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12th International Symposium "Transport and Air Pollution” / 12° Colloque international "Transports et
pollution de I'air", Avignon, 16 -18 June / juin 2003
proceedings / actes, n°92, tome / Vol. 2, Inrets ed., Arcueil, France, 2003, p. 9-14

Ozone Exposure Assessment For an European City from 1980 to 2020 Based on
Precursor Emissions in Germany

Norbert Metz
BMW Group, Department Traffic and Environment, 80788 Munich, Germany, Petuelring 130
Fax: ++ 89 382 4 5760, e-mail: norbert. metz@bmw.de

Abstract

Growing traffic density led in the past to undesirable high concentrations of NMHC and NO; in
street canyons with limited air exchange. As a consequence Os-concentrations in the afternoon in
the suburbs of cities are exceeding the EU-air quality standards. Emission improvements of vehicles
and emission legislation stopped the increasing emission trend since 1985. Despite the growing
vehicle fleet air quality for the precursors NMHC and NO; in all big cities is improving.

Air quality standards nowadays are exceeded only in extreme adverse meteorological situations
(low wind speed, inversion with poor exchange rates of urban air masses). To judge the burden for
citizens the trend of annual means for NMHC and NO; and 1/2h max. values for Oj; is calculated for
the time period 1980 to 2020 and exposure estimations on the basis of active and inactive times
outdoors for some populations groups are given.

Keys-words: exhaust emissions, air quality, health effects

Introduction

One of the most urgent problems of retrospective epidemiological health effects studies is the
examination of the exposure history regarding ambient air quality. Measured air quality data are
only available for about 20 years, UBA (2001). For the future calculations are necessary. A suitable
solution is to calculate the missing air quality concentrations on the basis of emissions of the main
sources, Seika (1996). For kerbside sites exhaust gas emission of road transport are used and for
urban background sites emission inventories of the federal states are used, UBA (2001). Forecasts
are based on the relevant emission legislation.

Objectives

This paper describes a methodology to estimate the missing air quality data for a German city with a
Gaussean dispersion model. Registration numbers of road transport vehicles, stock numbers and
mileage from passenger cars, trucks, motor cycles and mopeds together with relevant emission
factors during city operation as well as emission estimates from other sources are used as input data.
Measured air quality data for NMHC, NO, and ozone are used and extrapolated for the forecast.
Together with ventilation rates for different population groups the daily intake for different levels of
action can be calculated.

Methodology

The exhaust gas emission trend of the precursors NMHC (VOC) and NO, of all sources are taken
from emission inventories for the city, from the federal states and from the German UBA
(Environmental Protection Agency), while the road transport emissions are taken from reliable
emission calculations, Hopfner (2002), Metz (2002), DIW (2002).

Actes INRETS n°92 9
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Air quality data are measured until today, UBA (2001), BLU (2003), UMEG (2003), HLUG (2002)
and forecasted with a Gauss dispersion model taking into account the development of emission data
for all sources and road transport in future years, DIW (2002). It is assumed that in 2010 the EU-air
quality standard for ozone will be reached.

Methodology

Emission Trend All  Sources Emission Trend Road Transport
m 1980 2020

Air Quality Trend in the City Air Quality Trend in the City
~~ —~—__Urban Background /\ Kerbside

1980 ... 2000 @ 1980 .. 2000

Emission Correlation with
measured AQ-Data and Gauss Dispersion Model
Air Quality Extrapolation
and Forecast for the time period wanted

/’_\
= @ —

1980 2020

Figure 1:  Schematic principle to calculate future air quality on the basis of emission data
Emission Forecast

With the inventories of the German Environmental Agency, UBA (2003) and mileage of road
transport vehicles reliable emission forecasts can be calculated for German cities.

NMHC in 1000 t NO, in 1000 t
1200 1200

1
000 \ 1000 \/\
\

800 \ 800
600 {/All Sources \ 600 ulAIISourcesl\\
400 \\ 400 \\
\\—v\ \' \ \'
200 \ 200 J\
N N\
Road TransEoE S~—— Road TransEoE

0 0
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020

Figure 2:  NMHC- and NOx-emission data of all sources and road transport

Figure 2 shows the development for NMHC (VOC) and NO, calculated on the basis of the mileage
and the emission in cities. The decreasing trend started in 1990 and is still ongoing.

Air Quality

Due to the reduction of emissions the air quality in cities is improving both for kerbside and urban
background sites. Together with measured data from 4 federal states Bavaria, Baden-Wiirttem-berg,
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Hessen and Rheinland-Pfalz forecasts show an ongoing decreasing trend for NMHC and for NO,-
concentrations, BLU (2003), UMEG (2003), HLUG (2002), LfUG (2002).

NMHC in pg/m?3 NO, in pg/m?3
2500 70

60

\
2000

50 1 Kerbsideﬁ\\
1500 \\ 40

[Kerbside ’\

J

. \
R

20 A \\
[Urban Background N
\

500 ~_ \ .

[Urban Background —
‘ : 0
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020

J

1000

0

Figure 3:  Typical NMHC- and NO;- concentrations from 1980 until 2020 in German cities
Ozone formation

O, formation is a complex phenomena and not only dependent from local emissions. Ozone at
ground level is influenced through mixing of NMHC (VOC) and NO, and ozone from the lower
troposphere and the elevation of the boundary layer in the late morning, BUWAL (1989), Vogel
(1996), Memmesheimer (1999).

While yearly average ozone values in cities are slightly increasing at an uncritical value, the max.
1/2h-values are slightly declining, Fricke (2002). In the last 5 years the trend is more or less stable
with a small decreasing tendency.

Mixing from
NMHC , NO:,

O3 from
upper layers

Height of the
Mixing Layer

Morning Noon Afternoon

Figure 4:  Ozone formation in the course of the day due to the rising height of the mixing layer
and the mixing of precursors and ozone from the lower troposhere
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To calculate the exposure for different population groups it is important to know the diurnal
distribution of ozone during the day, BLU (2003) and the ventilation rates in action and in rest for
the different population groups, Geigy (1971). It is apparent regarding ozone that summer and spring
season is the most important time.

Max.-1/2-h-Ozone in pg/m?

250 VAN

200 Wothstralse (Urban Background)

. /w

150
V 'WSstachus (kerbside)\O,
100
50
0 T \ \ \
1990 1992 1994 1996 1998 2000

Figure 5:  Trend for 1/2h- max. ozone concentrations in Munich for an urban back ground
(Lothstr.) and a kerbside (Stachus) site, BLU (2003)

1/2h —max.-Ozone in pg/m3
200 e e e e N G e e S R PR S S R o e St

150 -

100 -

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00

—#— Winter == Spring =—X= Summer =0~ Autumn

Figure 6. Diurnal distribution of 1/2h-ozone-concentrations for different seasons in 2002 in
Munich Stachus

Exposure calculation

To calculate the ozone exposure for different population groups the time is multiplied with the
relevant concentration starting at 13:00 for 4 hours assuming that most people are then in an active
mode and an 8h outdoor exposure in rest in the time period from 9:00 to 13:00 and from 17:00 to
21:00 with reduced relevant ventilation rates, following the diurnal distribution with the 1/2h max.
values for Munich, shown in figure 5.

Results

Due to different ventilation rates of athletics, children and other population groups, Hoppe (1995)
and of different diurnal ozone concentrations during the day a individual calculation for each
population group and activity level must be conducted. As an example some results are given for
athletics and children, see table 1.
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CALCULATION PRINCIPLE

population group In Action + In Action + In Rest = | Total daily dose

children 1- 3 years

children 4- 6 years

Time Time Time Total daily dose
pupils 7-10 years Outdoor in Action Outdoor in Action 0utdoorxin Rest
X X for each
pupils 11-16 years Concentration Concentration Concentration population group
First hour Next hour Out Door other hours
students 17- 25 years for the individual
X X X
o exercise
juniors  17-25 years Ventilation rate Ventilation rate Ventilation rate
for the relevant population for the relevant population for the relevant population
adults 26- 65 years group group group

seniors 66- 75 years

elderly 76-90 years

Figure 7:  Ozone exposure for different population groups dependent from exercise duration and
day time

During exercise athletics inhale almost 400 ug per hour, cumulated for the whole day 1800 ug is
reached. Children inhale during exercise up to 130 ug/h, during the whole day up to 700
ug.Dependent from the activity level the inhaled mass of ozone can be different by a factor of 5.
Different population groups differ by a factor of 4 .For the judgement of health effects it is necessary
which quantity per 1h in the respiratory system is metabolized to uncritical substances.

Population C Ozone . Activity Exposure Mass of Total ozone
Group oncentrgmon mode time inhaled mass inhaled
pug/m ozone
Athletics 60 in-rest 1h 30 ug 30 pug
Athletics 75 in-rest 1h 38 ug 68 ug
Athletics 90 in-rest 1h 45 ng 113 pg
Athletics 115 in-rest 1h 58 ug 171 ng
Athletics 130 in-action 1h 312 ug 483 ug
Athletics 150 in-action 1h 360 ug 843 ng
Athletics 160 in-action 1h 385 ug 1128 pg
Athletics 160 in-action 1h 385 ug 1513 pug
Athletics 160 in-rest 1h 80 pg 1593 pg
Athletics 140 in-rest 1h 70 ug 1663 ug
Athletics 125 in-rest 1h 63 ug 1726 pg
Athletics 100 in-rest 1h 50 ug 1776 ng
Children 60 in-rest 1h 15 ug 15 ug
Children 75 in-rest 1h 18 ug 33 pg
Children 90 in-rest 1h 22 ug 55 ug
Children 115 in-rest 1h 28 ug 83 ug
Children 130 in-action lh 105 pg 188 ug
Children 150 in-action 1h 120 pg 308 ug
Children 160 in-action 1h 130 ug 438 ug
Children 160 in-action 1h 130 pg 568 ug
Children 160 in-rest 1h 40 pug 608 pg
Children 140 in-rest 1h 34 nug 642 pg
Children 125 in-rest 1h 30 ug 672 ug
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Children 100 in-rest 1h 24 ug 696 ug
Table 1: Results of selected population groups

Conclusion

On the basis of emission inventories and road traffic emission resulting air quality concentrations
can be forecasted also for the future. Air quality measurements for the area of interest must be used
to determine the exact exposure history. With the ventilation rates for different population groups
and the mode of activity it is possible to calculate the mass of ozone inhaled during 1h and the
whole day. Whether these quantities will have negative effects more knowledge is necessary of the
ozone mass which is metabolized in the body.
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Pollution control of indoor air : an overview
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Abstract

People in the world are now facing a variety of risks to their health problems. A growing body of
scientific evidence has indicated that the air within homes and other buildings can be more seriously
polluted than the outdoor air in even the largest and most industrialized cities. People spend 90
percent of their time indoors. Some health effects can be useful indicators of an indoor air quality
problems. Potential sources of indoor air pollution should be identified. It is suggested that there
should be source control ventilation improvements and air cleaners should be used. Energy efficient
heat recovery ventilators may also be used. A reasonable number of houseplants remove significant
quantities of pollutants in homes and offices. It is suggested that the source control is the most
effective solution.

Key words: indoor air pollution, health problems, energy efficient ventilators, air cleaners, source
control

Introduction

All of us face a variety of risks to our health as we go about our day-to-day lives. Driving in cars,
flying in planes, engaging in recreational activities, and being exposed to environmental pollutants
all pose varying degrees of risk. Some risks are simply unavoidable. Some we choose to accept
because to do otherwise would restrict our ability to lead our lives the way we want. And some are
risks we might decide to avoid if we had the opportunity to make informed choices. Indoor air
pollution is one risk that one can do something about. In the last several years, a growing body of
scientific evidence has indicated that the air within homes and other buildings can be more seriously
polluted than the outdoor air in even the largest and most industrialized cities. Other research
indicates that people spend approximately 90 percent of their time indoors. Thus, for many people,
the risks to health may be greater due to exposure to air pollution indoors than outdoors. In addition,
people who may be exposed to indoor air pollutants for the longest periods of time are often those
most susceptible to the effects of indoor air pollution. Such groups include the young, the elderly,
and the chronically ill, especially those suffering from respiratory or cardiovascular disease. While
pollutant levels from individual sources may not pose a significant health risk by themselves, most
homes have more than one source that contributes to indoor air pollution. There can be a serious risk
from the cumulative effects of these sources. Fortunately, there are steps that most people can take
both to reduce the risk from existing sources and to prevent new problems from occurring. Indoor
pollution sources that release gases or particles into the air are the primary cause of indoor air
quality problems in homes. Inadequate ventilation can increase indoor pollutant levels by not
bringing in enough outdoor air to dilute emissions from indoor sources and by not carrying indoor
air pollutants out of the home. High temperature and humidity levels can also increase
concentrations of some pollutants. There are many sources of indoor air pollution in any home.
These include combustion sources such as oil, gas, kerosene, coal, wood, and tobacco products;
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building materials and furnishings as diverse as deteriorated, asbestos-containing insulation, wet or
damp carpet, and cabinetry or furniture made of certain pressed wood products; products for
household cleaning and maintenance, personal care, or hobbies; central heating and cooling systems
and humidification devices; and outdoor sources such as radon, pesticides, and outdoor air pollution.
The relative importance of any single source depends on how much of a given pollutant it emits and
how hazardous those emissions are. In some cases, factors such as how old the source is and
whether it is properly maintained are significant. For example, an improperly adjusted gas stove can
emit significantly more carbon monoxide than one that is properly adjusted.

Some sources, such as building materials, furnishings, and household products like air fresheners,
release pollutants more or less continuously. Other sources, related to activities carried out in the
home, release pollutants intermittently. These include smoking, the use of unvented or malfunction-
ing stoves, furnaces, or space heaters, the use of solvents in cleaning and hobby activities, the use of
paint strippers in redecorating activities, and the use of cleaning products and pesticides in
housekeeping. High pollutant concentrations can remain in the air for long periods after some of
these activities. If too little outdoor air enters a home, pollutants can accumulate to levels that can
pose health and comfort problems. Unless they are built with special mechanical means of
ventilation, homes that are designed and constructed to minimize the amount of outdoor air that can
"leak" into and out of the home may have higher pollutant levels than other homes. However,
because some weather conditions can drastically reduce the amount of outdoor air that enters a
home, pollutants can build up even in homes that are normally considered "leaky." Outdoor air
enters and leaves a house by: infiltration, natural ventilation, and mechanical ventilation. In a
process known as infiltration, outdoor air flows into the house through openings, joints, and cracks
in walls, floors, and ceilings, and around windows and doors. In natural ventilation, air moves
through opened windows and doors. Air movement associated with infiltration and natural
ventilation is caused by air temperature differences between indoors and outdoors and by wind.
Finally, there are a number of mechanical ventilation devices, from outdoor-vented fans that
intermittently remove air from a single room, such as bathrooms and kitchen, to air handling
systems that use fans and duct work to continuously remove indoor air and distribute filtered and
conditioned outdoor air to strategic points throughout the house. The rate at which outdoor air
replaces indoor air is described as the air exchange rate. When there is little infiltration, natural
ventilation, or mechanical ventilation, the air exchange rate is low and pollutant levels can increase.

Apartments can have the same indoor air problems as single-family homes because many of the
pollution sources, such as the interior building materials, furnishings, and household products, are
similar. Indoor air problems similar to those in offices are caused by such sources as contaminated
ventilation systems, improperly placed outdoor air intakes, or maintenance activities. Solutions to air
quality problems in apartments, as in homes and offices, involve such actions as: eliminating or
controlling the sources of pollution, increasing ventilation, and installing air cleaning devices. Often
a resident can take the appropriate action to improve the indoor air quality by removing a source,
altering an activity, unblocking an air supply vent, or opening a window to temporarily increase the
ventilation; in other cases, however, only the building owner or manager is in a position to remedy
the problem.

1. Improving the air quality in home

Health effects from indoor air pollutants may be experienced soon after exposure or, possibly, years
later. Immediate effects may show up after a single exposure or repeated exposures. These include
irritation of the eyes, nose, and throat, headaches, dizziness, and fatigue. Such immediate effects are
usually short-term and treatable. Sometimes the treatment is simply eliminating the person's
exposure to the source of the pollution, if it can be identified. Symptoms of some diseases, including
asthma, hypersensitivity pneumonitis, and humidifier fever, may also show up soon after exposure
to some indoor air pollutants. The likelihood of immediate reactions to indoor air pollutants depends
on several factors. Age and preexisting medical conditions are two important influences. In other
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cases, whether a person reacts to a pollutant depends on individual sensitivity, which varies
tremendously from person to person. Some people can become sensitized to biological pollutants
after repeated exposures, and it appears that some people can become sensitized to chemical
pollutants as well.

Certain immediate effects are similar to those from colds or other viral diseases, so it is often
difficult to determine if the symptoms are a result of exposure to indoor air pollution. For this
reason, it is important to pay attention to the time and place the symptoms occur. If the symptoms
fade or go away when a person is away from the home and return when the person returns, an effort
should be made to identify indoor air sources that may be possible causes. Some effects may be
made worse by an inadequate supply of outdoor air or from the heating, cooling, or humidity
conditions prevalent in the home. Other health effects may show up either years after exposure has
occurred or only after long or repeated periods of exposure. These effects, which include some
respiratory diseases, heart disease, and cancer, can be severely debilitating or fatal. It is prudent to
try to improve the indoor air quality in your home even if symptoms are not noticeable. While
pollutants commonly found in indoor air are responsible for many harmful effects, there is
considerable uncertainty about what concentrations or periods of exposure are necessary to produce
specific health problems. People also react very differently to exposure to indoor air pollutants.
Further research is needed to better understand which health effects occur after exposure to the
average pollutant concentrations found in homes and which occur from the higher concentrations
that occur for short periods of time.

2. Air quality problems

Some health effects can be useful indicators of an indoor air quality problem, especially if they
appear after a person moves to a new residence, remodels or refurnishes a home, or treats a home
with pesticides. If you think that you have symptoms that may be related to your home environment,
discuss them with your doctor or your local health department to see if they could be caused by
indoor air pollution. You may also want to consult a board-certified allergist or an occupational
medicine specialist for answers to your questions. Another way to judge whether your home has or
could develop indoor air problems is to identify potential sources of indoor air pollution. Although
the presence of such sources does not necessarily mean that you have an indoor air quality problem,
being aware of the type and number of potential sources is an important step toward assessing the air
quality in your home. A third way to decide whether your home may have poor indoor air quality is
to look at your lifestyle and activities. Human activities can be significant sources of indoor air
pollution. Finally, look for signs of problems with the ventilation in your home. Signs that can
indicate your home may not have enough ventilation include moisture condensation on windows or
walls, smelly or stuffy air, dirty central heating and air cooling equipment, and areas where books,
shoes, or other items become moldy. To detect odors in your home, step outside for a few minutes,
and then upon reentering your home, note whether odors are noticeable. The federal government
recommends that you measure the level of radon in your home. Without measurements there is no
way to tell whether radon is present because it is a colorless, odorless, radioactive gas. Inexpensive
devices are available for measuring radon. EPA provides guidance as to risks associated with
different levels of exposure and when the public should consider corrective action. There are
specific mitigation techniques that have proven effective in reducing levels of radon in the home.
For pollutants other than radon, measurements are most appropriate when there are either health
symptoms or signs of poor ventilation and specific sources or pollutants have been identified as
possible causes of indoor air quality problems. Testing for many pollutants can be expensive. Before
monitoring your home for pollutants besides radon, consult your state or local health department or
professionals who have experience in solving indoor air quality problems in nonindustrial buildings.
The federal government recommends that homes be weatherized in order to reduce the amount of
energy needed for heating and cooling. While weatherization is underway, however, steps should
also be taken to minimize pollution from sources inside the home. In addition, residents should be
alert to the emergence of signs of inadequate ventilation, such as stuffy air, moisture condensation
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on cold surfaces, or mold and mildew growth. Additional weatherization measures should not be
undertaken until these problems have been corrected. Weatherization generally does not cause
indoor air problems by adding new pollutants to the air. (There are a few exceptions, such as
caulking, that can sometimes emit pollutants.) However, measures such as installing storm windows,
weather stripping, caulking, and blown-in wall insulation can reduce the amount of outdoor air
infiltrating into a home. Consequently, after weatherization, concentrations of indoor air pollutants
from sources inside the home can increase.

3. Basic strategies

Source Control

Usually the most effective way to improve indoor air quality is to eliminate individual sources of
pollution or to reduce their emissions. Some sources, like those that contain asbestos, can be sealed
or enclosed; others, like gas stoves, can be adjusted to decrease the amount of emissions. In many
cases, source control is also a more cost-efficient approach to protecting indoor air quality than
increasing ventilation because increasing ventilation can increase energy costs. Specific sources of
indoor air pollution in your home are listed later in this section.

Ventilation Improvements

Another approach to lowering the concentrations of indoor air pollutants in your home is to increase
the amount of outdoor air coming indoors. Most home heating and cooling systems, including forced
air heating systems, do not mechanically bring fresh air into the house. Opening windows and doors,
operating window or attic fans, when the weather permits, or running a window air conditioner with
the vent control open increases the outdoor ventilation rate. Local bathroom or kitchen fans that
exhaust outdoors remove contaminants directly from the room where the fan is located and also
increase the outdoor air ventilation rate. It is particularly important to take as many of these steps as
possible while you are involved in short-term activities that can generate high levels of pollutants--
for example, painting, paint stripping, heating with kerosene heaters, cooking, or engaging in
maintenance and hobby activities such as welding, soldering, or sanding. You might also choose to
do some of these activities outdoors, if you can and if weather permits. Advanced designs of new
homes are starting to feature mechanical systems that bring outdoor air into the home. Some of these
designs include energy-efficient heat recovery ventilators (also known as air-to-air heat exchangers).

Air Cleaners

There are many types and sizes of air cleaners on the market, ranging from relatively inexpensive
table-top models to sophisticated and expensive whole-house systems. Some air cleaners are highly
effective at particle removal, while others, including most table-top models, are much less so. Air
cleaners are generally not designed to remove gaseous pollutants. The effectiveness of an air cleaner
depends on how well it collects pollutants from indoor air (expressed as a percentage efficiency rate)
and how much air it draws through the cleaning or filtering element (expressed in cubic feet per
minute). A very efficient collector with a low air-circulation rate will not be effective, nor will a
cleaner with a high air-circulation rate but a less efficient collector. The long-term performance of
any air cleaner depends on maintaining it according to the manufacturer's directions.

Another important factor in determining the effectiveness of an air cleaner is the strength of the
pollutant source. Table-top air cleaners, in particular, may not remove satisfactory amounts of
pollutants from strong nearby sources. People with a sensitivity to particular sources may find that
air cleaners are helpful only in conjunction with concerted efforts to remove the source.

Over the past few years, there has been some publicity suggesting that houseplants have been shown
to reduce levels of some chemicals in laboratory experiments. There is currently no evidence,
however, that a reasonable number of houseplants remove significant quantities of pollutants in
homes and offices. Indoor houseplants should not be over-watered because overly damp soil may
promote the growth of microorganisms which can affect allergic individuals. At present, EPA does
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not recommend using air cleaners to reduce levels of radon and its decay products. The effectiveness
of these devices is uncertain because they only partially remove the radon decay products and do not
diminish the amount of radon entering the home. For most indoor air quality problems in the home,
source control is the most effective solution. This section takes a source-by-source look at the most
common indoor air pollutants, their potential health effects, and ways to reduce levels in the home.

Conclusion

It can be suggested that to control air pollution, source control, and ventilation improvements should
be done. Air cleaners can also be used but they are generally not designed to remove gaseous
pollutants. For many people the risk to health may be greater due to exposure to indoor air pollution
than outdoor air pollution so there should be complete control of indoor air pollution otherwise there
is serious risk to life.
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Abstract

The effect of ambient air pollution on growth and yield of spinach (Beta vulgaris) plants was studied
in periurban areas of Allahabad city, India. Increasing pollution load negatively influenced various
growth parameters and growth indices. Yield loss of 7.07 to 31.19% was recorded in control plants
at different experimental sites depending upon the pollution load. An increase in fertilizer dose
showed positive effect by reducing yield losses.
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Introduction

The speed with which urban air pollution has grown across the world in the last few decades is
alarming. Urbanization has been accompanied by rapid industrial growth and an increase in the
vehicle fleets (currently growing at the rate of 10-15 per cent per annum) due to increasing transport
demand, giving rise to serious congestion, noise pollution, increase traffic accidents and perhaps
most importantly, a grim air pollution problem. The unprecedented spurt in the number of vehicles
in developing countries like India, has emerged as the most significant contributor to pollutants in
urban air. Crop production is highly dependent upon environmental conditions among which air
quality plays a major role. Urban air pollution has direct impact on periurban agriculture due to
dispersion of emission in all directions along the wind. Agrawal (2000b) in a long-term study, along
a National highway in India showed that air quality along the highway has potential negative impact
on plant performance in the area.

Mineral nutrients supply may increase pollutant injury to crops (Pell et al., 1990), however, other
studies indicated that plants grown at low fertility levels are more sensitive to air pollutants injury
(Ayazloo et al., 1980, Rajput and Agrawal, 1994). Ormrod and Adedipe (1974) have suggested that
mineral nutrients modify the responses of plants to air pollutants and responses varies with the
specific element and species under consideration. The present investigation was aimed to quantify
the growth attributes and yield responses of spinach (Beta vulgaris L. var. All green) grown at
various sites in Allahabad city at different mineral nutrient concentration in the field.

1. Materials and Methods

The plant species Beta vulgaris L. (verna. Palak, family: Chenopodiacae) chosen for present study is
a common herb, its leaves and tender twigs are used as vegetable which are a rich source of iron.
Field experiment was conducted on seven selected sites viz. Allahabad Agriculture Institute (AAI),
Civil lines (CL), Mehdeori (Mh), Jhunsi (Jh), Bahrana (Bh), Arail (Ar) and Rajroop pur (RRP) with
four
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fertility levels i.e. without fertilizer (F,), recommended dose(RD) of N, P and K (F,), one and half
times of RD of N, P and K (F,) and two times of RD of N, P and K (F;) on spinach (Beta vulgaris L.
var. All Green). Four plots (Im X 1m) of each treatment having similar edaphic conditions (to
eliminate the changes because of soil characteristics, similar soil was used at every site with pH-
7.62, organic carbon- 1.64%, N- 690 mg 100g™" soil, P- 16.4 mg 100g™ soil and K- 136.2 mg 100g™
soil) were prepared at all sites. Air quality monitoring was done with a regular interval of 15 days at
all sites for gaseous pollutants.

Samples were collected randomly from each treatment in triplicate to measure various growth
parameters. Spinach plants were harvested after 50 days and fresh weights of plants were recorded
as yield plot™.

2. Results

The data of ambient air quality are given in Table 1, indicating that RRP was the most polluted site
among all sites and Ar was least polluted.

Gaseous Experimental Sites

pollutants CL Ar RRP Mh Jh Bh AAI
Oct., 2001

SO, 40.06 15.26 55.7 23.5 30.2 51.23 44.62
NO, 24.42 8.0 36.6 14.6 20.53 31.87 26.54
O3 14.33 10.3 27.6 10.0 11.75 22.52 18.64
Nov., 2001

SO, 45.72 18.29 65.04 32.55 38.62 60.26 50.45
NO; 27.52 12.5 42.5 18.66 23.59 37.55 31.62
O3 20.44 15.3 30.8 15.88 16.89 26.42 24.03

Table 1: Levels of SO, NO; and Oj at different sites during experiment (ug m™).

