). This studyvmles the first emissions inventory for Beirut
Airport’s activities using a European emission imey toolkit in the medium approach. In fact,
it is the first study in the Middle East regiondonduct a comprehensive emissions inventory for
all the airport-related sources. This detailed siaiss inventory took into account operational
details for around 63000 aircraft movements foryéar 2012, as well as detailed parameters for
most of the airport’s emission sources. We estirtietein 2012, Beirut airport emitted 402.9 t of
NOy, 50.7 t of NQ, and 32 t of VOCs. This up-to-date and comprelvensimission inventory
will be used in a future study to assess the imp&a&eirut Airport activities on air quality by
providing emission rates for the dispersion mod@&MS-Airport which uses a series of
dispersion equations that take into account ermmssites, meteorological parameters (e.g. wind,
turbulence, and boundary layer), etc.
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Table 1: Mode-specific emission factors (kg/min) for theceaft-engine Boeing 737 - CFM - 56
- 3B1 (ICAO, 2011)

Table 2: Comparison of the speciation of nitrogen oxideslL(K@) according to ICAO’s dataset
(2011) and Woodt al. (2008)

Table 3: Source details for aircraft taxiing, take-off, acltmb groups. The realistic times-in-
mode were determined in this work through monitraircraft movements, presented versus
ICAQO'’s (2011).

Table 4: EMIT emission rates calculated for Beirut Airparventory (2012). Emission rates in
t/yr are converted to units of g/s (point sourcg#)y/s (area source), gifs (volume source), or
g/km/s (road source).

Table 5: Comparison of annual LTO emissions (t/yr) at Beifirport and other airports
worldwide



Tablel

Emission Factor (kg/min) NO,; NOy
Idle 0.02 0.02
Approach 0.02 0.12
Climb-out 0.06 0.69
Take-off 009 1




Table2

|CAOQO dataset, 2011 Wood et al., 2008
Emission Factor (kg/LTO) NO  NO« % (NOJ/NOy) NO, NOx % (NO,/NOy)
Idle 0.52 1.39 15.0 0.53 0.58 91.4
Approach 0.17 1.16 37.5 0.08 0.49 16.3
Climb-out 0.17 3.24 5.3 0.13 1.53 8.5
Take-off 0.06 1.41 4.5 0.06 0.70 8.6
Totals per engine/LTO 0.93 719 129 0.80 3.30 24.2

*For the sake of comparison with Wood et al. (208D, and NQ emissions for ICAO (2011) were
calculated by multiplying the time-in-mode presenby Wood et al. (2008) with the emission factors
(kg/min) provided by ICAO (2011)



Table3

Source Source Name TIM (min TIM (min
Group Thrust (%) IC,g\O : This_gxud)z
Approach (300-1500 ft 25
Arrival Approach (1500 -touchdown 30 4.0 2.5
Landing rol 0.6
. Taxi-in 7.C 4.C
Taxi Taxi-out ! 19.0 6.0
T ake-off Take-off 10C 0.7 0.7
Climb Climb 85 2.2 2.C




Table4

Sour ce Group NO, VOCs

Volume Sour ces
t/yr g/ntls t/yr g/mis
Approach 3000 - 1500 ft  5.53 470 x%0 0.39 3.32 x 18

Approach 1500 - 0 ft 5.53 501x10  0.39 3.57 x 18"

Landing Roll 1.33 8.81x 1D  0.09 6.27 x 18
Climb-out 10.95 1.15x 1) 0.40 417 x 10"
Take-off 5.09 353x10 017 1.16 x 18
taxi in (1) 0.90 3.73x10  1.00 4.14 x 10
taxi in (2) 0.90 6.69x 10  1.00 7.43 x 10
taxi in (3) 0.90 1.02x10  1.00 1.13x 18
taxiin (4 0.9¢ 5.81 x10" 1.0C 6.45% 1C”

Taxi-in (total) 361 3.73-102x7104.01 4.14-113x10

Taxi out (1) 0.90 1.13x10  1.00 1.26 x 18

Taxi out (2) 1.80 286x10 2.01 3.19 x 10

Taxi out (3) 0.90 9.94x10  1.00 1.11 x 18

Taxi out (4) 0.90 8.16x10  1.00 9.08 x 10

Taxi out (5) 0.90 1.67x10  1.00 1.86 x 18

Taxi-out (total) 541 2.86-16.7x106.03 3.19-12.6x 10
APU 9.29 121x16  2.65 3.45 x 18
GSE (stany 3.64 3.90x 10 5.22 5.59 x 10
Area Sources
thyr g/nfls t/yr g/nfls
Fuel Tanl 0.0C 0.0C 3.7¢ 0.035-3990 x 1(°
Point Sour ces (g/s)
tlyr gls tlyr gls
Power plants (g/s) 0.11 8.56-—646 X°10 0.02 1.48-111.53x 10
Road Sour ces (g/km/s)
tlyr g/km/s tyr g/km/s
Main Entrance 0.15 0.01 0.95 0.07

GSE (airside vehiclés 0.05 0.0015 - 0.0017 0.25 0.007 - 0.008

*Emission rates in t/yr are converted to units /sf @oint sources), gfts (area source), gifs (volume

source), or g/lkm/s (road source) by dividing thenh® product of the total volume or area with tibtal
time.

IGSE at stand includes ground power unit (GPU), hggdelt loader, air climate unit, catering truck,
forklift, lavatory truck, etc.

“Airside vehicles are mobile sources across therapro



Table5

This Study: Adnan Menderes Toronto Pearson
Pollutants Beirut Airport  Kayseri Airport, Airport, Turkey International Airport
(2012) Turkey (2010) (Izmir) (TPIA)
(2004) (2007)
VOCs 11.5 8.4 21 222
NO, 402.¢ 102.¢ 197 2265
L TO movements 3160( 3944 1436¢ 182122

*Landing and take-off movements are defined asrewah and departure pair from the airport.



Fig. 1: (a) Study Area (Beirut - Rafic Hariri International Airport). The red dotted line reflects
the main jet trgjectory used for landing in Beirut-RHIA (b) Top view of Beirut Rafic Hariri
International Airport, taken from Lebanese DGCA (2010) (Rwy: runway)

Fig. 2. Percentage of relative aircraft frequencies (2012) by aircraft type at Beirut Airport
(Lebanese DGCA, 2015).

Fig. 3: 3-D geospatia emissions inventory created by exporting EMIT database to Arc Globe for
the sources modelled at Beirut Airport in this study (year 2012)

Fig. 4 3-D geospatial emissions inventory (2012) created by exporting EMIT database to Arc
Globe for volume sources (a) VOC, (b) NO,

Fig. 5: Ground level airport-related emissions (in units of t) estimated in this work by EMIT
from Beirut Airport in 2012 (a) NO; (b) VOCs

Fig. 6: Ground-level LTO emissions (in units of t) estimated in this work by EMIT from aircraft
at Beirut Airport in 2012 (% by flight phase or mode of LTO cycle) (a) NO, (b) VOCs
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Fig. 4
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Fig.5

(a) NO, Emissions Inventory (2012): 50.7 t/yr
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(b) VOC Emissions|nventory (2012): 24.4 t/yr
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Fig. 6

(a) Aircraft LTO NO, Emissions (37.4 t/yr)
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Beirut Airport is located between the sea and mountai ns within a popul ated area.

A methodology to conduct airport emission inventories has been established.
Beirut Airport activities emitted 454.8 t of NOy, 50.7 t of NO,, and 24.4 t of VOCs.
The methodology allowed identifying emission factors from airport activities.