Plant height, root length, number of leaves, leaf area and total biomass were reduced with increasing
pollution levels (Table 2) and recorded maximum in F, treatment at all working sites. Maximum
plant height (53.37 cm), root length (18.27 cm), leaf number (14.0), leaf area (386.92 cm®) and total
biomass (4.723 g plant™") were observed at Ar in F, treatment.

RSR showed positive correlation with pollution levels, while SLW, SLA and NPP negatively
correlated (Table 3). Increase in RSR with increasing pollution load showed negative impact of air
pollutants, it may be attributed due to more reduction in under ground biomass accumulation in
compression to upper ground biomass. Maximum RSR was recorded 0.366 gg'' in F, treatment at
RRP, which reduced up to 0.327 gg"' due to F, treatment. SLW, SLA and NPP were decreased with
increasing pollution load and F, treatment showed positive impact by increasing them and recorded
maximum 0.0097 gg"' cm?, 118.90 cm® g™ and 0.094 g plant” day™', respectively at Ar.

Fig. 1 clearly showed negative impact of air pollution on RGR and NAR, as both were decreased
with increasing pollution load. F, treatment showed positive impact by increasing them at all
working sites, and recorded maximum 0.164 g day’ and 92.59 g cm™ day’, respectively at Ar.
Maximum yield was found at Ar (reference site) and reduction in yield was observed with an
increase in pollution load (Fig. 2). Maximum yield loss (31.19%) was recorded at RRP in F,
treatment, which reduced up to 22.04% by F, treatment.
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Experimental Treatments

Sites F() F] F2 F3
Plant height (cm)

AAI 42.27+0.14 43.43+0.59 48.93+0.21 42.50+0.75
CL 45.43+0.38 46.80+0.58 51.47+1.08 45.93+0.67
Mh 44.40+0.43 46.53+0.69 50.00+0.90 44.60+0.59
Jh 43.17+0.46 44.53+0.30 49.23+0.90 43.80+0.88
Bh 39.83+0.71 42.73+0.44 47.97+0.13 40.67+0.59
Ar 46.20+1.35 47.53+0.84 53.37+0.83 46.63+1.25
RRP 38.23+0.89 40.77+0.55 46.47+0.27 39.30+0.31
Root length (cm)

AAl 15.00+0.81 16.80+0.32 20.87+0.36 16.00+0.21
CL 16.83+0.29 18.10+0.29 23.80+0.53 17.77+0.64
Mh 16.27+0.29 17.90+0.82 21.93+0.72 17.86+0.59
Jh 15.67+0.29 17.37+0.40 21.03+0.61 17.27+0.43
Bh 14.10+0.47 15.30+0.57 19.83+0.27 14.83+0.88
Ar 17.20+0.51 18.70+0.84 24.70+0.40 18.27+1.21
RRP 13.90+0.16 15.17+0.15 18.83+0.32 14.67+0.35
Leaf number

AAI 9.33+0.62 10.33+0.62 12.33+0.62 9.67+0.47
CL 10.33+0.24 11.33+0.24 13.00+0.41 11.00+0.41
Mh 10.00+0.41 11.00+0.41 13.00+0.71 10.33+0.24
Jh 9.67+0.24 10.67+0.24 12.67+0.62 10.00+0.41
Bh 9.00+0.41 10.00+0.82 12.00+0.41 9.33+0.24
Ar 11.00+0.41 12.33+0.62 14.00+0.41 11.67+0.48
RRP 8.00+0.41 9.33+0.62 11.67+0.62 8.67+0.62
Leaf area (cmz)

AAI 288.67+15.42 317.42+15.07 343.58+14.66 291.25+19.72
CL 332.25+14.42 346.58+12.79 368.75+10.39 340.58+18.86
Mh 330.00+19.74 335.33+14.83 356.08+12.07 324.50+1.67
Jh 307.50+16.79 331.42+14.30 345.17+14.07 312.92+13.83
Bh 280.33+18.97 311.50«13.79 338.33+14.53 286.25+13.51
Ar 342.25+16.31 366.42+13.29 386.92+12.06 361.42+11.17
RRP 267.33+16.23 292.58+18.03 308.25+15.61 233.17+16.77
Total biomass (g)

AAI 3.576+0.02 3.871+0.080 4.131+0.015 3.689+0.049
CL 3.973+0.042 4.057+0.041 4.566+0.102 4.017+0.060
Mh 3.880+0.028 3.975+0.080 4.261+0.070 3.923+0.018
Jh 3.748+0.038 3.942+0.037 4.203+0.042 3.847+0.074
Bh 3.326+0.015 3.726+0.039 4.095+0.020 3.537+0.078
Ar 2.953+0.040 4.341+0.039 4.723+0.043 4.056+0.123
RRP 3.328+0.070 3.670+0.065 3.966+0.034 3.517+0.127

Table 2: Effect of different fertility levels on plant height, root length, leaf number, leaf area and

total biomass of spinach plants grown at various sites (Mean +1SE).
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) ) Treatments
Experimental Sites Fo F Fz F
RSR (2g7)
AAI 0.341+0.001 0.333+0.008 0.311+0.0007 0.340+0.006
CL 0.325+0.004 0.322+0.004 0.317+0.0050 0.323+0.005
Mh 0.318+0.003 0.326+0.009 0.303+0.0050 0.324+0.001
Jh 0.324+0.004 0.328+0.003 0.307+0.0040 0.332+0.009
Bh 0.358+0.008 0.347+0.005 0.315+0.0020 0.355+0.013
Ar 0.333+0.007 0.331+0.006 0.329+0.0040 0.333+0.012
RRP 0.346+0.005 0.348+0.007 0.327+0.0030 0.355+0.028
SLW (gg' em-?)
AAI 0.0092+0.0002 | 0.0092+0.00010 | 0.0092+0.0008 0.0095+0.0001
CL 0.009+0.00003 | 0.0089+0.00050 | 0.0094+0.0006 0.0089+0.0001
Mh 0.0089+0.0002 | 0.0089+0.00020 | 0.0092+0.0001 0.0091+0.0002
Jh 0.0092+0.0002 | 0.0090+0.00002 | 0.0093+0.0004 | 0.0092+0.0001
Bh 0.0087+0.0002 | 0.0089+0.00003 | 0.0092+0.0001 0.0091+0.0002
Ar 0.0093+0.0004 | 0.0093+0.00030 | 0.0097+0.0008 0.0096+0.0005
RRP 0.0086+0.0003 | 0.0089+0.00030 | 0.0092+0.0007 0.0084+0.0001
NPP (g plant™ day™)
AAI 0.072+0.0005 0.077+0.0020 0.083+0.0003 0.074=0.0010
CL 0.079+0.0009 0.081+0.0008 0.091+0.0020 0.080+0.0010
Mh 0.078+0.0008 0.080+0.002 0.085+0.0020 0.078+0.0004
Jh 0.075+0.0008 0.079+0.0008 0.084+0.0009 0.077+0.0010
Bh 0.067+0.0004 0.075+0.0008 0.082+0.0005 0.071=0.0020
Ar 0.079+0.0008 0.087+0.0009 0.094+0.0010 0.081+0.0070
RRP 0.067=0.0020 0.073+0.0010 0.079+0.0007 0.070+0.0030
Table 3: Effect of different fertility levels on root-shoot ratio (RSR), specific leaf weight (SLW)

and net primary production (NPP) of spinach plants grown at various sites (Mean
+1SE).

3. Discussion

The number of vehicles has increased in India from 1.86 million in 1971 to 32 million in 1996
(Varshney et al., 1997) and is expected to increase further more than 100 million by year 2020.

The deterioration in air quality has been shown to adversely affect the human health, vegetation and
monuments. In the present study, reduction in plant height, root length, leaf number, leaf area and
biomass accumulation was noticed with increasing pollution load. It is in conformity with the
studies of Agrawal (2000a) on Vigna radiata and Spinacia oleracea plants exposed in ambient air
till harvest. Ayer and Bedi (1991) have also reported that areas receiving higher pollution load
showed significant decline in shoot length, leaf area, chlorophyll content, biomass accumulation and
yield of wheat compared to control site.

Sites receiving highest SO,, NO, and O, concentrations showed minimum values of SLW, NPP,
RGR and NAR, while values of RSR were recorded maximum, as compared to the site showing
minimum pollution load. Barnes et al. (1990) was also found significant negative correlation
between RSR and O, concentration. Damage in several crop plants, including chrysanthemums and
young endives were reported due to higher levels of SO,, NO, and O, (Rijsdijk, 1989). Rennenberg
et al (1996) suggested that O, exposure can diminish the availability of photosynthalte for growth
and development and resulted an increase in shoot to root ratio and an over all reduction in
biomass.The ozone concentrations correlated well with ozone injury in tobacco plants in rural
Catalonia (Spain) (Ribas and Penuelas, 2003).
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Air pollution reduces both yield and nutritional quality of crop plants (Poole et al., 2002). Reduction
in yield of various crop plants due to air pollutants was also reported by Agrawal (2000a). Nali et al.
(2002) estimated yield losses varied from 8% for corn and alfalfa to 27% for soybean in Florence
(Central Italy) and 3% for corn to 17% for soybean in Lucca. Agrawal (2000a) studied on impact of
urban air pollution on periurban agriculture and reported that site with highest pollution load showed
79% reduction in yield of Vigna radiata and 72.8% reduction in biomass of Spinacea oleracea.

Conclusion

The results of present investigation suggest that both air pollution and nutrient deficiency have
caused adverse impact on plant height and biomass accumulation. However, different doses of
nutrients have ameliorated the adverse effect of air pollution on spinach plants by altering various
growth processes. The present investigation also suggests that urban air quality of Allahabad city is
affecting the agricultural production unfavorably in periurban areas.
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Abstract

The paper represents the research regarding the air quality inside a street canyon. This research is
obtained through the numerical modelling using the FLUENT code, and the TECPLOT code for
visualisation. The wind-driven flow patterns and the dispersion of vehicle exhaust pollutant released
at street level refer to a real episode from the Blaga Street canyon in Timisoara, and present the
results of the dispersion modelling, hoping a later comparison to on line measured air quality
values. For the external flow simulations, a hybrid mesh of about 1 million cells is utilised, based on
architectural details of the canyon's buildings and surroundings. An exponential profile for the wind
velocity as a function of height above the ground is applied. One comes to the conclusion that traffic
has a great influence on the three dimensional flow and on the air quality inside the canyon and that
modelling might be used for offering suggestion to traffic organisation.

Keys-words: canyon street, pollution level, air quality, CFD, dispersion modelling.

Résumé

Cette communication présente les résultats des simulations numériques avec le logicien FLUENT
5.14 et le logicien TECPLOT, concernant les émissions polluantes des véhicules dans un canyon
urbain, en conditions réelles, spécifiques pour un épisode d'été a Timisoara. Les conclusions des
recherches théorétiques seront complétées par des future mesures on line dans le canyon, pour la
validation du logicien. Les résultats sont présentés dans des figures intuitives, en indiquant
l'augmentation du nouages polluants, en temps, pour traverser les hautes maisons du canyon.

Mots clés: pollution, simulation, canyon.

Introduction

During numerical modelling of the dispersion of car exhaust pollutant in the urban canyon the
current state-of-the-art urban roughness as homogeneously distributed on the ground is considered.
No attention is given on the details of the physical phenomena occurring in the street canyon. Recent
measurements, have shown that the wind flow dynamics, as one approaches the ground, are
increasingly influenced by the buildings' architecture and their roofs. As a consequence, results from
numerical simulation tools are expected to provide a reliable prediction of the real air pollution
levels at street or higher level, places where people might be affected.

1 - Objectives

The dynamic characteristics of air recirculation in street canyon reflects the near-field geometry
areas, and, depending on the canyon aspect ratio and the neighbouring roof configuration, different
canyon vortex patterns are developed. These influence the re-aeration and result in particular
pollution dispersion patterns which characterise each canyon geometry (Rafailidis, 1999).
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Focusing on the street level, Oke observes (1988) a different effect from canyon geometry to the
long-term pollution levels at pedestrian level. In canyons flanked by symmetric buildings, street-
level ventilation improves only when the slanted roofs are confined in the surrounding urban
canopy, with the effect occurring irrespective of street width. In asymmetric canyons, on the other
hand, street-level pollution is identical to the reference case at the street sidewalk underneath the
slanted roof, whereas it is reduced significantly at the opposite pavement, except in the B/H=1 street
geometry and when the slanted roof protrudes above the surrounding buildings; in that case, better
ventilation occurs underneath the slanted roof (B is the width, H the height) (Rafailidis, 1999).

As explained by Rafailidis (1997, 1996), when the wind above the roofs rotates or street-level
mixing changes due to varying traffic density, one is prevented from using directly the numerical
results for pollution level predictions. However, the relative changes in the long-term pollution
dispersion patterns discussed above, and the identification of the beneficial behaviour of some
canyon geometry against others, remain perfectly valid also with wind meandering. Wind-driven air
recirculation in urban street canyons results from the combined effect between the wind field above
the town, the canyon aspect ratio itself, and the shape and configuration of roofs on the surrounding
buildings. The accumulation of pollutant is caused by the lack of advection, generated due to the
high walls of the canyon that prevent the polluted air from escaping. Under certain wind conditions
also the width may cause a vortex circulation inside the canyon.

2 - Description of the numerical code

Any numerical CDF code for numerical modelling of environmental pollution levels is primary
influenced by:

» the local properties of the ground unevenness (denominated scientifically as urban roughness),

» the meteorological conditions, by the type, and

» the intensity of the polluting sources (level of emissions).

Scope of this paper is to demonstrate on a case study that by using FLUENT as CDF modelling tool,

one may simulate different pollution aspects in street canyons and come to reasonable conclusions,
that might be very useful for planning traffic and street activities in a closed region.

The applied characteristics offered by the code are classified as follows:

1. A coherent geometry and physical modelling is offered for treatment of time dependent
transport processes, in a complex three-dimensional domain.

2. The code is based on the finite volume concept, in Cartesian co-ordinate system. Treatment of
complex domains is achieved, by allowing a boundary surface, of arbitrary irregularity, to cross a
calculation cell. An increase in the terrain complexity does not generally translate in increase of
problem complexity.

3. The system is in a thermodynamic equilibrium, i.e., all phases share the same pressure and
temperature at each point.

4. The mixture is assumed ideal i.e., the distribution of the pollutant substance over liquid and
vapour phase, obeys Raoult’s law.

5. The system is in a mechanical non-equilibrium, i.e., the rainfall velocity for the liquid drops is
introduced.

6. In order to maintain the computation time and storage at realistic levels, turbulence closure
modelling is limited to eddy viscosity/diffusivity concept. Non-isotropic effects are also included.

7. The fluid dynamics and thermodynamics are described by the mixture continuity, momentum
and internal energy equations, whereas mass conservation of the pollutant substance is fulfilled,
through a separate mass transport equation.

8. The conservation equations include the compressibility effect and the Boussinesq
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approximation is not used, although it exists as an option. At ground surface, the conductive and
convective fluxes are balanced through the heat budget equation.

10. The model has the ability to simulate stable, neutral and unstable atmospheric conditions, and
might be applied to stagnant and non-stagnant atmosphere. It has the capability to account for one
and two phase jets.

Thus the survey of the air quality is reasonable and even might be based on hypothetical conditions.
The real situations might easily be analysed, in order to come to comparative conclusions.

3 - Real case study on a canyon in Timisoara analysed by the FLUENT 5.14 code

Figure 1 gives the mesh of the analysed canyon and its vicinity.

Figure 1:  Geometry of the mesh for the street canyon and the neighbourhood.
Figure 1:  La géométrie de la discrétisons du rue canyon et le domaine voisin.

Figure 2:  Geometry of the mesh for the street canyon and the position of the cars as pollutant
sources.

Figure 2:  La géométrie de la discrétisons du rue canyon et la position des automobiles comme
sources polluantes.

The dispersion modelling of the exhausted gaseous release through the street canyon is presented in
Figure 2 as a 3-dimensional solution, stationary with geometry and cars. FLUENT (**%*2002) is used
as modelling code and TECPLOT (¥**2002) is used for visualisation.

Road transport represents the dominant source of atmospheric pollution in urban areas. The exhaust
pipes of the cars are presented as the jets with a gas release in the opposite direction of the car
moving (www/ 2002). The buildings are on flat ground. The ground roughness is 0.12 m. The
building roof and walls roughness is 0.001 m (Ionel & Lelea & Bisorca 2003, Bisorca & Ionel
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2002). The pollutant flue gas is discharged at ambient temperature and pressure conditions. The pipe
diameter is 0.1 m. The gas is released from the nozzle with a speed of 5 m/sec. The mixture kinetics
is described, by assuming different velocities between the phases (i.e., the liquid phase may slip with
respect to the gas phase). The ambient wind velocity, reasonable far from the building, was
measured to be 5 m/sec at 10 m high. The wind is blowing from south-east normal to the street
canyon. An exponential profile for the wind velocity as a function of height above the ground is
applied as a boundary condition. The atmospheric stability conditions are neutral for the analysed
episode. For the external flow simulations, a hybrid mesh of about 1 million cells is utilised, based
on engineering drawings of the street canyons buildings. This model spans a geometric region of
800 x 800 x 300 m’, surrounding the building of interest, containing a typical mesh size of 0.5 m. In
the present stage, the fluid under consideration is a binary mixture of ambient gas and pollutant
substance in thermodynamic equilibrium, (i.e. substances, sharing the same pressure and
temperature). The fluid dynamics is described by the mixture mass, momentum and energy
conservation equations. The pollutant substance mass conservation law is fulfilled by its mass
transport equation. In order to maintain the computation time and storage in realistic levels,
turbulence closure modelling is based on the gradient transport hypothesis and involves application
of the eddy viscosity/diffusivity concept.

The vortex in the canyon is determined by the turbulence pattern and is given by Figure 3.
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Figure 3:  Wind turbulence and velocity in the canyon and the formed vortex.
Figure 3:  La vitesse et la turbulence dans le canyon et le vortex formé.

Figure 4:  Geometry and position of the CO cloud at 5 m above soil.
Figure 4:  La géométrie et la position du nuage polluants & 5 m au-dessus du sol.

In the figures 4, 5, 6, 7, and 8 the CO concentration field at different highs are presented, indicating
the modality in which the CO cloud is passing trough the very narrow streets, in the wind direction.

The different pattern indicate that the pollutant cloud is finally escaping the canyon, in the wind
direction, trough the narrow streets perpendicular to the canyon or by 'surmounting' the roofs. The
soil level is the most polluted and the values might be further used to determine if their are
possibilities for some snack bars and restaurants to function 'in open air system', non-harmful in the
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area. The location of low roofs gives the pollutant the opportunity of skipping rapidly the canyon.

But the next roofs are higher and retain the cloud, only after timing the flux is given the possibility
of escaping the canyon.

Figure 5:  Geometry and position of the CO cloud at 10 m above soil.
Figure 5:  La géométrie et la position du nuage polluants & 10 m au-dessus du sol.

Figure 6:  Geometry and position of the CO cloud at 15 m above soil.
Figure 6:  La géométrie et la position du nuage polluants & 15 m au-dessus du sol.

Figure 7:  Geometry and position of the CO cloud at 20 m above soil.
Figure 7:  La géométrie et la position du nuage polluants a4 20 m au-dessus du sol.

4. Conclusions

The following conclusions are summarised:

» The flow field inside the canyon is strongly dependent on the buildings and street geometries.
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Figure 8:  Geometry and position of the CO cloud at 30 m above soil.
Figure 8:  La géométrie et la position du nuage polluants 4 30 m au-dessus du sol.

» A strong recirculation vortex is established inside the canyon;

» Any changes on the climate conditions induce modification in the pollution level. It is interesting
that zones with maximum concentrations are obtained on the opposite side of the canyon, taking
the wind direction as reference;

» The traffic composition in the analysed street can be organized in order to minimize the air
pollution;

In the present case the climate conditions usual for the Timisoara town have been considered. Thus,
comparing the obtained numerical values with real measurements on the particular street
programmed for the near future, one can use the data to validate the commercial code applied for
moderate continental climate conditions.
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Abstract

In this study, a CFD flow model, coupled with a Lagrangian stochastic model of dispersion, is used
to determine the ventilation characteristics of some typical street geometries. The flow model used is
MISKAM (Eichhorn, 1996), which uses a k-€ turbulence closure scheme to determine the mean wind
and turbulence around an arbitrary arrangement of buildings. The wind field and turbulence
characteristics are then used as inputs to the Lagrangian model that builds up the distribution of a
passive pollutant by emitting thousands of particles into the flow. The combined model shows good
agreement with wind tunnel studies of the pollutant concentration in a 2-D street canyon. The model
is then used to investigate the ventilation characteristics of symmetric canyons with varying height
to width ratios and asymmetric canyons. Results show the ventilation of a step-down canyon is
worse than for symmetric or step-up canyons for the specific street width studied here.

Keywords: Lagrangian stochastic model, street canyon, dispersion, asymmetric.

Introduction

The fundamental causes of high concentrations of pollutants in urban areas are the large emission
rates from traffic sources and the dense arrangement of buildings that inhibit ventilation. In
particular, the street canyon is a typical urban street geometry that can lead to the build up of
pollutants when the ambient wind is perpendicular to the canyon axis. Numerical models of the
dispersion of pollutants within canyons, while greatly simplifying the problem, do give insight into
the ventilation characteristics of various street geometries.

The earliest models of traffic pollution in street canyons (e.g. Yamartino and Wiegand 1986) were
based on empirical data. More recently, k-¢ turbulence models have been used to study the flow and
dispersion within street canyons (e.g. Johnson and Hunter 1995, Sini et al. 1996). These models
employ an Eulerian type of equation to predict the transport of pollutants, in which closure
assumptions are made concerning the correlation of fluctuating velocities and concentration. This
type of model is known to break down near point sources (Wilson and Sawford 1996).

Here, the alternative Lagrangian approach is used where more assumptions are made about the
nature of the turbulence in the flow but these assumptions are independent of the concentration field
(Wilson and Sawford 1996). Hence, as long as the flow and turbulence are well described, the
Lagrangian approach should lead to a better prediction of the pollutant dispersion. The Lagrangian
stochastic model used in this paper is the one derived by Thomson (1987). A similar model has been
used to simulate the dispersal of pollutants around a building by Naslund et al. (1994).

The main objective of this paper is to show the use of the Lagrangian stochastic dispersion model
coupled with a CFD flow model. The new model results are compared with the wind tunnel data for
a symmetric, 2-D canyon. The model is then used to examine the ventilation characteristics of a
range of symmetric and asymmetric canyons.

1-Model
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The numerical simulation of dispersion in the current model is built up in two stages. First, a steady
state flow field over an arbitrary building configuration is calculated using the flow component of
the MISKAM urban air quality model (Eichhorn 1996). The flow model uses a k-¢ turbulence
closure scheme to parameterise the subgrid scale turbulence. Secondly, the derived mean wind and
turbulence parameters from MISKAM are used as input to a Lagrangian stochastic model of
dispersion using the well-mixed formulation of Thomson (1987).

MISKAM uses a stretched grid in the horizontal and vertical directions, which allows a higher
resolution at points where the gradients in wind speed are high. All model runs assume a logarithmic
wind profile upstream at the inflow boundary.

The Lagrangian model assumes that for sufficiently small timesteps, the acceleration of particles
following the flow is a combination of the ‘fading memory’ of the particle’s velocity at the previous
timestep, the drift correction due to inhomogeneities in the flow field and a random diffusion term.
The tracer source is specified in the model as a box within which the particles are initially randomly
located and given a random velocity assuming a Gaussian velocity distribution.

In each run, at least 50,000 particles are tracked through the model domain. The total amount of time
spent by particles in the individual boxes in a specified grid is calculated. These times are converted
to a concentration C by

oy,

C= ;
NV,

where Q is the source strength in kg s, E t; is the total length of time all particles spent in gridbox

J and V; is the volume of that gridbox. Following the example of Meroney et al. (1996) and others,
concentrations are converted to non-dimensional K by
X CU,, HL
Q
where U, is the reference level wind speed, H is the height and L is the length of the canyon. In
their wind tunnel study, Meroney et al. (1996) showed that the values of K recorded in the canyon
were only weakly dependent on the reference wind speed and emission rate.

b

In all runs, the tracer source is a small line source situated in the middle of the canyon. The exact
dimensions of the source were chosen to replicate the line source in the wind tunnel study of
Pavageau and Schatzmann (1999). The same source size was used in all other runs to make the
comparison easier.

2-Results

Even 2-D canyon with H/W=1

The model was set up to simulate the wind tunnel study of Pavageau and Schatzmann (1999). The
domain consisted of a series of canyons separated by buildings of a uniform height and canyon
width. The wind flowed perpendicularly to the canyon. In the wind tunnel, the experimental tracer
was released at the nineteenth downwind canyon to ensure an urban type roughness upstream of the
test canyon. Tests using the model showed that the flow in the canyon did not significantly change
after the third canyon. Consequently, the tracer was released from the third canyon in the model.

Figs. 1 and 2 show the distribution of the non-dimensionalised concentration K in the model and the
wind tunnel. Overall, the agreement is good, both qualitatively and quantitatively. Notable
differences are the relative minimum in the bottom, leeward corner and the maximum on the
leeward wall of the model canyon. Neither of these features are observed in the wind tunnel data and
both suggest that the turbulence in the model is not as effective as in the wind tunnel.
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Pavageau and Schatzmann (1999
Effect of varying H/'W

The model was set up with a series of canyons again with the same height but the separation
between the buildings is now varied. In order to compare the results from the different streets, we
need some measure of the ventilation efficiency of the entire canyon. For a steady distribution of
concentration to form, the flux of pollutants into the street must be balanced by the turbulent and
advective fluxes out of the canyon. Hence, the level of concentration required in the street to match
these fluxes is therefore an indication of how well the street is ventilated.
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Figure 3:  Variation of average K to various depths with width to height ratio

Figure 3 shows the average value of K from the surface to various depths in the canyon for various
width-to-height ratios (W/H). The average concentration is estimated by taking the mean of the
concentration in evenly-spaced gridboxes over the required volume. All the results show the marked
reduction in average K values as the W/H ratio increases from 0.5 to 3. This reflects the problem of
high levels of pollution in narrow streets. The fact that the same variation is seen in the averaged K
values to depths as low as H/10 is useful. It will allow direct comparison with asymmetric canyons
where the average over the full depth of the canyon is not always appropriate.
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Asymmetric canyons

The domain was set up with five buildings to create four equally-spaced canyons with widths and
heights of 20m. The height of the fourth building was varied to produce the combination of a step-up
and step-down canyon either side of this building. This section of the domain is shown in Figure 4.

— >

H2 ﬁ
U

H2

Figure 4:  Detail of domain for model runs in asymmetric canyons

Separate runs of the Lagrangian model with a source in the upwind and downwind canyons
produced a range of results for different ratios of upstream height H1 over downstream height H2.
These results are shown in Figure 5 along with the even canyon result (H1/H2=1). For the step-up
situations (H1/H2 < 1), the average concentration of pollutants is reduced compared to the even
canyon.
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Figure 5:  Variation of average K to a depth of 2m for different asymmetric canyons

The step-down canyons exhibit a more complex behaviour. For HI/H2 between 1 and 2, the average
value of K changes only slightly from the even canyon case. For the HI/H2=2 and H1/H2=3.3 runs,
the ventilation of the canyon is significantly reduced with the average value of K increased by 110%
and 60% respectively. This is confirmed by the distribution of K in Figure 6.Analysis of the flow
fields from these situations shows the single vortex associated with the skimming flow in a narrow
even canyon has broken down. Figure 7 shows the flow vectors in the HI/H2=2 step-down canyon.
Notice how the reversed flow circulation in the top of the canyon passes over the downstream
building. This in turn has induced a secondary circulation in the bottom of the canyon. It is this
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double circulation that has inhibited the ventilation of the tracer from the canyon floor.

Conclusion

The coupled k-¢ flow model of MISKAM and a Lagrangian stochastic dispersion model has been
shown to be a useful tool in predicting the dispersion of pollutants in typical street geometries.
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Figure 6: K in step-down canyon HI/H2=2  Figure 7.  Flow in step-down canyon
HI/H2=2

Preliminary results show that the predicted distribution of non-dimensional concentration K in an
even, W/H = 1 canyon compares well with a wind tunnel simulation. The small differences between
the results indicate the turbulence in the model is less effective at dispersing pollutants than in the
wind tunnel.

Variation of the average value of K in the canyon with the width to height (W/H) ratio showed a
steep decline as the W/H ratio increased from 0.5 to 3.

The effect of asymmetry between the heights of the canyon sides was also investigated. There was a
general trend for the averaged value of K in the canyon to increase as ratio of the upstream wall
height H1 to the downstream wall H2 increased.

For extreme cases, where H1/H2 >= 2, the averaged concentration value increased by at least 50%.
The flow for these cases showed that the single vortex regime typical of the even canyon had been
replaced by two circulations which inhibited the ventilation of the streets.
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Résumé

Une modélisation numérique est associée aux campagnes POVA (Pollution des Vallées Alpines) de
mesure de qualité de [’air dans la vallée de Chamonix avant et apreés réouverture du tunnel du Mont
Blanc. Un modeéle de dynamique de I’atmosphere a [’échelle de la vallée est associé a un modéle de
photochimie. Les scénarios traités sont des évolutions idéalisées avec les seules circulations
convectives ou des champs forcés par une météorologie a échelle régionale. La dispersion des
polluants primaires est analysée par suivi de traceurs passifs. L’analyse des concentration de
polluants secondaires montre les contributions du trafic des véhicules légers et des poids lourds.
Mots-clés: simulation numérique, photochimie, scalaires passifs, forcage météorologique, vallée,
trafic routier.

Abstract

Numerical simulation of air quality in Chamonix valley, impact of road traffic.

Road traffic is a serious problem in the Chamonix Valley: traffic flow, noise and above all air
pollution worry the inhabitants of the valley. The accident in the Mont-Blanc tunnel made it
possible, in the framework of the POVA project (Alpine Valley Pollution), to undertake
measurement campaigns with and without heavy-vehicle traffic through the valley, towards Italy
(before and after the tunnel re-opening). Modelling in POVA should make it possible to explain the
process leading to episodes of atmospheric pollution, both in summer and in winter.

Atmospheric prediction model ARPS 4.5.2 (Advanced Regional Prediction System), developed at the
CAPS (Center for Analysis and Prediction of Storms) of the University of Oklahoma, enables to
resolve the dynamics of this terrain where the relief is very complex. A large field of calculation
(140 * 140 km) powered by the ALADIN meteorological verticals of the French Meteorological
Office France forces the downflow of a small central field (25 * 25 km). This model is coupled to the
TAPOM 1.5.2 code of atmospheric chemistry (Transport and Air POllution Model) developed at the
air and soil pollution laboratory of the Ecole Polytechnique Fédérale de Lausanne.

Using 300-metre grid cells to calculate the dynamics and the reactive chemistry thus makes it
possible to represent precisely the dynamics in the valley (slope winds) and to process the chemistry
on a fine scale.

Dispersion of a passive scalar enables to describe how primary pollutants are either mixed inside
the valley or transported beyond the limits of the valley. Species typical of secondary pollutants
(HNO3, PAN) are observed to depend on road traffic especially heavy -vehicles

Keys-words: numerical simulation, photochemistry, passives scalars, meteorological forcing, valley,
road traffic.

Introduction

Le projet POVA (POllution des Vallées Alpines) permet d'effectuer des campagnes de mesures de
la qualité de I’air dans la vallée de Chamonix avant et apres la réouverture du tunnel du Mont-Blanc
en vue d’évaluer I’'impact du trafic routier, en particulier des poids lourds. Ces campagnes montrent
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que pour les sites de vallée, la dynamique des mouvements atmosphériques joue un rdle essentiel et
conditionne fortement la chimie: canalisation par les reliefs, blocage des inversions dans les zones a
basse altitude, vents de pente et vents de vallée.

Pour comprendre les mécanismes dynamique et chimique en jeu, un outil de simulation numérique
est mis en place : le modele de prédiction atmosphérique ARPS 4.5.2 est couplé au code de chimie
atmosphérique TAPOM 1.5.2. Les premiers résultats des simulations permettent d’isoler et de
comparer les impacts des différentes sources polluantes sur la qualité de I’air.

1 - Dynamique de ’atmosphére et évolution de traceurs scalaires passifs

Un traceur scalaire passif permet une analyse du transfert et du mélange par les mouvements
atmosphériques verticaux au sein de la vallée. Ceci permet de distinguer les phénomenes locaux des
phénomenes synoptiques.

Présentation du module de suivi de traceurs et paramétres de simulation

Le modele de prédiction atmosphérique ARPS 4.5.2 (Advanced Regional Prediction System) est un
modele non-hydrostatique de dynamique de 1’atmosphere qui permet de traiter des terrains au relief
marqué, Xue (2000). L'utilisation de 1'imbrication nous permet de forcer les conditions aux limites
avec une météorologie réaliste aux échelles locales. Le forcage, issu d'une grille de 140%¥140 km est
appliqué au site de Chamonix. Cette grille force un domaine central de 25*28 km (pas de 300 metres
en discrétisation horizontale). Cette fine résolution permet d'observer les vents de pente et vents de
vallée générés par la convection thermique, Anquetin (1998).

L'application d'un nouveau module de suivi de traceurs passifs pour décrire les polluants permet de
suivre un ou plusieurs traceurs émis de n'importe quel endroit de la vallée.

Chaque variable instantanée @ est définie par rapport a son écart A® a un état de référence de
I’atmosphere. Cet état de référence est spécifié par 1’état hydrostatique pour la pression et la masse
volumique et par I’état initial pour les autres variables. Soit S; le taux d’injection du scalaire, les
équations filtrées des champs de vitesse u;, de température potentielle O et de fraction massique de
traceur Y, sont les suivantes :

— 9 —— 0P,T,
A _+ph ki__w+phf+ph35i3_L
ox, ox; ox;
—aE —— A0 ——30,, 9P, T,
Pp——+ Pyl ox, Pyw 9z ox,
—aAp — du A —— — du,
P 2t + Py = p,wg - p,c’ —+
ot x, ox;
—aY, —— Y,  apnY, —o
ph_+ph e LY +0,5,(Y;)
8xk ox,

Ou p est le terme de pression modifiée par la trace du tenseur sous-maille, f; représente les forces

1

volumiques associées a I’accélération de la pesanteur et de Coriolis et B est défini par :

A c, A
B=g _9__P_p
einit Cv ph

Nous avons choisi de placer les lieux d'émissions au niveau de l'entrée du tunnel et en deux points
du fond de vallée pour analyser les processus de transport et de dispersion des polluants a partir de
ces zones caractéristiques d’émission de polluants dues au trafic routier. La simulation présentée
est la situation météorologique du 12 aoiit 2001 avec une situation anticyclonique classique pour la
vallée a cette période.

Analyse des traceurs scalaires
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L’émission de 3 scalaires passifs, a 10h30, dans le fond de la vallée de Chamonix met en évidence la
complexité de la dynamique dans cette vallée étroite. La distribution spatiale et temporelle a un
caractere fortement local. Le scalaire (2) émis au pied du Mont-Blanc s’accumule dans la vallée
alors que les scalaires (1-3) émis aux extrémités de la vallée sont balayés par le vent synoptique
(figure 1).

L2001 00
12 Fug z00L

Figurel :  Isosurfaces de concentration, C = 1 g/em’, a 11h et 12h. X désigne I'emplacement
d’une station de mesure virtuelle
Figurel :  Isosurfaces of concentration, C = 1 g/cm’, at 11AM et 12AM. X shows the place of

the virtual station measurement

Une station de mesure a été virtuellement placée en sortie de vallée, X sur la figure 1. Le relevé des
concentrations de scalaires passifs indique une baisse de concentration a 11h20 pour le scalaire (3)
émis a proximité de la station de mesure virtuelle figure2). Cet instant correspond a un changement
d’orientation du vent en sortie de vallée (figure3).
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station.

L’outil traceur passif peut étre utilisé pour estimer le temps de transport des especes d’un bout a
I’autre de la vallée. Le scalaire passif émis en entrée de vallée contamine la station de mesure une
heure apres son émission (figure2), il a alors parcouru environ 13 km.

2 — Simulation d’épisodes photochimiques dans la vallée de Chamonix

Modgéle et simulation

ARPS est couplé avec le modele de chimie gazeuse TAPOM 1.5.2 (Transport and Air POllution
Model) de I’Ecole Polytechnique fédérale de Lausanne (Clappier 1998).

Le code chimique integre le schéma condensé RACM qui fait intervenir les émissions biogéniques,
les réactions photochimiques, a travers 77 especes et 237 réactions, Stockwell (1997). Des
regroupements d’especes permettent de s’affranchir de la spéciation de I’ensemble des composés
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organiques volatils.

L’inventaire des émissions prend en compte les routes et rampes d’acces au tunnel en adaptant les
émissions a la pente locale de la route. Le nombre important de poids lourds de fort tonnage (92%
de plus de 32 tonnes) circulant oblige a prendre en compte le trafic particulier de la vallée.

Résultats dans le cas de convection pure

Aucun vent synoptique n’intervient dans ces simulations, les seuls vents présents sont générés par
forcage thermique. Nous avons réalisé deux simulations avec la méme météorologie, seuls les
parametres des émissions étaient différents. Seule la convection et donc les vents de pentes générés
par le chauffage solaire sont présents lors de cette journée estivale, le 2 juin. Pour les émissions,
deux situations idéalisées ont été choisies : I’une sans aucune source de pollution et I’autre avec le
trafic routier d’une journée type dans la vallée de Chamonix. Les différentes catégories prises en
compte pour les émissions sont présentées dans le tableau 1. Les especes de fond sont identiques
pour les deux simulations tableau 2.

Commercial boiler Residential boiler Gas station
Domestic solvent Cars Cars in city
Utilitarian vehicles on motorway Utilitarian vehicles on road Heavy vehicles
Aerial traffic Forest Grassland

Tableau I : Sources d’émissions dans le modéle chimique.
Table 1 : Emissions sources in the chemical model.

Cette situation nous montre qu’en un point donné du fond de la vallée proche de la route, la
concentration de NO, reste élevée dans les 1000 premiers metres au dessus du sol lorsque le trafic
routier est présent. En effet, on ne retrouve la situation du cas sans aucune source qu’a partir de 2500
metres (figure 4). Cette altitude est la marque de 1’activité convective et correspond a la hauteur de
couche limite puisque aucun brassage vertical ne vient mélanger 1’atmosphere au dessus de cette
altitude.

NO, 25107 HNO; 9.110” ACO; [2210" ETE 1.510°
NO 150 107 HO, 22107 ONIT |[5.5107" HNO, | 1.910°
0, 40 107 CcO 44107 HC5 85107 H,0, 251071
HONO |[3.910” KET 310-3 OLI 0.6 107 ISO 210
NO; 1.910" | DCB 22107 XYL 1.410° PAN 210"
HCHO |310° SO, 3107 CH, 1.7 N,Os 3.8107
MO, 1.210° OLT 110° CSL 1.910"

MGLY | 1.810” TOL 1.4 107 ALD 3107

Tableau 2 : Concentrations (ppm) des espéces de fond de la simulation avec RACM.
Table 2 : Concentrations (ppm) of the background species with RACM.

De plus, cette situation nous montre qu’en I’absence de vent fort la concentration devient élevée,
atteignant 120 ppb. Cette concentration maximale semble réaliste au regard des mesures de terrain
effectuées au bord de cette route fréquentée en hiver 2003.

Ce calcul est ensuite répété pour le 15 juin: situation convective et especes de fond correspondant au
tableau 2. La topographie de la vallée de Chamonix est présentée figure 5, c’est une vallée tres
encaissée. Les premiers résultats montrent qu’avec des poids lourds dans la vallée, les
concentrations maximales sont plus élevées : 70 au lieu de 62 ppb et situées dans le secteur de
I’entrée du tunnel. Les valeurs moyennes sur le domaine sont du méme ordre de grandeur. Les
conditions aux limites pour les espéces chimiques ne jouent alors que trés peu sur les niveaux de
pollution observés a Chamonix. En effet, les phénoméenes dynamiques observés dans le fond de la
vallée sont découplés de la météorologie a plus grande échelle. Ce type de situation est fréquent
dans la vallée, tant en hiver qu’en été, puisque des couches d’inversion a tres basses altitudes sont
observées.
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Figure 7 : Concentration de
NO; dans la vallée de
Chamonix, simulation
avec les poids lourds mais
sans les véhicules légers.

Figure 7: Concentration of NO,
in Chamonix valley,
simulation with heavy-
vehicles but without light-
vehicles.

Figure 6 : Concentration de
NO; dans la vallée de
Chamonix, simulation
sans les poids lourds mais
avec les véhicules légers.

Figure 6: Concentration of NO,
in Chamonix valley,
simulation without heavy-
vehicles but with light-
vehicles.

Figure 5 :Topographie de la
vallée de Chamonix,
principaux sites et
coordonnées UTM 32 en
metres.

Figure 5: Topography of
Chamonix valley,
important places and
UTM 32 coordinates in
meters.

Résultats avec forcage dynamique

N

Des simulations avec forcage dynamique par les champs météorologiques a grande échelle sont
également réalisées. La journée du 16 octobre 2002 a été choisie : journée ensoleillée avec un vent
venant du sud-ouest balayant la vallée. Deux configurations d’émissions chimiques ont étaient
testées avec cette méme dynamique, I’une avec I’ensemble du trafic routier (figure 8) et ’autre sans
aucune circulation (figure 9). Les especes constituant le fond sont arbitraires mais réalistes et
correspondent a la simulation précédente (tableau 2). On trouve 120 ppb autour du tunnel pour les
simulations sans trafic routier et 150 ppb lorsque le trafic est présent. Ces résultats sont du méme
ordre de grandeur que les résultats des analyses chimiques de la campagne de mesure POVA de
I’hiver 2003.
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Figure8 : Concentration de NO,au niveau du sol, Figure 9 : Concentration de NO, au niveau du

dans la vallée de Chamonix. Simulation sol, dans la vallée de Chamonix.

avec l’ensemble du trafic routier. Simulation sans aucun trafic routier.
Figure 8: Concentration of NO2,near the ground, Figure 9: Concentration of NO2, near the

in Chamonix valley. Simulation with all the ground, in Chamonix valley.

road traffic. Simulation without any road traffic.
Conclusions

Le suivi de traceur émis a partir de localisations typiques d’émission de polluants montre le
découplage entre des écoulements propres a la vallée et des écoulements induits par les vents
synoptiques a grande échelle. Les concentrations de traceur subissent de fortes variations au cours
du temps sous l’effet des changements de régime de vent: les situations hivernales avec une
tendance aux vents descendant la vallée seront donc différentes des situations estivales considérées
ici pour lesquelles les vents ont plutdt tendance a remonter la vallée. Cette grande variabilité des
champs atmosphériques, en espace et en fonction de I’heure de la journée, affecte les champs de
concentration des scalaires passifs qui peuvent étre considérés comme représentatifs de certains
polluants primaires. L’étape en cours consiste a prendre en compte au mieux la situation réelle des
campagnes de mesure, en particulier en ce qui concerne les champ de forcage météorologique. Les
résultats présentés pour la modélisation photochimique sont confrontés aux données des campagnes
de mesure réalisées en 2000, 2001 et 2003.

Remerciements

Le projet POVA est soutenu par I’ADEME, la région Rhone-Alpes et le réseau de surveillance de la
qualité de ’air : Air de I’Ain et des Pays de Savoie. Les calculs sont effectués sur MIRAGE (plate-
forme Grenobloise de modélisation numérique de I’environnement et du climat).

Références

Anquetin, S., Guilbaud, C., Chollet, J.P., 1998. The formation and the destruction of inversion
layers within a deep valley, Journal of Applied Meteorology 37(12), pp.1547-1560.

Clappier, A., 1998, A correction method for use multidimensionnal time splitting advection algorithms :
application to two and three dimensional transport, Mon. Wea. Rev, 126, pp.232-242.

Stockwell, R., Kirchner, F., Kuhn, M., Seefeld, S., November 27, 1997. A new mechanism for atmospheric
chemistry modeling, Journal of geophysical research, vol. 102, NO. D22, pp. 25,847-25,879.

Xue, M., Droegemeir, V., Wong, V., 2000. The Advanced Regional Prediction System (ARPS)- A multi-
scale nonhydrostatic atmospheric simulation and prediction model. Part I: Model dynamics and
verification, Meteorology and atmospheric physics, volume 75, Issue 3 / 4, pp. 161-193.

44 Actes INRETS n°92



12th International Symposium "Transport and Air Pollution” / 12° Colloque international "Transports et
pollution de I'air", Avignon, 16 -18 June / juin 2003
proceedings / actes, n°92, tome / Vol. 2, Inrets ed., Arcueil, France, 2003, p. 45-50

Evaluation of highway network contribution to pollution concentration levels in
the Bologna area

Luisa Cattozzo* & Cecilia Rondinini**

*Provincia di Rovigo, 5 Viale della Pace, 45100 Rovigo, (I)

** Comune di Bologna, Environmental Unit, 8 Via Zamboni, 40126 Bologna, Italy

Tel +39.051203174 — Fax +39.051203175 — email: cecilia.rondinini@comune.bologna.it

Abstract

Bologna is a medium-size city (approx. 380.000 inhabitants) located in the northern part of Italy.

Two very important motorways - both with high flow of vehicles - pass along its outskirts: the Al

(the Rome-Milan MW) to the west and the Al4 (the Bologna-Bari MW) to the north-east. In

addition, the city bypass runs parallel to the A14.

Local authorities and air quality managers are interested in understanding if and how much this

highway network contributes to the pollution levels that are often very high. A simulation for

benzene, nitrogen oxides, and PM10 was performed using the dispersion model ARIA Impact™,

produced by Aria Technologies S.A.

We considered 3 selected days, representative of different seasonal and critical situations.

The meteorological data were obtained by means of the diagnostic model CALMET.

Specific attention was paid to traffic flows. Typical available traffic data (output of circulation

model and of automatic counters) are too poor for the needs of a pollution simulation, so we tried to

improve them with specific measurements in the city centre.

These activities led us to a much more complex set of input data, whose emissions were computed

via the TREFIC sofiware. The simulation scheme was a combination of line and area sources, where

line sources represent the main roads. The results clearly show that:

* meteorology — obviously - strongly influences pollution levels and diffusion;

* there are problems with emission factors evaluation, especially for benzene (overestimated
along the highways) and PM 10, where a significant difference measured/simulated is observed,

* the highway network contribution to concentration levels in the city centre is not as high as
expected. in most cases it is relevant (>25%) only in a strip 1-2 km wide around the path; it is
less relevant for benzene than PMI10 due to the mix of vehicle types. Anyway, in terms of
absolute values, the highway system contributes significantly to pollution on a regional basis.

Keys-words: air quality modelling, traffic flow evaluation, emission factors, modelling scheme

Introduction

Since 1994 the Bologna Municipality produces an annual report on air quality that includes
monitoring data, meteorological conditions, traffic situation, and specific studies on air quality. The
report is intended to provide a better understanding of the current status and to help defining
effective practical solutions for reduction policies.

In the frame of 2001’s report we decided to evaluate highway contribution to pollution levels with a
dispersion model, in order to estimate the possible effectiveness of urban traffic reduction schemes.

Local authorities and air quality managers are interested in understanding if and how much the
highway network around the city contributes to the pollution levels that are often very high. Three
pollutants were considered: benzene, nitrogen oxides, and PM10.
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This study was made possible by a collaboration between the technical staff of the Bologna
Municipality and the companies ARIA Technologies (F) who provided the model and ARIANET (I)
who provided technical support and the emission estimate, needed to run the model for PM10 and
benzene emissions.

1 — The model

The chosen model was ARIA Impact™, a gaussian model package with user-friendly windows
interface, that allows simulation of industrial or traffic emissions over short or long duration. It
outputs mean values over a two-dimensional grid or frequency of threshold crossing occurrences.
This system is compliant with U.S. EPA recommendations; for moderate and strong winds the
algorithm is a linear gaussian model, whilst for weak winds the chosen algorithm is a gaussian puff.
The typical spatial scale is between 5 and 30 km.

2 — Building the scenarios

Bologna is a medium-size city (approx. 380.000 inhabitants) located in the northern part of Italy.
Two very important motorways - both with high flow of vehicles - pass along its outskirts: the Al
(the Rome-Milan MW) to the west and the Al4 (the Bologna-Bari MW) to the north-east. In
addition, the city bypass runs parallel to the A14.

The simulation needed accurate hourly traffic data, both in the city centre and along major roads,
including cars, light/heavy duty vehicles, and motorcycles. These data are not very common,
because traffic departments use models designed to define road sizes according to peak flows, and
that are typically unable to represent hourly traffic and different types of vehicles. So we decided to
carry out specific traffic measurements in the city centre, with separate counting for cars, bus,
light/heavy duty vehicles, and motorcycles over 12 hours a day. Other data were extracted from
several environmental impact assessments and official data from public institutions. With this set of
data and the traffic model output we were able to reconstruct hourly modulation and traffic
composition for each type of road: highway, urban major roads, urban roads, local streets.

The emission estimation was performed via the TREFIC software. This tool integrates the
CORINAIR methodology with the IIASA PM10 and individual VOC emission factors. This allows
estimation of PM 10 and benzene emissions.

The simulation was run for three typical days: a summer sunny day (July 14"), a typical winter day
(November 25™) and a worst-case scenario, winter day (January 13™). Meteorological data were
provided by the local meteorological service, and are the output of the diagnostic model CALMET
run over a larger region including the entire Pianura Padana with a 5 km step.

To have a more realistic distribution of concentrations, we chose a composed scheme of area and
line sources (Figure 1). The line sources are the main urban roads and the highway network, while
the area sources represent the remaining roads averaged over an urban zone homogeneous in terms
of road density and land use.

The output grid step is 500 m; this, and the adopted mixed scheme, means that no local analysis is
allowed: in other words, this simulation may only show global pollution effects.

3 — Results

The first general result was a confirmation that meteorological conditions can affect concentrations
up to a factor 6. The second main outcome is that modelling may still give poor results when
compared with experimental data, depending on pollutant. This may apply both to the value range,
and to the spatial distribution.

Benzene (Figures 2 and 3)

Even though the range of the simulated concentration is reasonable, the spatial distribution of the
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concentration field is wrong due to an overestimation of benzene emissions from highway network
and an underestimation of the city centre contribution. The highway network, in spite of this
overestimation, is relevant (>25%) only in a strip 1-2 km wide around the path.

PM10 (Figure 4)

The map shows a significant impact of the highway network, especially due to heavy duty vehicle
flows on the A14 Bologna-Milan motorway (more than 9,000 heavy duty vehicles per day).

The absolute values simulated in the critical winter day (~ 50 ug/m’) are much lower than the
maximum measured values, (~ 150-200 ug/m’). This confirms that PM10 has other important
sources, secondary formation, and re-immission from the ground.

In general, the results for this day correctly reproduce the pollutant accumulation near the sources;
the simulated levels in the very centre of Bologna are similar to the ones near the highway. The
measured values show that the pollution peaks in the centre are significantly higher than the values
along the highways. This suggests that the medieval structure of the city centre causes “canyon
effects”.

The simulation shows that the highway system contribution is dominant (>50%) only outside the
urban area.

NOy (Figures S and 6)

Bad diffusive conditions during the critical winter day caused very high concentrations (up to 500
ug/m’) near the sources; the maximum estimated concentrations are along the highway. This is
perhaps the best simulation result, in terms of both value range and spatial distribution. This is
surely due to the better knowledge of emissions and diffusion of the pollutant.

The contribution of the highway system is higher for this pollutant, giving contributions greater than
25% even in the city centre.

The summer simulation confirms the strong reduction in pollutant levels due to meteorological
conditions that make dispersion easier. Following the favourable meteorological conditions the
highway contribution is distributed over a large area with values everywhere less than 75%.

Conclusion

The highway relative contribution to pollutant concentration levels in the city of Bologna is
definitely relevant, especially in a 2 km strip along the path, much more extended outward. The city
itself is such a large pollutant source that the concentration values measured in the city centre are for
the most part due to local traffic and not to the highway system contribution.
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Abstract

In the present paper we focus on the numerical investigation of the 2D steady—state isothermal flow
patterns that build up in a deep urban street canyon when different wind conditions are
superimposed at the roof level. The CFD software FLUENT was used to perform the simulations.
The value of the Aspect Ratio of the street canyon was set to AR=H/W=3.3 (W=6 m; H=20 m)
because it is in the average of the streets in the old centre of Naples. The typical multiple—vortex
flow field was observed. Flow field results were used to evaluate the mass flow rate exchanged
between the canyon and the atmosphere and between two consecutive vortices. If vortices are
assumed to identify mixed boxes, concentration levels of pollutants can be obtained solving the
corresponding mass balance on each mixed volume. An estimation of pollutant concentration as
function of wind and emission rate is reported.

Key-words: street canyon, CFD simulation, pollutant dispersion, turbulence, air quality.

Résumé

Dans le papier nous concentrons sur la recherche numérique sur les modeéles 2D, isothermes
stationnaires d'écoulement qui se placent dans un street canyon profonde quand différents états de
vent sont superposés au niveau des toits. Le sofiware CFD FLUENT a été employé pour effectuer
les simulations. La valeur de l'Aspect Ratio du sreet canyon a été placée a AR=H/W=3.3 (W=6 m,
H=20 m) parce qu'il est typique des rues au vieux centre de Naples. On a observé le champ typique
d'écoulement a plusieres tourbillonnements.Les résultats du champ d'écoulement ont été employés
pour évaluer le taux de la masse échangé entre le street canyon et l'atmosphere et entre deux
tourbillonnements consécutifs. Si on assume que les tourbillonnements identifient les volumes
mélangés, les niveaux de concentration des polluants peuvent étre obtenus résolvant le bilan de
matiere correspondant sur chaque volume mélangé. Une évaluation de la concentration de polluant
comme fonction du vent et de l'émission est rapportée.

Key-words: street canyon, CFD simulation, pollutant dispersion, turbulence, air quality.

Introduction

A review on modelling air quality in street canyon is reported by Vardoulakis et al. (2003). Dabberdt
et al. (1973) first detected the formation of an helical circulation co - axial with the street giving
higher concentrations of the tracer on the leeward side of the street. These features were also
reported by DePaul & Sheih (1984, 1986) for wind speed > 1.5 — 2 m s"' and Nakamura & Oke
(1988). Oke (1988), on the basis of the wind-tunnel experiments performed by Hussain & Lee
(1980), first identified, as AR varies, different flow regimes. The multiple vortices skimming flow
regime, typical of deep street canyons, was found to be the less effective in mass exchange between
the lower canyon and the upper air. This result was confirmed by Lee & Park (1994), who
investigated the influence of flow conditions and structural configurations on pollutants dispersion
and found the removal of pollutants to be more difficult in deeper streets, where SF regime
establishes. In this case mass exchange is mainly due to turbulent processes, as Baik & Kim (2002)
found after studies on a street canyon with AR = 1.

Actes INRETS n°92 51



Transports et pollution de 1’air / Transport and Air Pollution

Our aim in this paper is the CFD investigation of the flow fields developed in deep street canyons,
with special reference to the historical centre of the city of Naples. All the simulations reported were
then performed on a typical deep street canyon of that zone. Average values of width and height of
the street were set to W =6 m and H = 20 m respectively which correspond to AR=3.3.

1 - Method

In order to gain generality the canyon we focus on would be a modular unit of an even complex
cluster of streets. Therefore half building was reported in the integration domain, both on the
windward and the leeward side. Its width was assumed to be 20 m on average. The air volume above
the roofs has to be deep enough to grant shear-free conditions on the upper limit of the integration
domain. Thus we set the value of the air depth to 10 m (nearly 20 times the depth of the turbulent
boundary layer rising when air covers 20 m at 10 m s™'). Since a uniform highly refined grid can be
chosen without an unbearable CPU time increase (2D flow fields) the entire integration domain was
meshed with a uniform 5 cm square grid.

The only boundary conditions to set are concerned with velocities. No-slip condition was imposed
on the ground, on the roofs of the buildings and at the windward and leeward walls. Air was allowed
to enter and exit the integration domain through velocity inlet boundaries. In order to gain
modularity periodic conditions were superimposed at the inlet and outlet boundaries. Finally,
velocity of the upper limit of the integration domain was evaluated on the basis of the velocity
profiles at the air inlet.

Available closure models (Spalart—Allmaras, k—¢ Standard, kx—¢ RNG, k—¢ Realizable, Reynolds
Stress Model (RSM)) were used to simulate the 2D steady—state isothermal flow field building up in
the street canyon when a plug flow wind of 5 m s blows orthogonal to the street axis. It is well
known that in this case, due to the low value of AR, multiple vortices are expected to develop within
the street canyon, the lowest being the weakest, the highest the strongest (Oke (1988), Sini et ali
(1996)). This flow pattern was best described by RSM, followed by k—¢ Realizable with an adequate
wall treatment. Thus we decided to undergo the greater computational effort required by the RSM to
obtain a reasonable accuracy of the solution in all the simulations reported in the following.

Finally, due to the swirling flow in the street canyon, solution is expected to be quite insensitive to
turbulence characteristics of the incoming air. We performed a set of simulations allowing
turbulence intensity to vary in the range 0-100% and turbulence length scale in the range (0-10m).
Only turbulence intensities higher than 80%, which are unphysical for the problem at hand, affected
the solution. Thus we set reference values of turbulence intensity and turbulence length to 10% and
5 m respectively in each simulation reported in the following.

2 - Results

The CFD software FLUENT was used to perform a set of numerical simulation in order to
investigate the influence of wind speed, characterized by its mean value and its vertical profile, on
the flow field building up in the street canyon and on mass exchange. Vertical velocity profiles
generally used (plug-flow, power law in both stable and unstable atmosphere, logarithmic profile)
were superimposed at the roof level, with mean speed lying in the range 1+10 m s™, typical of poor
ventilation conditions and hence of low pollutant dispersion.

Two-vortices flow patterns are observed when the plug-flow vertical wind velocity profile is
assumed. In the other cases both two- and three-vortices flow patterns are observed. Stream lines
visualisation suggests that the street canyon can be structured in two or three volumes each
corresponding to a vortex. Then separation surfaces between consecutive vortices have been
identified and assumed as interfaces through which the mass transfer takes place.

To evaluate the turbulent mass exchange between two consecutive vortices a characteristic velocity
was evaluated as the standard deviation of the vertical velocity fluctuations
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v =Sl (1)

The value of v* averaged on each interface (v' ) was assumed as an estimation of the mass flow rate
exchanged between two consecutive vortices and between the highest one and the atmosphere. In

the latter case v* is roughly proportional to the mean wind speed, especially in the plug-flow case
and to a lesser extent when power law profile is assumed. When logarithmic profile is hypothesised,
mass flow rate increases less clearly with wind speed.

At the other interfaces it still holds true that the higher mean wind speed the higher v*, but
proportionality is lost, as one could expect since lower vortices are not directly driven by wind.

Values of v* calculated at the same mean wind speed can differ for different wind profiles. The
importance of the right setting of incoming air boundary conditions is thus emphasized. However, it
must be recalled that logarithmic law is used to model velocity profile in the turbulent boundary
layer, whose depth is a priori unknown when air enters the integration domain; on the other side
power law is generally used when wind speed measurements are available at a certain height
(typically 10 m) to obtain velocity profile at higher levels on the ground and hence outside the
turbulent boundary layer. Therefore, both of them seem to be inadequate for the case at hand. On the
contrary, due to the shear effect of the roof, the wind takes the typical boundary layer velocity
profile, before flowing over the street cavity, if it enters the integration domain with a plug velocity
profile. Therefore we reported in Tab.1 only the results obtained in the plug-flow wind hypothesis.

3 — Air quality model

If vortices are assumed to identify perfectly mixed boxes a simple air quality model can be written
for the street canyon. Since in the hypothesis of plug flow wind only two vortices are observed the
model is a two-boxes model consisting in two mass balance equations:

for the lower box

e

Vi— = E+Qule,—c) 2)

and for the upper box
de,
Vu?=Qlu(cl _cu)+Qua(ca _cu) (3)

Subscripts | and u refer respectively to the lower and the upper box; a to the external air and E is the
emission factor due to car exhausts. The mass flow rate among the boxes and the external air

(Q,, and Q,,) have been evaluated on the basis of the values of v reported in Tab.1.

Wind speed mean H, vl vy
value [m] 1 ]
(ms] [ms] [ms]

1 9.16 0.036 0.115
3 7.10 — 8.04 0.088 0.375
5 9.17-7.81 0.221 0.552
10 8.76 —10.29 0.712 1.119

Tablel: Results of the CFD simulation (plug flow wind profile)
The values reported in table 1 are H;= height of the lower box; V= average characteristic velocity

between lower and upper box; V 1= average characteristic velocity between upper box and
atmosphere.
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Assuming ¢, = 0 the steady state concentration levels of a generic gaseous passive pollutant have
been obtained solving the mass balance equations 2 and 3.

In Fig.1 steady state concentration levels building up in the lower box are reported as function of
wind speed, parameterizing the emission factor. Then concentration vs. wind speed data have been
modelled assuming an exponential decay law. For a practical use of Fig.1 the emission factor would
be evaluated from data of traffic levels in the canyon.

18
16 - ® E= 1gmhr1
O E=3gmhr1
14 1 v E=5gmhr1
) v E=7gmhr1
12 1 m E=10gmhr-1
10
8 -
6 -
4 -
JES
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i 0 2 4 6 8 10 12
) Wind speed [F] m s’
Figure 1:  Pollutants concentration vs. wind speed with emission factor as parameter. Results of
the air quality model (eq.s 2-3).
Figure 1 :  Concentration de polluants contre la vitesse du vent avec le facteur d'émission comme
paramétre. Résultats du model de la qualité de l'air (eq.s 2-3).
Conclusions

A simple air quality model in a deep street canyon has been developed for the estimation of passive
gaseous pollutants emitted by vehicles circulating in the canyon itself. The model has to be validated
by comparison with experimental data produced in monitoring campaigns.
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Abstract

To meet the future requirements of the actual EC air quality directives the environmental agency of
the Federal State North Rhine-Westphalia (LUA NRW) initiated a model project (clean air plan) for
the city of Hagen (~200.000 inhabitants) where the maximum number of daily means of > 50 ug
PM10/m’ are being exceeded. Special focus was put on PM10 modelling from road traffic (exhaust,
abrasion of tires, brakes and road surfaces, resuspension). To calculate the contribution of road
traffic to the total PMI10 concentrations in the survey area, a Lagrange particle model (LASAT,
version 2.9) was used for mesoscale dispersion modelling of all PM10 emission sources in and
around the survey area with relevance to Hagen. It was found that the contribution of road traffic is
dominant nearly over the whole area. So, to reduce the concentrations, first of all road traffic
measures must be realised to meet EU air quality standards for Hagen.

Key words: clean air plan, PM10, emission, resuspension/abrasion, road traffic, Lagrange particle
model, road traffic measures

Résumé

Pour accomplir les futures exigences des actuelles directives sur la qualité de ['air de la
Communauté Européenne ['agence fédéral de |'environnement de la Rhénanie-du-Nord-Westphalie
(LUA NRW) a inauguré un modeéle projet (plan de la protection de ['air) pour la ville de Hagen
(~200.000 habitants) ou le nombre maximal de dépassements admis d une moyenne journaliere de
>50 ug PM10/m’ est outrepassé a quelques localités. Beaucoup d'importance a été attachée a la
modelage de la PM10 emission due a la circulation routiére (I'émissions de moteur, le frottement de
pneus, de freins et de surfaces routieres). Pour calculer la contribution de la circulation routicre
aux PMI10 concentrations totals dans le domaine d'étude, un modéle de particule de Lagrange
(LASAT, la version 2.9) a été utilisé pour le modelage de dispersion mesoscale de tout PM10
sources d’émission dans et vers le domaine d'étude avec la pertinence a Hagen. Il a été trouvé que
la contribution de la circulation routiére est dominante presque par-dessus le domaine entier. Si,
réduire les concentrations, les tout d’abord mesures de circulation routiere doivent étre réalisées
pour accomplir les normes de qualité de 'air de la CE pour Hagen.

Mots-Clés: plan de protection de ['air, PMI0, émission, resuspension/frottement, circulation
routiere, modeéle de particule de Lagrange, mesures de circulation routiére

Introduction

In the frame of the implementation of the EU air quality framework Directive (Council Directive
96/62/EC of the 27 September 1996 concerning the assessment and control of air quality) and the 1*
and 2" daughter Directives (1999/30/EC relating limit values for sulphur dioxide, nitrogen dioxide
and oxides of nitrogen, particulate matter and lead, 2000/69/EC for benzene and carbon monoxide in
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ambient air) there is a need on federal state level to assess the air quality for the above mentioned
pollutants on the basis of e.g. measurements and model simulations and to set up EC clean air plans
for areas that exceed limit values, regarding the allowed tolerance margins.

Table 1 shows the limit values and tolerance margins for nitrogen dioxide and particulate matter
(PM10) which are of most importance for the air quality assessment in NRW.

NO, PM;
Annual Annual Number of
mean mean daily means
[ng/m’] [ug/m’] | >50 pg/m?
EC limit values 40 40 35
In 2010 2005 2005
Tolerance margins 2000 60 48

Table 1: Limit values and tolerance margins according to Council Directive 1999/30/EG for
nitrogen dioxide and particulate matter (PM10)

Tableau 1:  Valeurs limites et marges de tolérance de la Directive fille du Conseil 1999/30/EC pour
le dioxide d’azote et les particules en suspension (PM10)

In order to test suitable procedures to set up and implement clean air plans, in accordance with the
Council Directives, the Environmental Agency (LUA) of the Federal State North Rhine-Westphalia
(NRW) was charged with carrying out a model project, which should result in a guideline for setting
up EC clean air and action plans for NRW. As model region the greater area of the city of Hagen
was selected because of measured high concentrations of nitrogen dioxide and particulate matter and
of the high traffic density.

The so called “EC model clean air plan” for Hagen (LUA, 2002) essentially deals with the two
pollutants, the focus of the following description lies on PM10.

1 - Description of the model area

The city of Hagen has about 204°266 inhabitants and a surface of 160.37 km?, so the population
density is about 1274 persons/km’ (state 10/2001). The strong concentration of settlement,
commercial and industrial areas leads to high traffic density as well. Three federal motorways (A 1,
A 45 and A 46), crossing the area, underline the importance of Hagen. The economy is represented
by a lot of mid and small enterprises in the metal industry and the service sector.

The northern part of the area is rather hilly (between 100 and 300 m over sea-level). The deepest
point lies 86 m, the highest 438 m over sea-level. Concerning the local climate the situation over the
whole area is very different. Especially in the city centre the wind speed is much lower than on the
top of the hills. The annual averages of the wind speed differ between 1.3 and 5.9 m/s. The local
wind direction distributions also depend on the local situations (down in the valleys or on top of the
hills). So the dispersion conditions vary strongly over the whole area. Because of the valley situation
nightly inversions occur frequently (KVR, 1997).

2 — Air quality situation
Results of long term measurements of some permanent LUA-locations at Hagen are shown in

table 2.

It is true that the annual means of PM10 lowered from 37 pg/m3 in 1997 to 33 pg/m3 - the limit
values are not exceeded — but there are permanent violations of the allowed number of daily means
over 50 yg/m3during the whole analysed time.
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PM]() PMIO

Year | annual mean | number of daily

in pug/m* |means >50pg/m?
2000 33 48
1999 36 49
1998 38 68
1997 37 48

Table 2: Results of long term measurements at Hagen-Emilienplatz location

Tableau 2: Resultats des mesures permanentes a la station Hagen-Emilienplatz
3 — Main sources for PM10 pollution at Hagen

Industrial facilities

In the whole survey area about 144 tons of PM10 were emitted by industrial sources in 1996. The
main source of industrial PM10 is the sector of processing stone and ground materials, production of
glass, ceramic and building-materials. The share of this sector lies by 87 %.

Transport

The distribution of the annual PM10 emissions from the transport sector is shown in the following
table 3. It is obvious that road traffic is the main transport source by far. The results also point out
that resuspension and abrasion are nearly 2.6 times higher than the exhaust emissions. This is the
special problem when dealing with transport measures for reducing PM10 pollution. The share of
the other transport modes is 5.5 % (off-road) and 1.1 % (rail, diesel).

Transport modes PM;y Year
[kg/year]

Road (exhaust emissions) 86205 2000

Road (resuspension/abrasion) 3087071 2000

Rail (diesel, exhaust emissions only) 4'526 1997

Off-road (exhaust emissions only) 23071 1997-1999
Total 421°873

Table 3: Distribution of the annual PM 10 emissions from the transport sector at Hagen

Tableau 3: Distribution des PM10 emissions dues au secteur de transport a8 Hagen

Trend calculations for the next years up to 2005 underline that the total PM10 problem from road
transport will not decrease. It is true that the exhaust emissions will be nearly 30 % lower than in
2000, but resuspension/abrasion will increase by about 7 %. So the total PM10 emissions from road
transport with 392 tons/year will stay nearly the same as in 2000 (calculations by means of the PSM
model (Grosch et al., 2000 and AVISO, 2001)).

Total PM10 emissions from the relevant sources

The following figure 1 comprises the total PM10 emissions from all relevant sources at Hagen in a
grid resolution of 1 km * 1 km. The map also shows the transport networks and the industrial
locations.
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Figure 1:  PM10 emissions at Hagen, all relevant sources
Figure 1:  PMI10 emissions a Hagen, toutes sources pertinentes

4 — Immission simulation

The correlation of the road transport emissions with their calculated spatial contribution to the
overall PM10 immission situation 2000 is specified in figure 2. There one can see the share of road
transport emissions to the additional grid concentrations, without background. The contribution of
road transport mostly lies above 70 %, in the city centre and along the federal motorways between
85 and 100 %. This shows the dominance of road transport with regard to the locally induced PM10
concentrations. The mean background concentration of 23 pg/m3 is substantially determined by long
distance transport.

Figure 3 shows the percentage source distribution of the total PM10 concentrations (including
background). The background has the highest share (72 % on an average, 64 % at Hagen
Emilienplatz, 48 % at Hagen Halden), followed by road transport and industry. The road transport
share lies above 30 % in the settlement areas, 24 % on an average over the whole city area. Locally
industrial sources can contribute significantly to the total PM10 concentration (16.5 % at the
location Hagen Halden).

5 — Measures to reduce PM10 pollution in the Hagen region

Industrial facility-related measures

With the enlargement of two quarries dust measurements have been installed at relevant locations in
the neighbourhood, to get some special facts on emission rates, too. Additional measures are not
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planned at the moment.

PM?10 percentage of road traffic
without background of 23 ug/m?

<= 50%
| s0<p<= 70%
| 70<p<= 85%

Bl ss5<p<=100%

simulated with LASAT:

Lagrangian particle dispersion model
acc. VDI 3945/3

grid resolution 500 m

emissions:

road traffic in Hagen 2000

(incl. resuspension acc. Lohmeyer)
other sources 1997

grid resolution 1 km
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Figure 2:  Simulated spatial distribution of the contribution of road transport to the annual means
of PM10 concentrations in the model region in 2000 (without background of 23 ug/m?)

Figure 2:  Distribution spatiale simulée de la contribution du transport routier aux moyennes
annuelles de PM 10 concentrations dans le domaine d’étude en 2000 (sans I arriere-plan
de 23 pg/md)
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31,9%
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Average conditions at Hagen Hagen Emilienplatz
M plants requiring authorization 48 1% 10,57

W small furnace installations
Oroad traffic

@ off-road traffic

M rail traffic

E background air pollution
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0,1% 34,0%
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background air pollution:

PM10 = 23 ug/m_ Hagen Halden

Figure 3:  Percentage source distribution of the total PM10 concentrations in 2000 (background
of 23 ug/m? included)

Figure 3:  Distribution des sources en pourcentage des PM10 concentrations totals en 2000 (avec
1"arriére-plan de 23 pg/m?)

Road transport-related measures

Road transport-related measures should limit traffic volumes with regard to the local emission and
immission situation. The measures to be implemented, e.g. at hot spots with violations of
1999/30/EG, must be orientated at the share of the local background concentration, the total traffic
volume and the share of the heavy duty vehicles (hdv), as main source of PM10 emissions. And it
has to be taken into account that PM10 is not only emitted via tail pipe. Resuspension/abrasion are
much more important (Bosinger et al., 2002).

Generally there are two options for measures: 1) the reduction of the total traffic volume focussing
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at all vehicle categories; 2) the reduction of heavy duty vehicles up to total local prohibition. For
some hot spots in and around the city centre of Hagen simulations were done in accordance to the
two general options (Ludes et al., 2001). It was found that to meet the PM10 limit value for the
annual mean 2005 the total traffic volumes of 20" to 407000 must be reduced between 22 and 61 %
(option 1). Realising option 2 up to total prohibition (no thoroughfare) does not reduce the PM10
concentrations under the limit value except one of the 5 hot spots looked on. Effects of alternative
route choice with perhaps creating new hot spots, here were not investigated further.

6 — Draft of an action plan “road transport”

The sustainable reduction of high traffic volumes, especially at the localised hot spots, in the future
shall be met by the coordinated use of the following three instruments.

Routing concept for hdv

The routing concept for heavy duty vehicles shall assign mainly non-resident drivers to a hdv
priority network making a detour round the hot spots. The route guidance will be realised as a
permanent static system in a first step.

Concentration-depending dynamic route guidance

To assist the permanent hdv routing concept a dynamic route guidance system shall be installed in a
second step. When episodes will be forecasted with violations of limit values and/or tolerance
margins the system will be activated in order to reduce peak concentrations by temporarily guiding
the drivers through the network, recommending alternative routes up to local traffic prohibition.

City logistics

As most of the high polluted streets lie in and around the city centre it is consistent to influence the
delivery traffic, especially with hdvs. The aim of installing and extending city logistics first of all is
to reduce hdv traffic. This can be met by replacing heavy with light duty vehicles and optimising trip
planning (delivery routes) at the same time.
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Abstract

A time-dependent numerical model for the diffusion of gaseous pollutant in the convective boundary
layer is presented in this paper. This model is further extended to include the washout of sulfur
dioxide from the atmosphere by rain by incorporating mass transfer of SO, into well mixed
raindrops. The numerical model presented in this paper describes that the pollutants undergo
chemical reaction in gas- and liquid phases. The model is useful for determining the concentration
of SO; in raindrop under different atmospheric conditions. The effects of various raindrop sizes on
concentration of pollutant are also studied in this paper.

Key words: Atmospheric dispersion, washout, chemical reaction, air pollution, acid rain.

Introduction

The gaseous pollutant like sulfur dioxide is emitted from industrial stacks in urban areas that are
hazardous to the environment. It undergoes several processes before it is being removed from the
atmosphere. Some of the important removal mechanisms are dry deposition onto the surface of the
Earth, gravitational settling, chemical reaction and wet deposition. These removal processes
influence to minimize the ground level concentration that have a great impact on health hazards. The
washout of sulfur dioxide from the atmosphere is a phenomenon that contributes to the production
of so-called “acid rain” and at the same time helps in the cleansing of the atmosphere. Effective
models of the washout process are useful in predicting the composition of rain and the time scale for
SO, removal. Mathematical models used in the air pollution study vary from simple empirical
models to complex numerical models. Although the PBL theory was improved for the convective
conditions through field observations (Kaimal et al., 1976) and by its counterpart in laboratory
experiments (Willis et al.,1978), the Convective Boundary Layer (CBL), that is the region where
mixing occurs due to convective motions associated with upward heat transport from the surface
seems to be more appropriate vide Pal and Sinha (1990).

Thus, the main objective of this paper is to develop a time-dependent diffusion model to study the
effects of dry deposition and washout of sulfur dioxide from the atmosphere during rainfall on
ground level concentration. The pollutant is emitted from a continuous point source for a certain
period of time. An in-depth treatment of the problem is greatly facilitated by numerical
computations of the atmospheric-diffusion equation with gravitation settling and chemical reaction
terms. These bring out the g.l.c. scenario so essential for transport processes of pollutants of
different hierarchies.

We have also taken into account of the mass transfer of SO, into well mixed-drops. Calculations
were made for various drop sizes in the convective boundary layer. We have considered a well-
mixed layer of the atmosphere in which concentration of sulfur dioxide is present and rain is formed
above this layer before entering the layer. The present model will be useful in estimating the
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concentration of sulfur dioxide, composition of rain under different meteorological parameters and
also, the time scale for SO, removal from the atmosphere.

1. Method of Approach

Let us begin with the description of the model. We have considered a continuous point source at
height h, above the ground emitting chemically reactive pollutant into the atmosphere. Then the
atmospheric diffusion equation with first order chemical kinetics and suitable boundary condition as

aC 0 aC 0C
g g g
—=—1|K +W,——-RC, -AC, +Q06(z-h 1
y az(zaz)saz Cg=2Ce +00G=h) (1)
The boundary conditions that accompany Eq. (1) are:
Ce (x,1)=C, at x=0, t=0 (2a)
aC
K. p £+ W =V, Cq at z=0, (2b)
Z
aC
K, p £+ W,=0 at z=Z;, (2¢)
Z

where, C, is concentration of the pollutant, K, is vertical mixing coefficient, V, is the dry deposition
velocity of gaseous species, W is the gravitational settling velocity, R, is the chemical reaction rate,
Q is the source strength, A is known as washout co-efficient, (.) is Dirac-delta function and hy is the
stack height, C is the background concentration of the pollutant species and Z; is the inversion
height.

The rate of accumulation of all compounds of sulfur in each falling rain droplet is taken to be equal
to the rate of mass transfer of SO, across a fictitious laminar air film surrounding each drop. The
total concentration of sulfur dioxide in a raindrop of radius R falling at a constant terminal velocity
V, along

the vertical z-axis can be expressed as (Hill et al., 1977):

dc 3k
d_zW=R_If,(Cg -H.C,) 3)

with boundary conditionC,, =0 at z=7,(4)

where, C, is the concentration of SO,, C,, is the liquid phase equilibrium concentration of molecular
SO,, H, is Henry’s law constant, and k, mass transfer coefficient for interchange of gas between
droplet and its surroundings. For purely convective-diffusion transport in the gas-phase k, can
be
obtained from the semi-emperical Frossling equation (Frossling, 1938):

Sh=2+0.6R."S."? for R > 0.06 cm (52)

and Sh=1.56+0.616 R,'*S."  for 002 < R < 006 cm
(5b)

where, S, = 2 k,R/ D,, R, = -2RV/ v, S.=v/D,. Here D, is the diffusivity of air, V, is the
terminal velocity of raindrop and v is kinematic viscosity. The terminal velocity of raindrop with
respect to height is calculated from a formula by Markowitz (1976) :

Vi =958 1 —exp {-R/0.0885}""%71]. (6)

Where, R is the radius of raindrop.

The chemical conversion from SO, to SO, is assumed to be first order. The dry deposition is handled
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by means of deposition velocity. The wet deposition flux A is taken as a function of pH of the
precipitation and is calculated from the following expression:

A =0.96 BP* | logioP = -2 + 0.75(pH - 3.9) (7)

where, P is rain rate in mm/h.

2. Meteorological Parameters

The variables required for the integration of the equation (1) with its boundary conditions are wind
field, eddy diffusivities, chemical transformation rate, deposition velocity, settling velocity,
emission rate and mixing height. The wind speed u, and eddy diffusivity K, as a function of z for the
convective boundary layer are dependent mainly on the stability of the atmosphere. In terms of
boundary layer notation, atmospheric stability may be characterized by the parameter L called the
Monin-Obukhov length parameter and is defined as

3
_ p CpTu*
kgH

L= (8)

where u. is friction velocity, H is the net heat flux to the atmosphere, ¢, is the specific heat, T is the
temperature of the air, p is the air density, k is Karman’s constant, and g is the gravitational
constant. L has units of length. The friction velocity can be defined in terms of a geostrophic drag
coefficient, c,, and the geostrophic wind velocity u, as follows:

u.= ¢, u,(9) The geostrophic drag, ¢, , is a function of the surface Rossby number, R, = u, / z.f and
L, where f is the Coriolis parameter of the Earth and z, is the surface roughness. Direct
determination of the L from its definition requires measurement of heat flux and friction velocity.
Unfortunately, such measurements are not routinely available. Therefore u. is derived by using Eq.
(9) and the values of net heat flux are obtained from Ragland (1973). For a neutrally stratified
atmosphere H = 0, and H = -0.06 ly/min and H = 0.24 ly/min are chosen for stable and unstable
flows respectively. The convective scaling velocity w. which controls turbulence in the convective
boundary layer is defined as

W= U=

1/3
e (10)
kL

where u. is friction velocity, L is the Monin-Obukhov parameter and k is the Von Karman constant
(=0.35) suggested by Businger et al (1971).

The wind velocity as a function of z is obtained from the relation
u(z) = =2/ L) ()

where, expressions for i, (z/ L) are given in Pal and Sinha (1990) for different stability conditions.

The vertical eddy diffusivity as a function of vertical distance are calculated from the expressions
given by Jia-Yeong Ku et ali (1987).

3. Methodology

Having described the model we now proceed to develop the methodology in brief. An imlicit finite-
difference approach has been used to solve numerically the equation (1-2). We approximate first-
order temporal and vertical gradients by forward differencing and second-order spatial derivatives
by central differencing. After simplifications, a set of N algebraic equations with N unknowns are
represented by a tri-diagonal coefficient and are solved very efficiently by using the Thomas
algorithm. An array of 40 boxes vertically and sufficient number of boxes horizontally are chosen
for the purpose of the present model. The first ten boxes vertically are 4 m high and remaining 30
boxes are selected to fill the space up to mixing height of 1000 m. A point source is located at 78 m
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height. The concentration at the end of the first horizontal rows of boxes is referred to as the ground-
level concentration of pollutant. The equation (3) is integrated numerically with appropriate
boundary condition (4) after obtaining the concentration of SO, from equation (1) at each grid point.
The point source, Q, is taken as 10 ug m™ s till the emission is stopped after 1hr. or 4 hrs. depending

on the situation. The data set has been taken from the literature (Barrie, 1978) in order to evaluate
numerically the concentration of SO, in raindrop.

4. Results and Conclusions

Some interesting results have been obtained for the ground level concentration (g.l.c.) of gaseous
pollutant from the numerical solution of diffusion equation and the concentration of pollutant in a
raindrop for different intensity of rain. It is assumed that raindrop is falling with a constant terminal
velocity. The chemical transformation of the pollutants in the atmosphere and the ground deposition
of the pollutants are also considered in this present model. The study of g.l.c. is done during rainfall
and after the rainfall. In order to have a realistic picture, computations are obtained for, in particular,

the emission of the pollutant from a point source which was terminated after 4 hrs and rain stopped
after 6 hrs.

H =-0.001 (stable), Z 0.25 m, H =-0.001 (stable)-5 m/s, 7= 0.25 m,

1200~ V. =0.005 m/s, pH =48 V,=0.005 ms, pH =48
2000t A 400
@ [\ P =0.5 mm/hr B
£300¢ LT 200 ) =0.5 mm/ hr.
s “‘ \ \ = 9 \
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Figure 1. G.l.c. vs. time for( Vazious situation of rais Figure 2 S.L.c. vs. time for different situations of rain 1

The simulation is performed for three atmospheric conditions viz. neutral, stable and unstable for
calculating g.l.c. under different rain rate and dry deposition velocity. The results are depicted in
Figures 1-10. The variation of ground level concentration of SO, with rainfall rate for stable
atmospheric condition is shown in Fig.1. It is observed from this figure that g.l.c. decreases with
increase in the rainfall rate . These show that the g.l.c. increases very rapidly with time till the

emission of pollutant is stopped and then decreases very slowly till it attains a very low value of
concentration.
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Figure 3 G.L.c. vs. time for diéfert)ant atmospheric conditic Figure 4G.1.c. vs. time for different rain rates.

66 Actes INRETS n°92



It is interesting to observe that g.l.c. attains its peak after emission of pollutants for four hours.
Similar situation is seen in Figure 2 for source level concentration of pollutant. The value of
W.=0.0003 m/s is taken in Figs.1-2 and for others it is assumed to be zero. Figure 3 shows that the
variation of g.l.c of gaseous pollutant with time for stable and unstable atmospheric conditions. The
concentration increases with time till the emission of pollutant is stopped and thereafter it starts
decreasing with time. It is also observed that the values of g.l.c. for unstable atmosphere are higher
in comparison with stable atmospheric condition before the emission is stopped and this trend is
reversed when the emission is stopped. Similar situation is seen in Figure 4 for neutral and stable
atmospheric conditions.

[) Emission stopped at 2hrs. , H=0.0

II) Emission stopped at 2 hrs., H=-0.( H =-0.001 (stable),o% 025m,
160 IIT) Emission stopped at 4 hrs., H=0.0 10000 Vg =0.005 /s, pH=48
140 IV) Emission stopped at 4 hrs., H= -0. No absorption, pH=:
0 1000 /
" P=0.5 muhr, pH = 48-0.01mfs,  E
1) — & No Reaction, pH=2
%QOO 2,=025m 2 100l action, p
=800 2
§600 % 10k p
8400 g
© g 1l
200, pH=438
! 0.1
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. Time (hr.) . ) ) . . Time ([hr.) , .
Figure 5 Ground level concentration vs. time during driz: Figure 6G.1.c vs. time for two rain rate conditions.

Figure 5 shows how the g.l.c. of gaseous pollutant varies with time for different situations of cutoff
in source emission during drizzle for different atmospheric conditions. The results which are shown
in Figure 6, as expected, points out that the values of g.l.c. are much higher in the absence of any
types of ground absorption and chemical reaction. It is interesting to see that the increase in pH
value lowers the value of g.l.c. for stable atmospheric stability.
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Some useful results have been obtained for the concentration of pollutant in the raindrop. Figure 7
shows how concentration of SO, in raindrop varies with time under different types of atmospheric
stability. It is observed that the concentration in raindrop increases with time till the source emission
is stopped and decreases after the emission is stopped. It is observed from Figure 8 that the
concentration of SO, in raindrop of size 0.06cm is much less than the concentration in smaller
raindrop of size 0.02 cm. In Figure 9 it is observed that the concentration of pollutant in bigger
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raindrop increases gradually even after the emission is stopped at 4 hrs. and starts decreasing after
5.5 hrs. Similar fact is seen in Fig. 10. It is found that the concentration of SO, is very small in the
raindrop of radius equal to 0.2 cm.

P =10 mm/hr, pH = 4.8,g ¥0.01m/s, P =10 mm/hr, pH = 4.8, ¥0.01m’s,
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2l RO00em £ /§T< Yhe
=) ' - — [=} ' \\\
§ - R=0.1 cm § N e \\7 )
Of o0
@ 1 1 1 1 1 1 1 @ 1 T :. 1 h{ "

0 1 2. 3 . 4 5 6 000 004 008 012 016 020
. . im r-g. . _ Drop radius (cm) ,
Figure 9Rain drop concentration at ground level with  Fjgure 10Raindrop concentration at ground level with drop

These concentration profiles lead to some conclusive statements. The values of g.l.c. of the unstable
atmospheric condition are less in comparison with stable atmospheric condition when the emission
was terminated. The effect of dry deposition velocity is to decrease the g.l.c. for gaseous pollutant.
The g.l.c. decreases with increase in the value of rain rate. The concentration of pollutant in raindrop
increases with time till the emission is stopped and its concentration is very less in bigger raindrops.
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Validation of CALINE4 for CO and NO, concentrations by an Irish motorway

Brian Broderick, Una Budd & Bruce Misstear
Department of Civil, Structural and Environmental Engineering, Trinity College, Dublin 2, Ireland

Abstract

Atmospheric dispersion model accuracy is dependent not only on the quality of the data used, but
also on the methodology of the model and its user. The air pollution dispersion model, CALINE4 is
in common usage in Ireland but was developed outside Ireland and has not been validated for use in
Irish conditions. The objective of this work was to validate the use of the model for road traffic
emissions in Ireland, however the results will also be of wider European interest. The model was
assessed using one year of air quality data collected at a free-flowing motorway near Dublin.
Model predictions of CO and NO, concentrations were not always within £50% of measured
concentrations, and under stable atmospheric conditions, and when wind speeds are low, significant
discrepancies may arise. The scarcity of traffic, meteorological and background concentration data
was found to be the major difficulty in modelling for the assessment of the environmental impact of
Irish road schemes.

Keywords: air quality monitoring, dispersion modelling, model validation, traffic emissions.

Introduction

The assessment and management of air quality is required under Council Directive 96/62/EC (CEC,
1996), the Air Quality Framework Directive, and its Daughter Directives which specify the limits
for certain pollutants, including carbon monoxide (CO) and nitrogen dioxide (NO,). Air quality
modelling is used to predict the ambient air quality, thus identifying areas which might require
monitoring to “avoid prevent and reduce harmful effects on human health and on the environment”.
The future impact of road improvements cannot be monitored, therefore modelling is used to predict
the influence on ambient air quality of any changes in traffic conditions, as part of the
Environmental Impact Assessment. The US National Commission on Air Quality found in 1981
that models may typically overpredict or underpredict from actual concentrations by a factor of two.
Even twenty years later the UK DETR (2001) concurred that “If the prediction of an annual mean
concentration lies within +50% of the measurement, a user would not consider that the model has
behaved badly.”

1Method

Site
The monitoring unit was located 20 m to the north of the M4 at Leixlip, 10 miles (16 km) west of

Dublin city centre, on the River Liffey. The motorway has two lanes in each direction, which run
almost due east-west.

Monitoring

The national weather service, Met Eireann, provided hourly Pasquill stability class, cloud cover,
wind speed and direction data from Casement Aerodrome, one km south of the monitoring site. The
National Roads Authority measured the hourly traffic flows on the Leixlip section of the M4. CO
and NO, analysers were sited 20 m north of the M4, where temperature, humidity, wind speed and
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direction were also recorded.
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Figure 2.1:  Monitoring site location Figure 2.2:  Monitoring site layout
Instrument Method Sampling interval
Pollutant
CO API Model 300 Infrared absorption One hour; 15 minutes
NO, API Model 300 Chemiluminescence One hour; 15 minutes
Table 2.1:  Pollutants monitored, method and equipment
Modelling

The model CALINE4 was developed by the US EPA. It requires hourly traffic flows,
meteorological parameters and an emission factor which represents the fleet profile of vehicle type,
fuel and driving mode. It predicts the hourly concentration at receptors relative to the roadway line
source (Benson, 1984). Composite emission factors of 6.62 g/mile CO and 2.24 g/mile NO, were
calculated for the vehicle fleet of 71% petrol cars, 21% diesel cars and 8% heavy goods vehicles
(HGV). Background concentrations of ozone (0.03 ppm), NO (0.01 ppm), NO, (0.01 ppm) and a
photolysis rate constant of 0.0010 s™' were used for NO, modelling.

Leixlip traffic flow, weekdays and weekends, 15th September 2001 to 2002 Wind direction at Leixlip

aaaaaa

[—+—Receptor (8222hrs )
= ME (8221hrs)

500,00

Figure 3.1: Diurnal variation in annual average Figure 3.2: Directional variation in annual
of hourly traffic flow average of hourly wind direction
frequency

2Results

Traffic and meteorology

The annual average peak flow was 2562 vehicles per hour (vph), for the hour ending 19:00 (Figure
3.1: weekday peak 2709 vph at 19:00, weekend peak 2336vph at 15:00). The prevailing winds at
the monitoring unit (receptor) were from the south east, south west and west, with a wind shadow
cast by a building to the north east (Figure 3.2). Met Eireann, found the prevailing wind to be from
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the south west. The highest mean wind speeds of 3.5 m/s were for southerly winds (Figure 3.3). The
wind shadow of the building was again clear, with very low wind speeds from the north east. Stable
conditions are most frequent with east and north easterly winds (c.60%) and least frequent with
westerly winds (<20%) (Figure 3.4). Conditions were never stable (Pasquill Stability Class E, F or
G) after 08:00 and before 16:00.

Relative frequency of stable conditions (%) at Casement, 15th September 2001 to 2002 Avg. windspeed (mis) at Leixlip, 15th September 2001 to 15th September 2002

Figure 3.3: Directional variation in annual average Figure 3.4: Directional variation in
of hourly wind speed annual relative frequency of
hourly stability class

Average of hourly CO concentration (ppm) at Leixlip, 15th September 2001 tc

CO concentration, Leixlip, 15th September 2001 t02002
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Figure 3.5: Diurnal variation in annual average of  Figure 3.6: Directional variation in
hourly CO concentration annual average of hourly CO
concentration

Measured and modelled CO and NO;
Diurnal and directional annual average hourly concentrations

Figures 3.5 and 3.6 show the measured concentrations of CO compared to the predictions from
modelling with background concentrations of O and 0.2 ppm CO respectively. The diurnal variation
in the modelled CO does not vary when the background concentration is changed, since CO is inert
(Figure 3.5). The measured CO is always greater than 0.2 ppm, when averaged diurnally and
directionally, hence the background value of 0.2 ppm. The peak annual average hourly CO
concentration is 0.33 ppm at 23:00, whereas the modelled peak is 0.30 ppm at 20:00. The highest
CO concentrations were measured when the wind was from the north east (0.5 ppm < CO = 0.6
ppm), while the highest predicted CO occurred when winds were near parallel to and from the south
of the road (Figure 3.6). With no background concentration of CO, the peak predicted CO (0.39
ppm) was lower than that measured (0.57 ppm), but agreed very well with the measured
concentration for the corresponding wind direction (0.37 ppm).

Figures 3.7 and 3.8 show the measured concentrations of NO, compared to the predictions from
modelling with background concentrations of ozone (0.03 ppm), NO (0.01 ppm) and NO, (0.01
ppm). The peak annual average hourly NO, concentration is 12 ppb at 21:00, whereas the modelled
peak is 22 ppb at 19:00 (Figure 3.7). The highest NO, concentrations were measured when the wind
was from the north east (12 ppb < NO, = 18 ppb), while the highest predicted NO, (34.5 ppb)
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occurred when winds were near parallel to and from the south of the road (Figure 3.8), as for CO.

NO2 concentration, Leixlip, 15th September 2001 to 2002 Average of hourly NO2 concentration (ppb) at Leixlip, 15th September 2001 to
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Figure 3.7: Diurnal variation in annual average of ~ Figure 3.8  Directional variation in
hourly NO; concentration annual average of hourly NO,
concentration

Table 3.1 compares the mean, maximum and 95"%siles of the measured concentrations of CO and of
NO, with the model predictions. The CO predictions do not include a background concentration.
The maximum eight-hour running average for CO, and the 99.8"%ile for NO, are compared with the
EU limit values set by the Daughter Directives 2000/69/EC and 1999/30/EC (CEC, 1999; CEC,
2000). Also shown are the Upper Assessment Threshold (UAT), below which modelling and
(limited) monitoring are required, and the Lower Assessment Threshold (LAT), below which
modelling or objective estimation alone suffice.

3Discussion

Directional and diurnal variation

The effect of the road source on concentrations at the monitoring unit is expected to be strongest
when the wind is from the south and weakest when the wind is from the north. Winds from the
north east are rare, but coincide with the lowest wind speeds and the highest frequency of stable
conditions. The model cannot predict these high concentrations since they are not due to the
roadway source. Higher concentrations are predicted for near parallel wind directions than for cross
winds, due to the larger area of roadway over which the traffic is “upwind” of the receptor and the
longer passing time during which pollutants can be emitted.

CO concentration rises as traffic flow increases to the morning peak of 1491 vph at 09:00, then
decreases with the lunchtime Iull in traffic and with the absence of stable conditions between 09:00
and 16:00. CO rises again after 15:00, though the traffic has increased since 12:00 towards the peak
flow of 2562 at 19:00. The CO concentration rises towards its peak of 0.33 ppm at 23:00, due to
persistence under stable conditions rather than the corresponding source strength, since the traffic
flow decreases sharply after 19:00, reaching its nadir of 112 vph at 05:00.

The variation in CO concentration is more strongly influenced by the weekday traffic pattern with
its distinct morning and evening peaks, than by the weekend traffic, which is spread over the
afternoon hours. This suggests that CO concentrations decrease during the hours of unstable or
neutral conditions (from 09:00 to 16:00) despite relatively high volumes of traffic.
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Pollutant Mean Maximum  95"%ile  Max. 8hr  running
average
CO (ppm) | Measured 0.27 2.6 0.6 2.15
Meas.+50%  0.14-0.40 1.3-3.9 1.08-3.23
Modelled 0.15 2.3 0.6 1.1
Limit value  (2000/69/EC by 2005) 8.6 (10mg/m’)
UAT 6.0  (70% of limit)
LAT 4.3  (50% of limit)
99.8"%ile
NO; (ppb) | Measured 9.9 53.7 254 43.2
Meas.£50%  5.0-14.9 26.9-80.6 21.6-64.8
Modelled 16.6 60 40 50
Limit value  20.4 (40pug/m’) 102 (200pg/m’)
UAT 71 (70% of limit)
LAT 51 (50% of limit)
1999/30/EC [<18 exceedances p.a.] By 2010

Table 3.1: Measured and modelled CO and NO;

NO, rises with traffic after 05:00. Traffic continues to rise until its morning peak at 09:00 but NO,
decreases after its morning peak at 08:00, as conditions are no longer stable. From the trough at
14:00, NO, concentrations rise to an evening peak, which is maintained from 19:00 to 22:00. The
diurnal variation in weekday traffic is reflected in the diurnal variation of NO, concentration except
that NO, concentrations remain high for several hours after the traffic source has decreased.

The predicted peaks coincide with the morning and evening traffic peaks, but the model cannot
predict the high CO and NO, concentrations after 20:00, which may be due to stable conditions
rather than the immediate traffic source, and also due to photochemical effects in the case of NO,.

Background concentrations of CO

Since CO is inert the background concentration can be added before or after modelling. Modelling
CO with a background concentration of 0 ppm gives the diurnal variation in CO due to the traffic
source. The predictions are always lower than the measured concentrations, but still fall within 50%
of the measured concentrations from 08:00 to 22:00.

From the diurnal and directional averages (Figures 3.5 and 3.6), the measured concentration of CO
never falls below 0.2 ppm. Taking this as the background concentration gives predictions that
overestimate CO by more than 50% from 13:00 to 20:00, when traffic is flowing strongly.

The difference between the mean measured CO (0.27 ppm) and mean predicted CO (0.15 ppm) is
0.12 ppm. Taking this as the background value ensures that the mean modelled CO concentration
agrees with the mean measured CO concentration. However, the resultant predicted diurnal profile
also falls within £50% of that measured. The model overpredicts the afternoon and evening CO
concentration, whereas it underpredicts the overnight CO concentration.

Background concentrations for NO, modelling

The background values for NO and NO, were the lowest permitted by the model. These background
concentrations may be conservative since they overestimate the ambient conditions as measured. At
least half of both diurnal and directional NO, concentrations were measured as less than 0.01 ppm
(equivalent to 10 ppb).

Annual statistics

The predicted annual mean, maximum and 95"%ile of hourly CO concentrations and the maximum
eight-hour running average CO concentration all lie within +50% of the measured values. The
closest agreement is for the 95"%ile of the annual average of hourly CO concentrations. As
predicted by the model, CO concentrations measured at this site are well below even the Lower
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Assessment Threshold of 4.3 ppm (eight-hour running average), even with the addition of a
conservative background concentration of 0.2 ppm.

The predicted annual mean of hourly NO, overestimates that measured. A conservative prediction
errs on the side of caution but may result in unnecessary monitoring. The predicted annual
maximum and 95"%ile of hourly NO, concentrations lie within £50% of the measured, as does the
regulatory 99.8"%ile (equivalent to no more than 18 exceedances per annum: 18/[365%24]=0.2%).
As predicted by the model, NO, concentrations measured at this site are just below the Lower
Assessment Threshold of 51 ppb (99.8"%ile), even with conservative background concentrations of
NO and NO,.

Conclusions

CO background concentration can be calculated after modelling (using a background concentration
of 0 ppm CO) from the difference between the means of hourly measurements and predictions.
CALINE4 then overpredicts CO concentrations under unstable or neutral conditions, but
underpredicts CO concentrations when conditions are stable.

CO concentrations decrease during the hours of unstable or neutral conditions (from 09:00 to 16:00)
despite relatively high volumes of traffic.

The predicted peaks coincide with the morning and evening traffic peaks, but the model cannot
predict the high CO and NO, concentrations observed after 20:00, which may be due to stable
conditions rather than the immediate traffic source, and also due to photochemical effects in the case
of NO,.

The model cannot predict the high concentrations observed for north easterly winds since they are
not due to the roadway source. North easterly winds rarely occur but frequently coincide with very
low wind speeds and stable conditions.

Higher concentrations are predicted for near parallel wind directions than for cross winds, due to the
larger area of roadway over which the traffic is “upwind” of the receptor and the longer passing time
during which pollutants can be emitted.

The accuracy of predictions is highly dependent on the background concentration assumed.

CALINE4 predictions for comparison with the regulatory limit values (annual maximum eight-hour
running mean for CO and 99.8"%ile for NO,) were within £50% of the measured values.
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Abstract

In a comprehensive environmental assessment study, the air quality in the city of Graz was
investigated using a network of air quality monitoring stations as well as passive samplers, and by
applying the Lagrangian dispersion model GRAL. The dispersion model has a special treatment of
low wind speed conditions and is therefore well suited for areas with frequent calm wind conditions.
Both the observations and simulations reveal that the annual mean concentrations of NO, exceed
40 ug/m?* (EU daughter directive 99/30/EC) in large parts of the city. Maximum daily mean
concentrations of PM10 were recorded higher than 150 ug/m?°. Good agreement was found between
observed and modelled NO; concentrations, while the model suggests a share of 20-30 % of primary
emitted PM10 by vehicles on the total observed PM10 concentrations. Predictions of future NO;
concentrations levels suggest that 40 ug/m? will only be exceeded in the vicinity of major streets due
to improvements in the vehicle’s emissions.

Keys-words: environmental assessment study, GRAL, air quality, EU daughter directive.

Introduction

The city of Graz, the second largest city in Austria, situated in a basin south of the Alps, suffers
from bad air quality due to frequent low wind speed conditions. For instance, wind speeds below
1.5 m s prevail for more than 85 % of the year. Especially in the south of Graz, traffic increases fast
due to new companies and shopping centres. In addition, the A2, a major highway, passes this part
of the city owing a mean daily traffic of 55,000 vehicles with a 12 % share of heavy duty vehicles.
As there exist many residential areas in this part of the city, it was necessary in the frame of an
environmental assessment study to investigate the current and future air quality due to traffic
emissions.

1 - Method

Based on traffic prognoses for the current state and a future scenario in 2015, the traffic emissions
and subsequently the impact on air quality was assessed. Due to the frequent calm wind situations, it
was decided to apply the Lagrangian dispersion model (LDM) GRAL, which has a special treatment
of low wind speed conditions. In contrast to other LDMs assuming an exponential Lagrangian
autocorrelation function in the Langevin equation, autocorrelation functions with a negative lobe are
simulated with GRAL for low wind speed conditions. Such peculiar autocorrelation functions were
reported by different authors (e.g. Hanna, 1983 or Frenkiel, 1953), but used for the first time in
GRAL (Oettl et al., 2001) for dispersion modelling. GRAL uses a time-step probability density
function (PDF) with uniform distribution (Wang and Stock, 1992) in the Langevin equations for the
horizontal wind components. This means that random time-steps and a negative intercorrelation
parameter for the horizontal wind components are used.

w(t+At)=p,u'@)+o,1-p, % (1)
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V(e+an,)=p, v ()+o, 1-p," x )
x(t+At, )= x()+ G +u"(c + Az,)) A, (3)
y(e+ Az, )= (@ )+ G +v'( + Az,))- Ar, (4)

Here, u' and V' are the velocity fluctuations for the along and cross-wind component, o, and o,
are the standard deviations of the wind velocity components, ) are random numbers with zero
mean and a standard deviation equal to one and a Gaussian probability density function (p.d.f.), p,
and p, are the so-called intercorrelation parameters, At, is a random time-step, for which the

horizontal velocity fluctuations remain constant, # and v are the mean Eulerian velocities in x and
y direction, and u" and V" are the velocity fluctuations obtained by transformation of the along and
cross-wind components (eq.(1) and (2)) in the x and y direction.

For p,,=0.9, eq. (1) and eq. (2) are identical with the classical Langevin equation without drift

correction (Wang and Stock, 1992), which satisfies the well-mixed criterion (Thomson, 1987) in
one-dimensional, stationary and homogenous turbulence.

For negative intercorrelation parameters the autocorrelation functions of eq. (1)-(2) get a negative
lobe (see Fig. 10 in Wang and Stock, 1992). It was shown that a negative lobe in the Lagrangian
autocorrelation function results in larger plume spreads compared to the classical approach, where
an exponential decrease of the autocorrelation function is assumed (Oettl et al., 2001), and hence
lower concentrations result in the vicinity of pollutant sources.

The investigated area covers approximately 45 km?. In order to be able to assess the air quality close
to the streets a resolution of 20x20 m? was used in the model. The street network comprises all
major streets with a total length of 68 km. Roads were segmented into more than 1100 parts to
account for changes in traffic flow, street orientation, driving conditions or other features (e.g. noise
abatement barriers, dams, etc.).

Meteorological data were recorded with a sonic anemometer mounted on a 10 m high mast and a
device observing the differences between solar incoming and terrestrial outgoing irradiation. The
latter was used to derive stability classes according to Austrian standards. For convenience,
homogenous wind and turbulence conditions were assumed in the horizontal to be able to apply a
classification scheme for the wind speed, wind direction, and stability class. This resulted in a time-
series of classified meteorological conditions. To account for the daily variability of traffic
emissions, an average cycle for the traffic flow was assumed for all streets as a first approximation.

Emissions for passenger cars (PC) were computed according to the Austrian handbook of emission
factors (Ministry for environment, youth, and family - Austria, 1997), while emissions for heavy
duty vehicles were estimated utilizing new emissions factors derived recently in course of the
ARTEMIS project (Hausberger, 2002).

Conversion rates from NO to NO, were computed with an empirical relationship between NO, and
NO, as given in Romberg et al. (1996).

2 — Results

In Austria there exist air quality standards for the annual mean NO,-concentrations and the half-
hourly maximum NO,-concentration. Figure 1 depicts a comparison between observed and predicted
annual mean NO,-concentrations. As can be seen in most cases the predictions are within +/- 15 %
of the observations. At two passive sampler sites the model overestimates concentrations by 30 %.
As expected, the model is not able to predict the maximum half-hourly NO,-concentration with
equal quality (Figure 2). This can be reasoned with large uncertainties regarding the possible
influences leading to peak NO,-concentrations. These are for instance, the conversion rate from NO
to NO, or peaks in traffic emissions due to e.g. hold ups, etc. Especially, at one site GRAL
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overestimates the peak concentration by more than 50 %.

Both observations and simulations reveal, that the threshold value for the annual mean NO,-
concentrations of 40 yg/m? as proposed in the EU-daughter directive (99/30/EC) is exceeded at
certain sites. There is also an exceedence of the national threshold value for peak NO,-
concentrations, which is 200 g g/m3.

The spatial distribution annual mean NO,-concentrations as modelled with GRAL is shown in
Figure 3. The numbers indicate the sampling sites for NO,. As can be seen 40 yg/m3 are exceeded in
most parts of the investigated area. Especially the highway is the major source for air pollution in
this region. It was also interesting to note, that east of the highway intersection concentrations are
significant lower than west of the intersection. Most probably this is due to the construction of the
highway on a 5 m high dam east of the intersection.
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Figure 1:  Comparison of observed vs. predicted annual mean NO,-concentrations.
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Figure 2:  Comparison of observed vs. predicted maximum half-hourly NO;-concentrations.
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Om 500m

Figure 3:  Modelled annual mean NO,-concentrations for the present state in the south part of the
city of Graz (air quality monitoring stations correspond to numbers 1-5, and passive
sampler sites correspond to numbers 6-9).
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While the model suggests, that the total observed NO,-concentrations result from local traffic,
simulations for PM10 reveal, that the share of primary emitted PM by the local traffic on the total
observed PM10-concentrations is only between 20 — 30 %. Currently, there is large uncertainty
concerning the possible formation of secondary PM10 due to chemical processes. Thus, no
assessment for secondary PM 10 was performed in this study.

Simulations for the year 2015 based on possible future traffic scenarios in the region and taking into
account new emission standards for vehicles coming up 2005 (EURO 4) and 2008 (EURO 5)
suggest, that the annual mean NO,-concentrations exceed 40 pg/m3 only close to the highway.
However, the national threshold value for annual mean NO,-concentrations, set to 30 yg/m3 with
beginning of 2012, will be exceeded in several residential areas, which certainly needs a careful
discussion on possible future economical growth and traffic related strategies in this area.

Conclusions

Traffic related air pollution, especially in cities with considerable economical growth, is an
important issue for establishing strategies for street traffic. Most critical seem to be NO, and PM10
with respect to a possible exceedence of national or European wide air quality guidelines. It was
shown in this study, that sophisticated traffic, emission, and dispersion models are necessary to
adequately support the development of traffic plans. Here, the Lagrangian dispersion model GRAL
was applied, as the city of Graz faces frequent low wind speed conditions, which need a special
treatment. Furthermore, the Lagrangian approach allows for a very detailed resolution of the
concentration patterns, which is essential close to streets.

While NO,-concentrations could be captured reasonably well by the modelling system (traffic,
emissions, dispersion, meteorology), there is currently no practical approach available to model e.g.
the secondary formation of PM10 from vehicle exhausts. Here, future research is strongly needed to
be able to provide reasonable answers for city planners.
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Résumé

L’automobile, par ses rejets de précurseurs (COV et NOx notamment), contribue fortement a la
production de [’ozone. La surveillance de ce polluant est assurée en France par un dispositif qui en
2003 comportait 415 sites fixes de mesure gérés par 40 Associations Agréées de Surveillance de la
Qualité de 'Air (AASQA). Les données de I’ensemble de ces stations sont collectées au sein d’une
base nationale des données de qualité de [’air (BDQA), gérée par ’ADEME et qui permet de faire
un bilan de [’ozone en France sur les dix derniéres années ainsi qu’une cartographie nationale en
utilisant des méthodes géostatistiques.

Mots-clefs : ozone, pollution photochimique, qualité de I’air, cartographie, géostatistique

Abstract

Road transport and air pollution: national cartography of pollution by ozone in France
Photochemical pollution designates a complex mixture of pollutants formed chemically in the air, by
the effects of ultra-violet solar radiation, from various precursor compounds emitted particularly by
natural sources and human activities: nitrogen oxides, volatile organic compounds, carbon
monoxide. Motor traffic is thus one of the main causes of emission of ozone precursors in France.
Like other European countries, France is regularly subject to episodes of photochemical pollution
manifested by high levels of ozone in the troposphere. Ozone constitutes one of the priorities of the
CAFE (Clean Air For Europe) programme for the preservation of air quality in Europe, leading in
particular to stricter statutory thresholds. Ozone surveillance is carried out in France by a system
which in 2003 consisted of 415 fixed measuring sites operated by 40 Approved Associations for
Surveillance of Air Quality (AASAQ). The paper will present work in France on ozone from the air-
quality data base (AQDB), managed by ADEME, and will be based on an evaluation of exceedance
of statutory thresholds, and an evaluation of the last 10 years. An innovative method of ozone-
pollution mapping on a national scale, based on annual averages of the ATMO network, assisted by
geostatistical methods, will also be presented. Geostatistics is regularly used nowadays to map
atmospheric pollution at a local and regional level, particularly within the AASAQ. The value of
geostatistics lies in its capacity to refine the pollutant mapping by taking into account auxiliary
information (cofactors) linked to the pollutant concentration, thus partially compensating for locally
poor coverage of the territory by the fixed measuring stations. In the case of ozone, these different
cofactors are: the altitude, the typology of the station or the land use, using Corine Land Cover
managed by IFEN.

Keys-words: surveillance, air quality, photochemical pollution, ozone, ATMO network, geostatistics,
cokriging, co-factor, mapping, exposure.

Introduction

La pollution photochimique désigne un mélange complexe de polluants formés chimiquement dans
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l'air, sous l'effet du rayonnement solaire ultra violet, a partir de divers composés précurseurs émis
notamment par des sources naturelles et les activités humaines : oxydes d'azote, composés
organiques volatils, monoxyde de carbone. Le trafic automobile est ainsi 1'un des principaux
responsables des émissions des précurseurs de 1’ozone en France. L'ozone et les polluants
photochimiques présentent des risques pour la santé de I'homme, et peuvent contribuer a I'apparition
de dommages sur la végétation et les matériaux. Enfin, I'ozone contribue a l'accroissement de 1'effet
de serre car ce gaz absorbe en partie la chaleur rayonnée par les sols. Il constitue I'une des priorités
du programme CAFE (Clean Air For Europe) en matiere de préservation de la qualité de l'air en
Europe entrainant notamment une sévérisation des seuils réglementaires. La réglementation actuelle
comporte un seuil d'information du public lorsque les niveaux d'ozone dépassent 180 micro
grammes par metre cube d'air en moyenne horaire, et un seuil d'alerte lorsque les niveaux dépassent
360 micro grammes par metre cube d'air en moyenne horaire.

1 — Bilan de I’0zone en France

La surveillance de 'ozone est assurée en France par un dispositif qui début 2003 comportait 415
sites fixes de mesure gérés par 40 Associations Agréées de Surveillance de la Qualité de I’Air
(AASQA). Cette surveillance de terrain est complétée par des outils de modélisation numérique qui
permettent de réaliser des prévisions a court terme des épisodes de pollution photochimique. La
surveillance de 1’ozone permet 1’acquisition d’un grand nombre de données, archivées au sein des
AASQA et dans une base de données de la qualité de I’air, gérée par ’ADEME, utiles notamment
pour ’analyse, sur un historique de 10 ans, des épisodes de pollution mais aussi de la pollution de
fond.

Nbre de sites de mesure d'O3

—&— Nbre de sites de mesure d'O3 ayant enregistré un
dépassement du seuil : 180 ug/m3/h
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Figure I :  Nombre de sites mesurant [’ozone et nombre de sites ayant enregistré un dépassement
du seuil 180ug/m3
Figure 1 :  Number of ozone station with an exceedance of the 180pg/m’ threshold

Comme d'autres pays, la France est réguliecrement soumise a des épisodes de pollution
photochimique se traduisant par des niveaux élevés d'ozone dans la troposphere. L'amplitude, la
durée, et 1'extension spatiale des phénomenes de pollution photochimique dépendent largement des
situations météorologiques, et notamment de 1'ensoleillement et de la nébulosité. La climatologie de
I'ozone est donc tres variable d'une année a l'autre, indépendamment des fluctuations qui peuvent
étre liées par ailleurs aux variations des émissions de polluants par les activités humaines ( transport
notamment) ou les sources naturelles (les foréts émettent en particulier des composés organiques qui
concourent a la production d'ozone).

Une évolution de 1991 a 2002 des épisodes de pollution photochimique est présentée en figure 1.
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Nbre d'heures de dépassement du seuil : 180 pg/m3/h
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Figure 2. Nombre d’heure de dépassement du seuil 180ug/m3 et maximum horaire enregistré
. 3
Figure 2:  Number of hour concerned by exceedances of the 180ug/m” threshold and hourly

maximum data

Parmi les 415 sites de mesure, 37 stations ont un historique de plus de 11 ans et montrent une légere
tendance a la hausse des médianes des moyennes annuelles, alors que les autres indicateurs
statistiques ne présentent pas d’évolution significative sur la période 1991-2002 (figure 3).

Figure 3 :

Figure 3:

Evolution des concentrations moyennes d'ozone
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Distributions de moyennes arithmétiques annuelles d’ozone sur 37 stations du
territoire (en microg/m3) ayant 11 ans de mesures continues.
Distribution of ozone arithmetic mean over 37 stations with 11 years of measure

Les concentrations en ozone de fond ont tendance a augmenter alors qu’il y a une grande variabilité
sur les valeurs plus élevées, I’ozone étant treés dépendant des conditions météorologiques rencontrées
d’une année a I’autre.
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2 — Cartographie nationale des moyennes annuelles en 2001

La géostatistique est aujourd’hui régulierement utilisée pour cartographier des pollutions
atmosphériques au niveau local et régional, notamment au sein des AASQA. Son intérét dans le cas
présent repose sur la capacité des techniques géostatistiques a :

affiner la cartographie du polluant en prenant en compte des variables auxiliaires liées a la
concentration en polluant, palliant ainsi une couverture localement pauvre du territoire par les
stations de mesure ;

prendre en compte, lors de la cartographie, les différentes échelles de structuration spatiale de la
pollution : localisée, régionale voire nationale

fournir, en plus de I’estimation des concentrations en polluants une carte d’incertitude liée a cette
estimation (écart-types de krigeage).

Dans cette étude, seules les stations urbaines, périurbaines et rurales régionales et nationales,
constituant 291 stations de fond, ont été utilisées, les autres stations de proximité n’ayant pas a
rentrer en compte pour une cartographie de la pollution annuelle de fond en ozone.

Afin de bien cartographier la pollution par I’ozone en utilisant les données issues des stations du
réseau ATMO, la recherche de cofacteurs liés a cette pollution est trés importante. Les différents
cofacteurs utilisés pour affiner la cartographie ont été 1’altitude ainsi que 5 postes de la base Corine
Land Cover (CLC), gérée par I'IFEN (sur les 44 possibles), en raison de leurs liens potentiels avec
la physico-chimie de I’ozone. Ces 5 postes sont les suivants :

111 : tissu urbain continu ; 112 : tissu urbain discontinu ; 121 : zones industrielles et commerciales ;
122 : réseaux routier et ferroviaire et espaces associés ; 312 : forét de coniferes.

Plusieurs combinaisons des cofacteurs ont été envisagées. Nous discutons ici les résultats obtenus a
partir d’une régression linéaire multiple, qui vise a expliquer au mieux les concentrations d’ozone
observées a partir des cofacteurs.

Cette combinaison linéaire des cofacteurs, explicable physiquement, présente une corrélation non
négligeable avec les concentrations en ozone.
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Figure 4 :  Nuage de corrélation entre concentration en ozone et la combinaison linéaire des
cofacteurs issue de la régression linéaire multiple.

Figure 4:  Scatter diagram between ozone concentrations and the linear combination of cofactors
obtained through a multilinear regression.
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A T’issue de cette réflexion sur les données, plusieurs techniques de cartographie ont été proposées,
tout d’abord a partir des concentrations en ozone seules :

une interpolation classique par inverse des distances quadratiques (IDQ), technique rapide servant
de référence par rapport aux techniques géostatistiques,

un krigeage ordinaire, obtenu grice a une modélisation de la structure spatiale des concentrations en
ozone ; ce krigeage donne acces aux écart-types de krigeage, qui permettent la reconnaissance
qualitative des zones du territoire qui sont sous-échantillonnées, I’estimation des concentrations y
étant par conséquent de moins bonne qualité.

L’intégration des cofacteurs a ensuite été envisagée par différents cokrigeages colocalisés avec :
I’altitude moyenne, un facteur issu d’une analyse en composantes principales, la combinaison
linéaire des cofacteurs conduisant a la meilleure corrélation avec les concentrations en ozone et
enfin ’ozone provenant des stations rurales, ajouté au krigeage des résidus urbains.

Ces techniques conduisent a une amélioration de la qualité de 1’estimation, les écart-types obtenus

étant inférieurs a ceux obtenus lors du krigeage ordinaire. L’importance relative donnée aux
différents cofacteurs varie selon la technique.

Finalement, dix jeux de validation ont été choisis aléatoirement afin d’évaluer la qualité des
différentes cartographies. Les erreurs quadratiques moyennes entre concentrations vraies (aux points
de validation) et estimées, calculées pour chaque jeu de validation et chaque technique d’estimation,
montrent des résultats significativement meilleurs pour le cokrigeage colocalisé des concentrations
en ozone avec la meilleure combinaison linéaire.
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Figure 5 : Estimation de la concentration moyenne annuelle (2001) en ozone par cokrigeage
colocalisé avec la meilleure combinaison linéaire de I’altitude moyenne et des postes
CLC.

Figure 5: Estimation of the 0zone mean concentration over 2001, obtained by colocated cokriging
with the best linear combination of the cofactors.
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Figure 6 : Ecart-types de |’erreur de cokrigeage colocalisé de la CMA en ozone avec la meilleure
combinaison linéaire (postes CLC et altitude moyenne).

Figure 6: Standard deviation of the error of colocated cokriging of mean ozone concentrations with
the best linear combination of the cofactors.

Conclusion

Ce bilan sur I’ozone en France souligne toute 1I’importance que doivent avoir des programmes de
préservation de la qualité de I’air comme CAFE afin de diminuer les niveaux rencontrés sur nos
régions. Les dépassements du seuil réglementaire de 180 xg/m’ en moyenne horaire restent trés
dépendants des situations météorologiques rencontrées alors que les niveaux de fond semblent avoir
tendance a augmenter sur ces dix dernieres années, I’0zone contribuant a 1’accroissement de 1’effet
de serre.

Le travail effectué sur la cartographie des concentrations moyennes d’ozone en France permet de
conclure au réel intérét des techniques géostatistiques multivariables, qui permettent de combiner de
facon pertinente les différents cofacteurs disponibles. L’utilisation de [1’altitude semble
incontournable, mais est surpassée dans certains cas par les techniques combinant altitude et postes
CLC. La technique la plus satisfaisante semble étre la recherche de la meilleure combinaison
linéaire et son utilisation par cokrigeage colocalisé. Néanmoins, le choix selon des criteres
statistiques d’une méthode de cartographie ne doit pas devancer ’avis de 1’expert: en effet, la
cartographie des concentrations moyennes annuelles en ozone doit avant tout étre physiquement
plausible et réaliste.

Ce travail de cartographie permet ainsi de dénombrer les populations soumises a des seuils pour une
évaluation des risques sanitaires et peut servir également d’outil d’aide a la décision en matiere de
gestion de la qualité de I’air.
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Résumé

Le krigeage, méthode d’interpolation géostatistique, propose une solution simple et optimale pour
fournir une carte des valeurs spatialisées ou champs de pollution a partir de mesures ponctuelles.
Les informations a prendre en compte sont nombreuses et concernent les émissions, [’occupation du
sol ou des variables d’environnement. Les techniques de krigeage avec dérive externe prennent en
compte ces cofacteurs en les considérant comme liés linéairement a la dérive de la pollution. En
combinant les techniques statistiques d’analyse multivariable au krigeage avec dérive externe, on
aboutit a une méthodologie pertinente et opérationnelle. La démarche se déroule en trois temps.
Une analyse en composantes principales de [’ensemble des cofacteurs permet de retenir un nombre
limité de facteurs restituant au moins 80% de la variance.

La deuxieme étape est une régression linéaire multiple entre un polluant donné et les facteurs
précédents. Cette opération combinée a un test itératif de Student conduit a sélectionner les
variables auxiliaires les plus significatives d’un point de vue statistique. Les cofacteurs ainsi
sélectionnés peuvent varier selon le polluant considéré. La derniére étape consiste en un krigeage
avec deérive externe a partir des mesures de pollution.

Mots-clés : qualité de |’air, tubes a diffusion, krigeage avec dérive externe, analyse en composantes
principales, régression linéaire multiple.

Abstract

For a methodology of air-pollution mapping integrating the essential points of the explicative
factors.

A map of pollution values based on selective and dispersed measurements must verify the two
criteria of accuracy and precision. The method of geostatistical interpolation, called kriging, offers
a simple and optimal solution. The kriging variance then serves as an indicator of the quality of the
estimation. However, if further reduction in the kriging variance is desired, more information must
be supplied. Before proceeding with a new measurement campaign, it is therefore natural to first
consider using the information which indirectly influences the spatial distribution of pollution. This
information is relatively plentiful and also concerns emissions, land use or environmental factors
such as topography or meteorology.

Kriging techniques with external drift take these co-factors into account by considering them as
linearily linked to the pollution trend. However, the number of drift functions needs to be limited, or
the usefulness of kriging is reduced until it becomes no more than a classical linear regression. By
combining the statistical techniques of multi-variable analysis with kriging with external drift, a
pertinent and operational methodology is obtained. The procedure thus takes place in three steps.
Firstly, an analysis into principal components of all the co-factors makes it possible to retain a
limited number of factors so that at least 80% of the variance is kept.

The second stage (step) consists of a multiple linear regression between a given pollutant and the
previous factors. By applying iteratively a Student test the signification of each factor of the
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elaborated variable can be determined, then only the co-factors having a significant ratio to the
variable are retained. The remaining co-factors change from one element of pollution to another.
The final stage (step) is then kriging with external drift based on pollution measurements. This
methodology applied to mapping of NO, and CsHj for the Mulhouse urban area gave encouraging
results for data obtained from a measurement campaign using passive diffusion tubes.

Key words: air quality, passive samplers, kriging with external drift, principal components analysis,
multiple linear regressions.

Introduction

En France la loi sur I’air du 30 décembre 1996 et ses textes d’application recommandent de
connaitre la qualité de I’air en tout point du territoire. Cette connaissance de la qualité de ’air en
tout point d’une région donnée, c’est-a-dire en dehors de sites instrumentés, implique le recours a
une méthode de spatialisation des données performante et adaptée. Une utilisation rationnelle et
objective de I’ensemble des parametres qui influent sur la diffusion du polluant constitue un enjeu
de premigre importance.

1 - Krigeage ordinaire

Le krigeage ordinaire est un interpolateur linéaire qui prend en compte les corrélations spatiales dans
la pondération des données. En ce qui concerne la pollution par le dioxyde d’azote (NO,), I’analyse
des données et particulierement le variogramme montre que la pollution mesurée en un point a une
influence jusqu’a une distance de plusieurs kilometres.
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Figure 1 :  Experimental variogram of the NO; concentration and fitting by a model (model

fitting).
Figure 1 :  Variogramme expérimental de la concentration en NO, et ajustement d’un modéle.

2 - Krigeage avec dérive externe

Le modele précédent considere que la pollution est un phénomene stationnaire de moyenne
constante. Cette représentation du phénomene est lé€gitime dans la mesure ou I’interpolation a
proximité d’un site sera fortement attirée par la valeur mesurée en ce point. La carte obtenue
reflétera les variations des niveaux de pollution dans la zone considérée. Toutefois le krigeage en un
point plus éloigné des données se rapprochera de la moyenne générale des données. Ceci est
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critiquable et peut étre améliorée par I’introduction d’autres informations qui ont un lien direct ou
indirect avec la pollution. C’est ce qu’il est possible de réaliser en adoptant un modele différent,
cette fois non stationnaire, qui consideére que la pollution peut étre représentée par la somme d’une
fonction de dérive et d’un résidu stationnaire. La géostatistique fournit une réponse rigoureuse a
I’interpolation d’une telle variable, appelée krigeage avec dérive externe. L’application de cette
technique requiert toutefois que la dérive de la variable pollution soit une fonction linéaire des
variables dérives externes.

Une premicre tentative consiste a choisir empiriquement les parameétres, ou co-facteurs, les plus
significatifs, c’est a dire ceux dont on pense qu’ils influent prioritairement le phénomene de
pollution. Cette démarche heuristique n’est validée que par le résultat final sur la qualité des cartes
obtenues et nullement par une recherche rigoureuse et objective de ces co-facteurs.

La comparaison des cartes obtenues avec les 2 modeles (stationnaire et non stationnaire avec 2
dérives externes liées a la densité de population et aux émissions de NOx) montre que le second
rend mieux compte de ’influence de parametres externes, en particulier aux abords des principaux
axes routiers qui sont a 1’origine d’importantes émissions en polluants.

Krigeage NOZ

52%20.

Y oikm)

5280.

Figure 2:  Cartes de NO, obtenues par krigeage ordinaire et krigeage avec 2 dérives externes
Figure 2:  Maps of NO; obtained by ordinary kriging and kriging with 2 external drifts.
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Figure 3:  Nuages de corrélation valeurs vraies/valeurs estimées issues de la validation croisée
des données a ’aide du krigeage ordinaire ou du krigeage avec dérive externe.

Figure 3:  Scatter diagrams actual values/estimated values obtained after the cross-validation of
the data by ordinary kriging or kriging with external drift.

L’avantage du deuxieme modele est clairement démontré par la validation croisée des données et
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encourage donc a approfondir le choix d’un modele avec dérive le plus approprié. La validation
croisée consiste simplement a interpoler a 1’aide du modele choisi chaque point de donnée a I’aide
des autres données. Le nuage de corrélation entre les valeurs estimées et les valeurs mesurées
montre, dans cet exemple, que les dérives permettent de réduire sensiblement les erreurs
d’interpolation.

3 - Recherche systématique des co-facteurs les plus significatifs

Nous avons recensé 17 variables explicatives de la pollution observée dans 1’agglomération de
Mulhouse et des communes avoisinantes :
e 8 variables caractérisant 1’occupation du sol : bati dense, bati lache, industries, types de
végétation/cultures.
e 7 variables d’émissions : NOx, Benzéne, COV non méthaniques, particules, SO,, CO, benzo-
pyrene.
* la densité de population.
¢ [altitude.

Une premiere étape consiste a rechercher un nombre réduit de facteurs qui permettent de rendre
compte approximativement de 1’ensemble de I’information initiale. C’est ’objet de 1’analyse en
composantes principales.

On a ainsi effectué 1’analyse en composantes principales sur I’occupation du sol, ce qui a permis de
retenir 5 facteurs pour une restitution de 86% de la variance. Ces facteurs peuvent étre interprétés
par rapport a I’espace biti, la végétation dominante, les cultures dominantes, les zones d’activités et
un type d’essence forestiere particulier correspondant aux coniféres. L’analyse en composantes
principales des émissions a permis de ne retenir que 2 facteurs restituant 80% de la variance. Ces
facteurs sont liés au trafic d’une part et a la pollution industrielle d’autre part.
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Figure 4 :  Nuage de corrélation valeurs vraies/valeurs estimées issues de la validation croisée
des données a l’aide du krigeage avec dérives externes résultant de [’analyse
statistique multivariable.

Figure 4 :  Scatter diagram actual values/estimated values obtained after the cross-validation of
the data kriging with the external drifts chosen from the multi-variate statistical
analysis.

La deuxiéme phase de 1’étude consiste a examiner pour un polluant donné (ici NO,)quels sont les
facteurs explicatifs les plus significatifs d’un modele simple de régression linéaire multiple.
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NO, = By + B, X, + By X, + B X, + B, X, + Bs X5 + B X + B, X, + By X + By X,

avec X, a X, facteurs li€s a 1’occupation du sol, X, et X, facteurs li€s aux émissions X la densité de
population et X, I’altitude.

L’application d’un test itératif de Student permet de sélectionner 4 coefficients . considérés
comme significatifs au seuil de 5%. Le modele finalement retenu pour cartographier NO, peut
s’écrire de la fagon suivante :

NO, =B, + B, X, + B X + B X + By Xy + Résidu

Ce modele peut alors étre utilisé pour effectuer le krigeage avec dérive externe. Pour le mettre en
ceuvre il faut d’abord choisir un modele de corrélation spatiale non stationnaire que 1’on peut
également introduire dans une procédure de validation croisée.

Pour réaliser I’interpolation par krigeage avec dérive externe, il est en outre nécessaire de disposer
des valeurs numériques des fonctions de dérives aux points de données et aux noeuds de la grille ou
I’on effectue I’interpolation. Pour ce qui concerne les facteurs résultant de 1’analyse en composantes
principales, il suffit d’appliquer la matrice de transformation qui permet de passer des variables
initiales aux facteurs.
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Figure 5:  Carte de NO; obtenue par krigeage avec 3 dérives externes (type de bdti, population,
altitude).

Figure 5: Map of NO, obtained by kriging with 3 external drifts (type of construction,
population, elevation).

Conclusion

La méthode d’interpolation géostatistique adoptée pour reconstituer les champs de concentration de
pollution de fond sur les communes du SIVOM de I’agglomération mulhousienne a permis d’obtenir
une cartographie réaliste dont la précision peut €tre quantifiée. L’analyse statistique multi-variable
préliminaire enchalnant une analyse en composantes principale des variables explicatives et une
régression linéaire multiple aide a faire un choix objectif et pertinent des variables considérées
comme des dérives externes dans le modele géostatistique. On aboutit ainsi a une utilisation plus
objective et rationnelle de ’ensemble des informations. L’implémentation informatique de cette
méthodologie au travers de procédures automatisées est actuellement en cours.
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Résumé

Les résultats de l'étude effectuée a l'aide d'un HVS-PM-10 équipé d'un cascadeur Andersen a quatre
étages dans la banlieue urbaine d'Alger, montrent que la pollution de [l'air ambiant par les
particules inhalables (PM-10) et les particules respirables (PM-3, PM-2,5 et PM-1) est trés élevée.
La teneur moyenne en PM-10 s'éléve a 81ug/m’. Avec une teneur de 41ug/m’, les particules
respirables PM-2,5 constituent en masse environ 51 % des PM-10. On reléve par ailleurs que plus
du 1/3 des PM-10 est constitué par la fraction trés fine des PM-1.

L'analyse des sulfates et nitrates montre que la composante acide représente, avec environ 24 % de
la masse des PM-3, un taux élevé des particules respirables. Ces particules acides se caractérisent
par une faible granulométrie: plus de 80% des sulfates et nitrates sont véhiculés par la fraction
respirable. L'exploitation des données recueillies a permis par ailleurs d'établir des corrélations
significatives entre divers paramétres mesurés.

Mots-clefs: Air, Pollution, trafic routier, PM-10, PM-2,5, PM-1, aérosol acide, sulfates, nitrates.

Abstract

Air pollution by fine particles (PM-10, PM-2,5 and PM-1) and acid aerosol evaluation in Algiers
in a site influenced by automobile emissions.

The purpose of the study is the determination of the ambient air pollution levels by inhalable
particulates matters (PM-10) and respirable particulates matters (PM-3, PM-2,5 et PM-1) in the
suburban area of Algiers. The acid component associated to this particulates matters was also
evaluated. Samples were taken near a significant road (trunk road with 2 directions, 4 ways,
approximately 25 000 veh./d) using a HVS-PM-10 equipped with a Sierra-Andersen cascadeur with
four stages. The results obtained over a period of 10 months of measurements show that pollution by
inhalable and respirable particles is very high. The average content of PM-10 rises to 81ug/m’. A
maximum of more than 100 ug/m’> was often exceeded. The respirable particles (PM-2,5) average
content is 41 ug/m’ which constitute approximately 51 % in mass of the PM-10. The ratio PM-
2,5/PM-10 is characteristic of an urban area influenced by the road traffic. Moreover, it is noted
that more of the third of the PM-10 is composed of the very fine fraction of PM-1.

The analysis of sulphates and nitrates shows that the acid component constitutes, with
approximately 24% of the mass of the PM-3, a high rate of the respirable particles. These acid
particles are characterized mainly by a low granulometry: 80% of sulphates and nitrates are
associated to the respirable fraction, the PM-2,5. Interesting correlations were made with various
measured parameters.

Key—words: Air pollution, road traffic, PM-10, PM-2,5, PM-1, acid aerosol, sulphates, nitrates

Introduction

Plusieurs travaux effectués ces dernie¢res années en Europe et surtout aux USA ont montré que, sur
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le plan sanitaire, les particules fines représentent en milieu urbain un indicateur majeur de la qualité
de I’air (Schroeder et coll., 1987; Jansen et coll., 1997; Chiron et coll., 1997). De nombreuses et
cohérentes études leur attribuent une forte responsabilité dans la survenue d’une vaste gamme
d’effets biologiques et sanitaires (Dockery et coll., 1993; Pope et coll., 1995). C'est ainsi que
plusieurs pays ont récemment révisé les normes existantes ou proposés de nouvelles
réglementations. Les sources des particules inhalables et alvéolaires ou respirables, leur nocivité et
la contribution des émissions automobiles, particulierement les émissions diesel, a la fraction tres
fine sont de nos jours bien connues, mais pour arriver a formuler une stratégie de prévention, il est
nécessaire d'avoir des données sur les niveaux et types de pollution, les composés qu'elles véhiculent
ainsi que les sources émettrices.

En Algérie ou l'urbanisation se développe rapidement, la dégradation de la qualité de l'air et les
nuisances sont déja percues. Des études récentes ont montré que le Grand Alger (3 millions
d'habitants, 600.000 véhicules) est, comme toute grande agglomération urbaine, confronté a une
intense pollution atmosphérique (Kerbachi et coll. 1998, 1999). La principale source d’émission est
le trafic routier. Aussi et en continuité aux travaux antérieurs effectués sur les particules inhalables
(Kerbachi et coll. 2000), nous avons étudié la pollution de I’air par les particules fines par classe
granulométrique et évalué les niveaux de pollution par les PM-10, PM-2,5 et PM-1 atteints a Alger
en site influencé par le trafic routier. La composante acide (sulfates, nitrates et ammonium) associée
a ces particules et sa contribution a la pollution globale a été également étudiée.

1 - Méthodologie

Les prélevements journaliers ont été effectués a 1’Ecole Nationale Polytechnique (ENP) dans la
banlieue sud-est a environ 10 Km du centre d'Alger. Le poste de prélevement est implanté sur la
terrasse des salles de cours a 4 m d'altitude et a 10 m du bord de la route nationale N°5. Cet
important axe routier est fréquenté par plus de 25000 véhicules/jour dont environ 15% de bus et
véhicules lourds diesel. Ce site exposé a la brise de mer subit une bonne ventilation naturelle. Pour
les prélevements par classe granulométrique, un échantillonneur a fort débit, le HVS-PM-10 de la
firme Graseby équipé d'un cascadeur Sierra-Andersen Modele 234 a 4 étages ( < lym, 1-1,5 ym,
1,5-3 pm, 3-72 ym et 7,2-10 ym) a été utilisé. Le débit de prélevement est de Im’/mn. Les
particules sont collectées sur des filtres en fibre de verre Whatman. Aprés extraction a l'eau
bidistillée, les sulfates et nitrates véhiculés par les fractions PM-10 et PM-3 sont analysés par
chromatographie ionique (Appareil Adionex dx100 détecteur Anion Micromembrane supressor-11).

2- Résultats et discussion

Etude et ampleur de la pollution par les particules fines

L'étude des particules a été effectuée sur une durée globale de 10 mois (de mai 2002 & mars 2003) a
raison de 7 a 8 prélevement par mois. Les mesures ont permis d'accéder au teneurs en PM-10,

PM-7, PM-3, PM-1,5 et PM-1. L'évolution temporelle des teneurs en PM-10, PM-3 et PM-1 ainsi
mesurées sont illustrées en figure 1. Le tableau 1 résume les teneurs moyennes et extrémes. On
releve que les teneurs journalieres varient dans une large fourchette. Ceci est du, d'une part aux
variations dans l'intensité du trafic routier, et d'autre part aux influences météorologiques. Les
teneurs moyennes en PM-10, PM-3 et PM-1 s'élevent respectivement a 80,9 u g/m3 ;43,1u g/m3 et

27,7 ug/m’ respectivement. A partir du graphe log/probabilité donnant le diamétre des particules en
fonction du pourcentage de la masse cumulée inférieur au diametre (Figure 2), on détermine que le
diametre ds, de la masse médiane s'éleve a 1,95um. Ce diametre est légerement plus élevé que celui
rencontré habituellement dans d'autres villes (Butler, 1979).
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Figure 1:  Evolution des PM-10, PM-3 et PM-1 mesurées a Alger
Figure 1:  Evolution of the PM-10, PM-3 et PM-1 levels measured in Algiers
Paramétres (pug/m’) PM-1 PM-3 PM-10
Min. 7,9 15,5 25,1
Max. 58,2 97,1 193,8
Moy. 27,7 43,1 80,9
Ecart-type 11,2 17,4 30,6
Tableau 1: Teneurs atmosphériques en PM-1, PM-3 et PM-10 mesurées a Alger
Table 1: Atmospherics levels of PM-1, PM-3 and PM-10 measured in Algiers

A partir de ce méme graphe, on détermine la teneur moyenne en particules respirables, les PM-2.5,
qui s'éleve a 41,3 ug/m’ , soit 96 % du taux des PM-3. La mesure expérimentale des PM-3 par le

cascadeur M234 permet ainsi d'accéder avec une bonne approximation aux teneurs en PM-2.5.

La répartition granulométrique des PM-10 illustrée en Figure 3 montre que les particules fines de
faible granulométrie sont prédominantes: la fraction alvéolaire (PM-2,5) constitue ainsi 51,1 % des
PM-10. La fraction tres fines (les PM-1) qui se dépose d'une maniere irréversible dans les poches

alvéolaires constitue plus du tiers des PM-10 et environ les deux tiers des PM-2,5.

Globalement, on constate qu'en ce site urbain influencé par les émissions du trafic routier, la
pollution par les PM-10 et PM-2.,5 est trés excessive. Les seuils limites en vigueur aux USA et en

Union Européenne (US-EPA, 1997; J.O.- CE, 1999) sont largement dépassés.

L'examen de 1'évolution des PM-1 en fonction des PM-3, montre qu'il y a une trés bonne corrélation
entre les deux classes de particules fines qui sont probablement de méme origine (figure 4). Une
corrélation moins prononcée est obtenue dans le cas de la relation PM-3/PM-10 (figure 5).

Ceci s'explique par le fait que dans les PM-10 interviennent aussi les particules de 1'écorce terrestre

et celles dues au phénomene de resuspension.
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Evaluation de 1'aérosol acide

Les teneurs atmosphériques en sulfates et nitrates déterminées dans la fraction soluble des PM-10 et
PM-3 sont résumées en tableau 2. Dans les PM-10 et PM-3, les teneurs moyennes en sulfates
s'élevent respectivement 2 5,5 et 4,4 ug/m’. Les niveaux moyens des nitrates associés aux PM-10
est de 3,5 ug/m’. Il est de 3,1ug/m’ dans la fraction PM-3. Le rapport sulfates/nitrates varie selon la
classe granulométrique de 1,4 a 1,7.

En supposant, comme cela a été formulé par plusieurs auteurs (Chow et coll., 1996, Sweet et coll.,
1998), que les sulfates et nitrates se trouvent principalement sous forme de (NH,),SO, et NH,NO;, le
calcul steechiométrique donne pour la teneur atmosphérique en ion ammonium 4,3ug/m’ pour la
fraction inhalable et 3,0 ug/m’ pour la fraction respirable.
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PM-3 PM-10
Parameétres SO, (pg/m’) NO; (ug/m’) SO, (ug/m’) NO;5 (ug/m’)
Min. 2,4 0,8 1,9 0,32
Max 10,1 7,6 12,2 8,8
Moy. 4,4 3,1 5,5 3,5
Ecart-type 2,2 1,9 2,1 2,1
Tableau 2: Teneurs atmosphériques en sulfates et nitrates dans les PM-3 et PM-10

Table 2:

L'aérosol acide constitue ainsi une fraction massique de 17,9 % dans les PM-10 et 24 % dans les
PM-3. La fraction respirable est ainsi plus riche en composants acides. La composition en
pourcentage massique de la fraction acide dans les fractions PM-10 et PM-3 est illustrée en figure 7.

Atmospheric levels of sulfates and nitrates in the PM-3 and PM-10 size fractions

Autres

PM-3 PM-10

Composition de l'aérosol acide dans les PM-3 et PM-10
Composition of the acid aerosol in the PM-3 and PM-10 size fractions

Figure 7:
Figure7:

Le rapport [SO,” Jpps/ [SO,™ Jomio S'€leve a 0,80. Pour les nitrates, ce méme rapport s'éleve a 0,82.
En d'autres termes, plus de 80% des sulfates et nitrates atmosphériques sont véhiculés par les
particules fines de moins de 3um qui pénetrent profondément dans les alvéoles pulmonaires. Des
résultats similaires sont obtenues dans diverses études décrites dans la littérature (Cheng et coll.,
1998).

Conclusion

L'étude a permis d'évaluer pour la premiere fois en Algérie les niveaux de pollution atteints par les
différentes classes granulométriques des particules fines. Les résultats montrent qu'en site urbain de
proximité, les teneurs atmosphériques en PM-10, PM-2,5 et PM-1, qui en moyenne s'élevent
respectivement a 81, 41 et 28 ug/m’ , sont excessives et dépassent largement les normes en vigueur
dans certains pays. Ces particules sont d'autant plus nocives que plus de 50% des PM-10 sont des
particules respirables. Ceci se traduit par un diametre de particule de la masse médiane de 1,95ym .
L'exploitation des données montre qu'il existe une corrélation linéaire entre les PM-1 et les PM-3
d'une part, et entre les PM-3 et PM-10 d'autre part.

La composante acide caractérisée par les sulfates, nitrates et ammoniums primaires et secondaires,
qui intensifie le pouvoir nocif des particules, constitue une fraction importante des particules
inhalables et respirables. Cette fraction s'éleve a environ 18% dans les PM-10 et 24% dans les

PM-3. On montre par ailleurs qu'il y a une répartition prédominante des sulfates et nitrates sur la
fraction alvéolaire. C'est ainsi que plus de 80% de ces ions sont associés aux particules fines de
diametre inférieur a 3um.

Il en résulte globalement que dans l'agglomération d'Alger, la pollution par les particules fines est
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inquiétante de part son ampleur et de part ses caractéristiques physico-chimiques. L'ampleur de cette
pollution résulte sans doute de la mauvaise combustion d'un parc automobile qui n'est pas fortement
diéselisé, mais agé, mal entretenu, dépourvu quasi totalement de pots catalytiques et roulant dans sa
presque totalité a I’essence plombée.
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Abstract

Instantaneous air-pollution levels were measured by vehicle on-board sensor devices on the
Metropolitan Expressway. Each vehicle’s position was traced via Global Positioning System (GPS)
and speed monitored. The nitrogen monoxide (NO), nitrogen dioxide (NO;) and particulate matter
(PM;g) showed 100, 2, and 2 times greater than their observed values at static air-quality
monitoring stations. Results showed a strong relationship between concentrations of air pollutants
and vehicle speeds. The high (low) concentrations of NO, NO,, and PM,y corresponds to the low
(high) vehicle speed. Air-pollution measurements using on-board vehicle sensors have also been
shown to be a calibration tool for traffic simulation.

Keys-words: air pollution, measurement, nitrogen oxide, suspended particulate matter.

Introduction

The Metropolitan Expressway Public Corporation introduced different tolls on parallel routes
(Yokohane Route and Bay Shore Route) to improve their vicinity’s residential environments. This
‘Environmental Road-Pricing’ is used to induce large vehicles on the Yokohane Route to use the
Bay Shore Route as shown in Figure 1.

Metropolitan Expressway

Tokyo Metroplitan )

% Showajima JCT “," h
HKawasaki City

Section where traffic velume + B

Section whose traffic volume needs
to be diverted onto other roads

Figure 1. Environmental Road Pricing on the Metropolitan Expressway.

Traffic simulation is normally performed in advance to evaluate this pricing. Traffic emissions are
estimated from average vehicle speed, traffic volume and composition. Air pollution levels should
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be measured to verify the Environmental Road Pricing’s real effects.

Air-pollution levels on the Metropolitan Expressway vary by time and place. The distribution of
static air quality-monitoring stations was not dense enough to detect any small-scale variations.
Therefore, the existing monitoring stations could not be used to evaluate the effects of the
Environmental Road-Pricing.

Vehicle on-board sensor devices were employed to monitor instantaneous air-pollution levels and to
establish a verification method for Environmental Road Pricing. The small analysers for nitrogen
monoxide (NO), nitrogen dioxide (NO,), suspended particulate matter (PM,,), and CO, sensor and a
GPS (Global Positioning System) sensor are installed on a small test vehicle.

1 - Methods

Devices

A Mazda GLC four-door sedan (1500cc) was used in our observation. The measurement devices are
listed in table 1. Time, latitude, longitude, altitude, and vehicle speed were gleaned from the GPS
and logged on a laptop computer in one-second intervals. NO, NO,, PM,,, and CO, were recorded
on a data logger of NR-200 (Keyence).

GPS GM-38 Mercury | San Jose Navigation Inc.

http://www.sanav.com/gm38.htm

NO Model 4545 Interscan Co.
NO, Model 1152 Interscan Co.
http://www .gasdetection.com/
PM,, pDR-1200 Thermo MIE Co.
http://www .thermo.co.jp/seihin/pDR1200.htm
Co, GMT220 VAISALA

http://www .vaisala.com/

Table 1. List of measurement devices.

Outside air was sampled using a suction hose for each NO and NO, measurement through the
driver's rear window as shown in figure 1. A CO, sensor was attached to the rear window frame
with these hoses; and the GPS sensor was set upon the roof, with the cable passing through the
driver’s rear window. The NO and NO, Analysers, the laptop computer and data logger were
attached to the rear seat by a safety belt as shown in Figure 2.

All of these devices were powered by the vehicle using a 150W electric power-converter plugged
into the cigarette lighter.

Date and course

Observations were done during the afternoon and evening rush hours. The observation route and
time are shown in Figure 3. The observation route is described in Table 2. These routes were
selected to avoid heavy traffic congestion.
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Figure 3. Observation route and time on 2002/4/2.

2002/4/2 13:24:36 - 16:55:42

Hiyoshi > Meguro Route > Yokohane Route > Wanagan Route > Cuuou Kanjo Route>
Toshin Kanjyo Route > Ikebukuro Route

2002/4/2 17:58:54 - 21:34:26

Ikebukuro Route > Toshin Kanjyo Route> Daiba Toute > Wangan Route > Fukagawa
Route > Toshin Kanjo Route > Shinjyuku Route > Daisan Keihin Route

Table 2. Detailed information on observation route.

High-pressure (1013 hPa) covered most of Japan’s Islands on 2 April 2002 (Figure 4). Winds were
weak (less than 3 m/s) in the daytime with south-easterly gusts (5Sm/s) in the evening. The
maximum recorded temperatures was 25 degree Celsius which is above the mean maximum-
temperature for this time of the year. This is a typical weather pattern that shows the high
concentration levels of air pollutants in the Tokyo Metropolitan area.

Actes INRETS n°92 101



Transports et pollution de 1’air / Transport and Air Pollution

2
i jarore il i
o i . =
;/ 2 0 40 | 2002472 9:00

Figure 4:  Weather map for 2002/4/2.
2 - Results

The time series data of NO, NO, PM,, and CO, are shown in Figure 5. The NO fluctuations were
large so a 60-second running mean was taken. NO and CO, indicated similar variations and showed
high concentrations on 14:45, 14:55, 15:50, 16:30, 18:40, 19:10, 19:55 and 20:45 JST. The NO,
NO,, PM,, and CO, concentrations were extremely high during the evening rush hour (around 18:40
Hrs). All the concentration levels became stable after 19:30 hrs, which indicates that evening peak
hour had ended by that time.
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Figure 5: Time series display of NO, NO,, PM;p and CO; on 2002/4/2.

The vehicle’s speed, NO, NO, and PM,, distribution are shown in figure 6. Their concentrations are
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100x, 2x and 2x greater than their static counterparts. Figure 6 showed that locations of low (high)
vehicle speed correspond to the high (low) concentrations.
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Figure 6:  Distributions of Vehicle speed, NO, NO, and PM;p on 2002/4/2 (13:24:36 - 16:55:42).

3 - Discussion

Before the field measurements, NO and NO, analysers were calibrated with the standard NO,
HORIBA AN-3600 analyser. These calibration measurements showed the small analysers for NO
and NO, can be used above 0.1 ppm concentration.

Field measurements carried out on different dates have assessed the effects of vehicle speed on
measured air pollutant concentrations. Results showed that measured air-pollution levels depend

slightly on vehicle speed but it can be compensated and/or ignored.

The relationship amongst NO and CO,, and PM,, and CO, are shown in Figure 7. Concentrations of
NO, NO,, PM,, and CO, showed a linear relation but the coefficients depend on the time of day. It
must be due to the difference of background air-pollution levels. An inexpensive CO, sensor can be
used to monitor instantaneous air pollution levels on the road.
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Figure 7 The relationships between NO and CO; (top), and PM ;9 and CO; (bottom).

Acceleration was computed from vehicle speed gained from GPS. However, any meaningful
relationship between acceleration and air-quality level was not found. It must be due to the accuracy
of vehicle speed measurements.

Conclusion

We showed that vehicle on-board sensor devices are useful in measuring instantaneous air-pollution
levels on the road. The measured air-pollution levels depend slightly on vehicle speed but it can be
compensated and/or ignored based on our measurements. The concentrations of NO, NO,, and PM,,
are 100 times, two times and two times greater than samples taken from the static air-quality
monitoring station, respectively. The concentrations of NO, NO,, PM,, and CO, have a linear
relationship but their coefficients depend on the time of day. It must be due to the difference of
background air-pollution levels. An Inexpensive CO, sensor can be used to monitor instantaneous
air pollution levels on the road. Results showed the strong relationship between concentrations of
air pollutants and vehicle speeds. The high (low) concentrations of NO, NO,, and PM,, corresponds
to the low (high) vehicle speed. Air-pollution measurements using vehicle on-board sensors can be
used as a calibration tool for traffic simulation.
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Résumé

Un projet d’aménagement, tel qu’une construction réalisée sur un ouvrage routier, impose des
études préliminaires d’impact et d’état initial de la qualité de [’air. C’est dans ce cadre qu’une
campagne de mesures a été réalisée a [’aide de tubes passifs répartis sur la zone d’étude afin de
caracteriser la pollution de fond en NO, et benzene. Cet article présentera les outils mathématiques
développés pour estimer une cartographie de la pollution a partir des mesures dispersées et la
variance de I’erreur de [’estimation associée, ainsi que les résultats obtenus pour ce cas réel. Dans
cette étude, ’emplacement des capteurs a été choisi par rapport a la morphologie urbaine et aux
autres contraintes annexes. La carte de la variance associée montre que la répartition spatiale des
capteurs ainsi choisie n’est pas optimale pour ce type d’interpolation, d’ou une réflexion sur une
procédure d’optimisation du réseau (basée sur la variance) intégrant la contrainte morphologie
urbaine.

Mots-clefs : état initial de la qualité de [’air, mesures de polluants gazeux, cartographie,
interpolation multivariée, fonctions Spline Plaque Mince, Krigeage Intrinséque, tests "Leave-One-
Out"”, variance de l’erreur de l’estimation, optimisation avec contrainte, aide a la décision.

Abstract

Air-quality observatory and methodology of optimisation of a measuring network with purpose-
designed statistical tools.

A development project such as the construction of ventilation units on a road structure subjects the
project manager to an approach which imposes particular research into public health and in
particular the effects of atmospheric pollution. An air-quality observatory is to be created over the
entire structure, with particular attention to built-up areas. It is within this framework that Cap
Environnement was commissioned to draw up an initial air-quality state in an urban-scale research
area situated in the Paris region. Cap Environnement undertook a measuring campaign for two
pollutants (nitrogen dioxide and benzene) using passive tubes distributed throughout the research
area in order to map it. Mapping atmospheric pollution enables to visualise more easily the spatial
distribution of pollutants and to analyse it. The estimation of a pollutant concentration field over an
area, based on values measured at points spread out over the region, can be carried out using a
method of multivariate interpolation. Following a comparative bibliographical study and different
tests of interpolation methods applied to air pollution data, it appeared to us that the two most
appropriate methods for this purpose are : Thin Plate Spline interpolation and Intrinsic Kriging -
equivalent methods in certain conditions. The advantage of interpolation by spline functions is
their ease of use, as well as the very short computation time; the advantage of Intrinsic Kriging lies
in the fact that it makes it possible to calculate the variance of the estimation-error, which can be
used as a basis for the monitoring network optimisation. This paper will firstly present the
methodology (based on the two types of interpolation mentioned) used to estimate pollutant spatial
distribution and the estimation-error variance map associated to it, followed by the results obtained
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in the context of a real study of initial air-quality state at the beginning of a building work on road
structures. In this study, monitoring positions have been chosen with respect to urban morphology
criteria (e.g. road proximity). The estimation-error variance map shows a non-optimal network for a
pollution spatial sampling used as input in this type of mapping. This remark drives in a constrained
optimisation (based on the variance error map and constrained by urban morphology criteria).
Keys-words: initial air-quality state, measurement of gaseous pollutants, mapping, multivariate
interpolation, Thin Plate Spline functions, Intrinsic Kriging, Leave-One-Out tests, variance of
estimation error, constrained optimisation, decision assistance.

Introduction

Afin de répondre aux exigences de la Loi sur I’air de décembre 1996, tout projet d’aménagement sur
un ouvrage routier devrait soumettre le maitre d’ouvrage a une approche qui impose des études
particulieres sur la santé publique et notamment, les effets de la pollution atmosphérique.

Dans cet esprit, avant la construction d’unités de ventilation sur un ouvrage routier dans la région
parisienne, la société Cap Environnement a été mandatée pour réaliser un €tat initial de la qualité de
I’air dans la région. Cap Environnement a réalis€é une campagne de mesure en continu de cinq
polluants réglementés d’une durée de trois semaines, en un point de la zone d’étude, a 1’aide d’un
camion laboratoire. Elle a été associée a une campagne de mesures de deux polluants (le dioxyde
d’azote et le benzéne) a 1’aide de tubes passifs répartis sur I’ensemble de la zone d’étude.
L’emplacement des tubes passifs a été choisi selon des criteres liés a la morphologie urbaine
uniquement (2 proximité des sources ponctuelles de pollution ou d’axes routiers etc.). Le camion
laboratoire a mesuré les cinq polluants a proximité de la future barriere de péage, source potentielle
d’émission. Un nombre de quinze tubes passifs pour le dioxyde d’azote et pour le benzene a été jugé
suffisant pour couvrir ’ensemble de la zone d’étude, au regard des critéres généralement utilisés.

A partir de ces mesures ponctuelles, des distributions spatiales de polluants ont été estimées par
interpolation multivariée, et ont servi ensuite comme base d’analyse pour I’état initial de la qualité
de I’air. La carte de variance de I’erreur de 1’estimation associée peut servir de base a 1’optimisation
du réseau de mesure. Cette optimisation conduit a la localisation des points de mesure permettant
d’obtenir la cartographie (de la pollution) de moindre erreur par la technique d’interpolation choisie.
Lorsque certains critéres li€s a la morphologie urbaine doivent étre également pris en compte pour le
projet d’un réseau de mesure, alors I’optimisation mentionnée précédemment deviendra une
optimisation avec contraintes.

Dans notre cas d’étude, le réseau a ét€ concu uniquement a partir des critéres de morphologie
urbaine ou d’autres contraintes annexes. La carte de variance de I’erreur de I’estimation associée a la
cartographie réalisé€e a partir de ces mesures montre que le réseau n’est pas optimal au sens d’obtenir
la cartographie de moindre erreur d’estimation, correspondant a une variance de l’erreur de
I’estimation minimale. Cette remarque nous a permis de mener une réflexion sur la conception d’un
nouveau réseau de mesure : un certain nombre de capteurs doivent étre considérés comme des
"points-clefs" leur place étant fixe, car la morphologie urbaine I’impose (par exemple, la proximité
d’une source), tandis que les autres points de mesure seront placés ensuite, de facon a minimiser la
variance de I’erreur de 1’estimation.

L’objectif de cet article est de présenter les outils mathématiques développés, de mettre en évidence
la pertinence de cette méthodologie et des conclusions qui en ont découlé, ainsi que les bénéfices de
cette étude sur la flexibilité de 1’outil et sur son utilité pour une politique de communication du
maitre d’ouvrage.

1 — Méthodologie

Pour I’estimation d’une cartographie de la pollution, le calcul du champ de polluant a été basé sur
une méthode d’interpolation multivariée, utilisant les coordonnées des points de mesure et les
valeurs mesurées - les fonctions spline plaque mince. Cette fonction correspond a la surface qui
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passe par les points des coordonnées (x, y, concentration) et qui a une énergie de flexion (ou bien
une courbure) minimale. L’interprétation physique montre que ce type de fonction est bien adapté
aux processus naturels caractérisés par une variation lisse. Ainsi, on retrouve dans 1’expression
analytique de la fonction une combinaison linéaire des fonctions de type logarithmique (connus pour
leur variation assez lente). Pour plus de détails, se reporter a Carasso (1991), Duchon (1976),
Ionescu (1998). La sélection de cette méthode, ainsi que sa validation pour le cas de la pollution
atmosphérique urbaine ont développées par les auteurs dans des travaux précédents : Ionescu et
coll.(1996), Ionescu (1998), Ionescu et coll.(2000).

Afin d’avoir une idée de la qualité des résultats obtenus par interpolation (qui dépend évidemment, a
la fois, de la qualité des données d’entrée du modele, ainsi que du modele en soi), des tests type
Leave One Out (LOO) ont été appliqués. Ces tests consistent a utiliser (N-/) valeurs connues, parmi
les N mesurées pour estimer la valeur au N point (celui qui n’a pas été pris en compte dans le
calcul). La valeur mesurée est ensuite comparée a celle estimée.

L’étude des performances d’un réseau comme pouvoir informatif pour une interpolation spatiale
peut étre réalisée par le biais de la variance de I’erreur de 1’estimation. En cartographiant cette
variance, on peut identifier les zones ou I’information qui devrait &tre fournie par la mesure est
manquante ou bien, redondante — voir Ionescu et Candau (2002). Ensuite, cette carte peut &tre
utilisée comme base pour I’optimisation du réseau, en minimisant la variance de [’erreur de
I’estimation.

Les fonctions spline sont des fonctions analytiques qui ne permettent pas d’accéder a la variance de
I’erreur de I’estimation, c’est pour cela que 1’équivalence formelle avec une méthode statistique a été
utilisée. En effet, on peut démontrer mathématiquement que les fonctions spline plaque mince
(combinaisons linéaires des fonctions de base de type logarithmique) sont équivalentes au Krigeage
Intrinseque avec des fonctions de covariance généralisée (représentant le modele de la structure

spatiale de notre phénomene de répartition des polluants) de type ¢ 7*In7 . Pour la description du

Krigeage Intrinseque, se reporter a Christakos et Thesing (1993), Cressie (1986), Deutsch et Journel
(1992), Journel et Huijbregts (1978) et pour I’équivalence entre les deux méthodes, voir Matheron
(1980), (1981), Ionescu (1998).

2 — Résultats et discussion

La distribution spatiale de NO, obtenue par interpolation a partir des mesures peut étre visualisée
grace aux lignes d’isoconcentration tracées (apres géoréférencement) sur le plan de la région, pour
faciliter leur analyse. Les niveaux observés (cf. fig. 1) sont ceux couramment enregistrés en région
parisienne (niveaux moyens). Les courbes d’isoconcentration sont générées, comme on pouvait s’y
attendre, autour du point P13 pour lequel le maximum de concentration a été observé, et situé sur le
principal nceud de trafic de la zone étudiée.

Des tests de validation croisée (LOO) concernant 1’application de la méthode d’interpolation dans ce
cas d’étude précis ont été mis en ceuvre. Ces tests ont été appliqués pour tous les points, un par un.
Les résultats obtenus (la concentration calculée a partir des 14 mesures au point ot la 15°™ mesure a
été effectuée, sans €tre prise en compte dans le calcul) sont illustrés sur la (fig. 2).

Les concentrations de NO, mesurées par les 15 capteurs conduisent & une valeur moyenne de 50
ug/m’ et un écart-type entre les mesures, de 8.6 pg/m’. Les quinze valeurs estimées par les tests
LOO sont caractérisées par une moyenne de 49 pg/m’ et un écart-type de 8.4 ug/m’, et les écarts
entre les valeurs mesurées et celles estimées par LOO montrent une erreur minimum de —0.3 g g/m’
(soit une erreur relative de —0.7%), une erreur maximum de 18.9 yug/m’ (soit une erreur relative de
28.5%), I’écart quadratique moyen de ces différentiels étant de 9.1 ug/m’, du méme ordre de
grandeur que I’écart type de mesures (8.6 g/m’). Ces statistiques montrent une certaine robustesse
de la méthode d’interpolation pour ce cas d’étude.
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Figure 1:  Champ de concentration de NO; estimé par interpolation basée sur les fonctions
spline plaque mince, a partir des mesures ponctuelles a l’aide des tubes passifs.

Figure 1 :  NO, concentration field estimated by thin plate spline interpolation applied to
measurements given by passive tubes spread over the research area.

Les points pour lesquels I’écart d’estimation a été maximum ont été le point 13 et le point 8§ (cf. fig.
2). Pour le point 13, I’explication est évidente, car il constitue la source ponctuelle la plus
importante du réseau (le maximum mesuré). Aucune explication théorique ou pratique ne peut étre
avancée a priori pour le point 8. Par contre, la proximité de 1’installation de chauffage pourrait
expliquer cette valeur inattendue. On peut visualiser sur la (fig. 2) la répartition des points
caractérisés par un plus fort différentiel entre la valeur mesurée et celle estimée : il s’agit des points
P9, P14, P13, P12 (et P8) alignés sur une courbe. On constate que leur estimation a été moins
performante, car a I’intérieur de cette courbe, on manque d’information : il n’y a que deux points de
mesure : P10 et P11. D’une mani¢re générale, ces tests montrent que la plupart des capteurs ne sont
pas redondants et que le choix de leur emplacement a été fait de facon assez judicieuse et en
nombre suffisant.

La carte de variance de I’erreur de I’estimation (cf. fig. 3) permet de visualiser une zone homogene,
de faible variance sur la moitié Sud de la région, au centre des points P3, P2, P4, P5, P§, P14, P13,
P1, ce qui montre un nombre suffisant et une bonne répartition des capteurs, remarque cohérente
avec les meilleurs résultats des tests LOO. Toujours en accord avec les tests précédents, on retrouve
des fortes valeurs de variance a I’intérieur (au Nord) de la courbe précédemment définie, ce qui met
en évidence, une fois de plus, le manque d’information dans cette région.
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Figure 2:  Tests LOO. Les symboles en triangle correspondent aux N points de mesure. La

valeur au-dessus du symbole est celle mesurée, tandis que celle en-dessous représente
la valeur calculée par interpolation en ce point, a partir des autres N-1 valeurs .

Figure 2:  Leave-One-Out Cross Validation Tests for spline interpolation applied to NO,. The
triangle symbols correspond to the N monitoring locations. The value above the
symbol represents the measurement, while the value below the triangle is estimated
by interpolation in this point, using all other N-1 measurements .

3 — Conclusion et perspectives

Cette étude a atteint son but, car elle a permis d’évaluer, grace a une campagne de mesures et une
méthodologie validée une fois de plus, sur ce cas précis, 1’état initial de la qualité de I’air précédent
la construction d’un ouvrage routier. Les niveaux de pollution correspondent a des valeurs
moyennes dans la région parisienne.

Les tests de validation croisée ont été en accord avec la carte de variance de I’erreur de 1’estimation
et représentent ensemble, des outils d’évaluation, d’une part, de la robustesse de 1’interpolation, et
d’autre part, de la qualité du réseau de mesure. Grace a la carte de variance, on peut avoir une
information sur la fiabilité de I’interpolation pour tout sous-domaine de la zone d’étude. Dans cette
étude, la configuration du réseau s’est avérée de bonne qualité et la méthodologie assez robuste.

La carte de variance de I’erreur de I’estimation nous a permis quand méme de constater qu’un réseau
constitué a partir des criteres liés a la morphologie urbaine et aux contraintes annexes n’est pas
optimal au sens d’obtenir la cartographie de moindre erreur par la technique d’interpolation choisie.
Nous avons alors réfléchi a une procédure a mettre en place lors des projets de réseaux : placer
d’abord les points "obligatoires", imposés par des criteres li€s a la réglementation en vigueur ;
ensuite faire différents tests en placant les autres capteurs de fagon aléatoire et choisir la
configuration correspondant a un minimum de variance de I’erreur de 1’estimation. Cette procédure
peut étre un outil d’aide a la décision pour le concepteur d’un réseau de mesure.
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Figure 3:  Carte qualitative de la variance de [’erreur de [’estimation par spline plaque mince.
L’épaisseur de la ligne d’isovariance est proportionnelle aux valeurs de la variance.

Figure 3:  Qualitative map of variance of the estimation-error using thin plate splines, based on
the formal equivalence splines-Kriging . Line width of the isovariance curves is
proportional to variance values (thin lines-low variances, thick lines-high ones).
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Abstract

A European consortium has been formed within Framework 5s Competitive and Sustainable Growth
programme to carry out a project on Remote Optical Sensing Evaluation (ROSE). The primary
objectives of ROSE are the determination of “Best Practise” and performance standards (ROSE,
GR6D-CT2000-0434). Within this project an urban field trial has been carried out to measure
pollutant emissions in a street canyon in Bremen, Germany, using remote optical measurement
techniques. The instruments used included two Fourier Transform Infrared Spectrometers (FTIR)
and a Tuneable Diode Laser system (TDLAS), as well as conventional point measurement
techniques. The primary species investigated was carbon monoxide. The data obtained and the use
of computational fluid dynamic (CFD) modelling to optimise the set up of the instruments at the field
site is presented. A clear correlation was observed between the carbon monoxide levels measured
and the traffic count, as well as between the carbon monoxide measured by two FTIRs themselves.
Key Words: pollutant, emissions, remote optical measurement techniques, street canyon,
computational fluid dynamics, urban pollution

Résumé

L’évaluation du sens optique éloigné (ROSE) : Les émissions polluantes dans un “street canyon’
a Bremen en Allemagne

A formé un consortium européen a l'intérieur du “Framework 5s Competitive and Sustainable
Growth” programme pour rvéaliser un projet au sujet de [’évaluation du sens optique éloigné
(ROSE). Pour les premiers objectifs de ROSE, il faut déterminer la meilleure practique “Best
Practice” et les normes de la performance (ROSE, GR6D-CT200-0434). On a fait un essai dans un
“street canyon” a Bremen pour ce projet afin de mesurer des émissions polluantes. On s’est servi
des techniques pour les mesures optiques éloignées. On a utilisé les instruments comme 2 “Fourier
Transform Infrared Spectrometers” (FTIR) et un “Tuneable Diode Laser system” (TDLAS), aussi
bien que des techniques conventionnels pour les mesures exactes. On a examiné les especes
principales comme le carbone monoxide. On vous présente les données obtenues et ['utilisation de
modelage de la fluide computationale dynamique (CFD) pour optimiser [’installation des
instruments au essai. On a observé une correlation précise entre les niveaux mesurés de carbone
monoxide et le compte du trafic, aussi bien que le carbone monoxide mesuré par les 2 FTIRs mémes.

9y

Introduction
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The great advantage of using remote optical measurement techniques (ROMTs) over other more
conventional techniques for measuring gaseous pollutants is that they can perform real time, in-situ
gas analysis along an open path. Although there have been notable advances in ROMTs in recent
years resulting in greater reliability, more portable systems and overall decrease in cost, there is still
resistance to using them for routine monitoring of emissions and air quality. The primary reason for
this is that there is still no standardisation between systems. This is highlighted particularly well in
the World Health Organisation’s guidelines for air quality (WHO, 2000), where four out of six of
the main “classic” pollutants SO,, NO,, CO and O, can be measured using remote optical sensors.
However, they point out the techniques available do not conform to ISO7996 (ISO1985b), hence
stress the need to pay careful attention to instrument calibration and quality assurance to obtain
meaningful data.

With ever more air quality legislation and national and international strategies on the horizon,
governmental bodies, local authorities and industry alike are under more pressure to deploy
monitoring systems in which there is a high degree of confidence in the data produced. A European
consortium has been formed within Framework 5’s Competitive and Sustainable Growth
programme to carry out a project on Remote Optical Sensing Evaluation (ROSE). The primary
objectives of ROSE are the determination of “Best Practice” and performance standards, along with
a firm theoretical foundation on which to support such statements (ROSE project, GR6D-CT2000-
00434). It addresses the problems associated with system and certification approval by inter-
comparing five diverse commercially available ROMTs (FTIR, FTUV, DOAS, DIAL and TDLAS,
see Table 1) under both field and laboratory conditions. Working alongside this, it also utilizes the
advances in Computational Fluid Dynamics (CFD) modelling to reduce the uncertainties in the
measurements induced by dispersion and optimise instrument placement in the field. However,
while these methods offer the advantage of being able to measure over significantly long paths,
often several hundred metres, the uncertainties also associated with point measurements due to
dispersion and other interfering mechanisms, become a factor. In the case of open path
measurements, this has often placed doubt on the confidence in the collected data.

N

Am Brill

Zweite Schlachpforte

Figure 1:  Positioning of instruments and traffic counting (not to scale).
1 — Experimental

A field trial was carried out in Bremen, Germany (Latitude 53° 4° 60N, Longitude 8° 48’ 06W,
altitude 2m) between 4"-8" November 2002. The objective was primarily to investigate the
applicability of remote optical measurement techniques to an urban environment. Martinistrasse
was chosen as the street canyon (Figure 1) due to its homogeneity of buildings, having a north west-
south east (NW-SE) orientation. The street was made up of 6 to 9 storey buildings, with an average
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height of 22 m and a width of 28 m. The building height to street width ratio was 0.79. The local
topography is very flat, therefore orographic effects will not influence the city’s meteorology. The
traffic flow was in both directions consisting of four lanes. Traffic counting was carried out by the
traffic authority of Bremen, with the sum of vehicles per hour divided into trucks and cars for the
two lanes in each direction during the entire campaign.

Instrument Species | Actual Height Sampling | Limit of
measure | beampath | above street | Frequency | Detection
d level

Unicam RS FTIR (Reading) CO 41.7 m 5.9 m(NE) Iminute ppm level
&CO, 49 m(SW) 24 seconds

(Bistatic set up with glow bar as
external source, resolution 0.25cm™)

Bomem 100 FTIR (Sira) CO 395 m 58 m(NE) |2 minutes | ppm level
(Bistatic set up with glow bar as &CO, 4.9 m(SW)
external source, resolution lcm™)
Norsk Elektro Optikk Near 6(0) 377 m 59m (NE) | 1 minute | Not
Infrared TDLAS &CO, 49 m (SW) known
Table 1: Remote optical measurement techniques used
Measurement Instrumentation Sampling Measurable | Limit of
height Range Detection
above street
level
CO Monitor Labs, model 14m 0 - 50 ppm 0.2 ppm
8830, infrared CO
analyzer
NOx API, model 200, 14 m 0-500ppb | 0.5 ppb
chemiluminescent NOx
analyzer
SO, Monitor Labs, model 14m 0-250ppb | 5 ppb
8850, fluorescent SO,
analyzer
wind-direction and - | Thies Clima Modul 124 m wind-direction: 0 — 360°
speed combi-detector | System wind-speed: 0.4 — 40 m/s
temperature temperature: -25 — +50 °C
humidity-sensor* humidity: 10 - 100%
Table 2: Point measurements carried out by the Technologiezentrum an der Hochschule

Bremerhaven (ttz) mobile laboratory, with a 1 minute sampling frequency (*the
humidity sensor was not calibrated, however it gave indicative values)

Instrumentation

Two Fourier Transform Infrared (FTIR) Spectrometers and a tuneable diode laser (TDLAS) system
were used in this trial (Table 1). They were set up at the same heights, with their optical paths as
close as possible to allow meaningful inter-comparisons. Carbon monoxide was measured as the
main species, although carbon dioxide was also detected. The height and orientation of the optical
paths were decided upon using the information supplied by the CFD modelling described in the next
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section. A mobile laboratory was placed at the site on the north east side of the street. The point
measurements carried out by this laboratory are given in Table 2. Supplementary meteorological
data was supplied by the Senator fiir Umweltschutz (SUS) Bremen air emission monitoring station
approximately 1.5 km to the north east of the site and the Deutscher Wetterdienst (DWD)station at
Bremen Airport, approximately 3.5 km to the south of the site.

CFD for sighting instruments

The initial scope of the CFD modelling was to specify appropriate locations for instrument
placement by numerically simulating the flow and pollution dispersion fields in the vicinity of the
site taking into account the wind rose of the area and selecting locations of high pollution
concentrations so that non-zero indications of the instruments were assured. This was accomplished
by using the CFD code ADREA-HF (Bartzis, 1991), which has been validated (Venetsanos et al.,
2002; Vlachogiannis et al., 2002) in the past as regards to environmental 3-D flows and pollutant
dispersion in complex building terrains.

Figure 2:  Computational domain of the street-canyon area

The methodology consisted of solving the transient, Reynolds averaged, mass and momentum 3D
conservation equations for the mean flow and the mass fraction conservation equation for the
pollutant dispersion, until steady state conditions were reached. Turbulence was modelled using an
anisotropic one-equation model (Andronopoulos et al., 1993). Turbulent diffusivities were obtained
using the Boussinesq assumption, with the turbulent kinetic energy obtained from its conservation
equation, while the anisotropic length scales from algebraic relations, which in the general case
depend on the distance from solid surfaces, the atmospheric stability and the asymptotic pressure
gradient. The computational domain used for the calculations, shown in Figure 2, encompassed all
buildings close to the tested measurement locations in considerable detail.

Calculations were performed for two different incident-wind directions. These were selected
according to the wind rose of the area, which indicated that the prevailing winds were south-east
(SE) and south-west (SW) with highest free-stream intensity of 9m/s. Seven different beam paths
crossing the street were tested as regards to the levels of concentration to be found along the beam.
The first three beam-paths were oblique to the street, having the same start and end points as regards
to the x,y axes but at different heights (4, 5 and 7 metres above ground). The next three beam-paths
had a starting point very near to the starting point of the previous cases but extended normal to the
street. The same three different heights mentioned previously were also assumed. In all
aforementioned cases the beam extended fully from building wall to opposite wall. The seventh
beam path extended from the roof of a building (z=25m) to the first floor balcony (z=4m) exactly
opposite as regards to the street. For all cases the same emission rate at street level was assumed.
Table 3 provides the integrated Average Concentration*Length values which are what the
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instruments would actually measure in relative terms. The values are shown “non-dimensionalised”
with the source emission rate kept constant and equally spread across all four road lanes. It can be
seen that for the cases of horizontal beams at various heights, height reduces the signal strength to be
measured by equal degrees, irrespective of whether the beam is normal or oblique to the street axis.
Furthermore, for a normal placement the beam measurement appears to be much more insensitive to
wind orientation than in the oblique case. On the other hand, the roof-to-1st-floor opposite
placement gives the weakest measurement and in addition to that the rotation of the wind from SW
to SE halves the overall signal.

CASE Number 1 2 3 4 5 6 7
Orientation to | Oblique | Oblique | Oblique | Normal | Normal | Normal | Normal
Street
Height above 4m Sm 7m 4m Sm 7m 4 mto
Street 25m
g SW | 355e-7 | 3.12e-7 | 2.51e-7 | 2.92e-7 | 2.60e-7 | 2.12e-7 | 8.42e-8
5 .S
£ 3
= 5 SE 242e-7 | 2.03e-7 | 147e-7 | 2.78e-7 | 2.38e-7 | 1.74e-7 | 4.87¢-8
Table 3: Dimensionless values of Length*Average Concentration of pollutant

From the discussion of the results it can be drawn that within the cases tested the most advantageous
overall placement seems to be the oblique to the street axis as close as possible to the street level (to
benefit from higher pollution levels and hence signals).

2 - Results

The results presented are half hourly averages of the data to allow more meaningful inter-
comparisons. As can be seen from Figure 3, the meteorological conditions measured within the city
and the street canyon differed from the measurements taken at the airport. The wind direction
within the street canyon was highly influenced by the street canyon itself, as expected, with overall
wind speeds higher within the city. The temperature was also found to be higher within the city due
to the urban heat island effect, though all sites exhibited the same diurnal variation.
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Figure 3:  Meteorological Observations for 04.11.02-08.11.02; a. Wind Direction; b. Wind
Speed; c. Temperature and Relative Humidity (SUS:Senator fiir Umweltschutz;
DWD:Deutscher Wetterdienst, ttz: Technologiezentrum an der Hochschule
Bremerhaven)

Figure 4 gives the results from the car and truck count. There were less trucks than cars, with a
majority of the cars travelling in the south east and north west inner lanes. Figure 5 shows the
results of the point measurements taken by ttz where a clear diurnal variation of species can be seen.
An inter-comparison of the CO data measured using the two FTIRs (Reading and Sira) and a point
measurement technique (ttz) are presented in Figure 6. As can be seen the two FTIRs and the point
measurement technique exhibit a similar diurnal variation, with peaks appearing in the CO at rush
hour. No TDLAS CO measurements are presented as the concentrations were below the detection
limit of the system, however the TDLAS did measure CO, and the results are presented elsewhere.
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Figure 4: Car and truck count per hour for 04.11.02-08.11.02
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Figure 6: Inter-comparison of the CO measurements made between 04.11.02-08.11.02 (Sira: FTIR;
Reading: FTIR; ttz: point measurement)
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3 - Discussion

Initial inter-comparisons of the data involved plotting the data against each other looking for linear
correlations. A good linear correlation was defined as how close R* tended to 1. A clear correlation
between the concentration of CO in the street canyon to the amount of traffic was observed where
R’= 044, R’= 0.74 and R’= 0.75 for the point measurement technique and the two FTIRs
respectively, thus inferring, as expected, that traffic is the primary local source of CO. This was
further borne out by plotting the CO data against the wind direction and wind speed, giving R*
values ranging from 0.01-0.07 indicating the CO concentration was not due to wind transport. It
must also be noted that a better correlation with traffic was obtained with the remote optical
measurement techniques than the point measurement technique.

There was also a good correlation between the FTIRs and point measurements themselves, with the
straight line correlation of the ttz point measurements and the Sira open path measurements of
R’=0.53. The plot of the FTIRs gave a straight-line correlation of R*=0.95, indicative of very good
agreement, which is encouraging for the validation of the systems. The close correlation between
the point and line ROMT measurements indicates that, due to the channelling effect in the street
canyon, a strong canyon vortex does not form but the street pollution is rather advected along with
the “street wind” while it disperses laterally. This shows that, for most urban cases in which
channelling occurs, ROMT measurements are an equally good, if not a better substitute for point
measurements, with the added advantage of monitoring a much larger field and therefore giving a
better overview of the urban pollution at the site.

Conclusion

Initial analysis of the results from the field trial in Bremen has been very promising. It has
highlighted the potential for remote optical measurement techhniques for the measurement of
pollutant in typical urban environments, with the Fourier Transform Infrared Spectrometers
performing equally well if not better than traditional point measurements techniques of urban
pollution.

Judicious siting of the instruments through the use of computational fluid dynamic modelling
beforehand assured that strong signals were measured for almost the entirety of this relatively short
field campaign. Further analysis work using computational fluid dynamic modelling is now
underway to interpret the results and establish quantitatively their quality assurance within the
overall aims of ROSE evaluation.
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Abstract

Measurements inside a street canyon and in the surrounding area of 1 km x 1 km (Goettinger
Strasse in Hannover) are performed to produce a validation data set for meso/micro-scale model
systems. Air pollutants and meteorological parameters are measured continuously by in situ stations
inside the street canyon and in the surroundings. Path-integrating optical measurement techniques
as DOAS are used continuously on the ground and roofs of the buildings at the street. A SFs tracer
line source in the middle of the street is operated during IOPs. At both sidewalks of the street the
tracer is measured in situ by air sampling at 12 sites and by path-integrating FTIR spectrometry.
The data interpretation is discussed with wind tunnel experiments using a detailed aerodynamic
model of this urban area. Data of all methods show the same differences between both side walks
during perpendicular wind direction and thus a re-circulating flow pattern inside the street canyon
can be concluded.

Key words: path-integrated measurement techniques, in situ measurement techniques, air pollution,
street canyon, DOAS, FTIR, wind tunnel

Introduction

Tools are needed for the execution of the European Air Quality Framework Directive 96/62/EC and
its daughter directives. This set of regulations requires from the EU member states to submit maps
that show the spatial distribution of air pollutants for the member state in total, for conurbations with
more than 250.000 inhabitants and for micro environments as, e.g., city districts subject to high
pollutant concentrations.

In frame of the project VALIUM in the research programme AFO 2000 of the German Federal
Ministry of Education and Research these tools are developed and validated (http://www.mi.uni-
hamburg.de/technische_meteorologie/valium/index.html).

To produce a validation data set for meso/micro-scale model systems measurements are performed
inside a street canyon and in the surrounding area of 1 km x 1 km (Goettinger Strasse in Hannover).
The concept of field measurements is designed together with wind tunnel measurements (definition
of appropriate weather conditions i.e. wind direction perpendicular to the street canyon, wind speed
between 4 and 10 m/s and location of measurement systems). During IOPs an artificial line source
for SF, is operated in the middle of the street. At both sidewalks of the street the tracer SF; is
measured. Measurement results of path-integrating techniques and nearby in situ stations will be
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compared and discussed together with results from wind tunnel experiments.
1. Measurement set-up and instruments

Since 2001 air pollutants (NO, NO,, SO,, O;, CO, HC, benzene, toluene, p-xylene, dust, PM10,
PM2.5, soot) and meteorological parameters (wind speed, wind direction, temperature, global
radiation, humidity, pressure, turbulence parameters) are measured by in situ stations at four sites
inside the street canyon (HRV1, 2, 3 since beginning of 2001, HRVS long-term station). In the
surroundings of the Goettinger Strasse a long-term in situ station (HRSW on the roof of a building
in about 42 m above ground) and two in situ measurement stations (HRV4, 5 since July 2001) are
operated continuously. Path-integrating optical measurement techniques (up to three DOAS systems,
HRTI, 2, 3, 4: NO, NO,, SO,, O,, benzene, toluene, p-xylene) are used continuously on the ground
in the street canyon and on the roofs of the buildings at the street. Path-integrated concentrations of
CO, CH,, N,0, CO, and the tracer gas SF;, of the artificial line source in the middle of the street are
measured by FTIR spectrometry at both sidewalks of the street during the four IOPs (HRTS, 6) in
2002 and 2003.

The QA/QC activities are:
- Long-term comparison of different measurement techniques (ISO 13752 Air quality).

- Simultaneous measurements of different techniques in the same air mass 36 hours before
/ after IOP (e.g. CO concentrations by in situ and FTIR measurements).

- In situ measurement systems of the monitoring network of the Lower Saxony State
Agency for Ecology are references.

2. Measurement campaigns and results

DOAS measurements

Inside the street canyon in an altitude of 4 up to 5 m above ground a DOAS system (HRTI) is
operated to measure NO,, benzene, toluene, ozone and SO, as described in Béchlin et al. (2003) The
180 m open path is installed from one sidewalk of the street across the lane of the street to the
middle of the two-lane street. In this area four container stations for in situ measurements are sited:
HRV2 at the emitter of the DOAS, HRVS and HRV1 at the sidewalk nearby the receiver of the
DOAS and HRV3 at the other sidewalk opposite to HRV1. The air sampling of the container
stations is in 1.5 up to 3 m altitude above ground. These different measurement methods are
compared.

Nitrogen dioxide

The altitude variation of the NO, concentration was investigated in the last years and it was found
that the negative gradient is lower than that of NO and CO. The reason is the continuous oxidation
of the emitted NO to NO,. To study the coincidence of the path-integrated DOAS measurements
with in situ measurements at different stations the following half-hourly means were calculated:

- Means of all simultaneous half-hourly means of the stations HRVS, HRV1, HRV2, HRV3,

- Means of all simultaneous half-hourly means of the stations HRV1, HRV2 (located near the
receiver and the emitter of the DOAS system).

The following data interpretations were performed:

- Correlation: The correlation of the DOAS measurement with single and averaged in situ
measurement results including about 16,000 up to 18,000 values was calculated.

- Classification: The measurement values of each system were classified according to the amount
and the absolute and relative standard deviation as discussed in van der Meulen (2003).
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Correlation (gradient, R°) of DOAS (HRTI) and in situ measurements (HRSV) for NO,
in the Goettinger Strasse in Hannover in the time frame from February 2001 until May
2002.

The calculated gradients, correlation coefficients (R?) and standard deviations (S,) of the stations and
the DOAS system given in Table 1 and Figure 1 for NO, concentrations show that the gradient of
the balance line is near unity. So the measured values of the different measurement methods (DOAS
and in situ) are in good coincidence. The best coincidence is found for HRVS and HRV1, which is
caused by the installation of both stations very close to a traffic light.

Figure I:

Station Correlated Correlation Sy
Station Gradient R’ %

HRT1 HRVS 1.04 0.58 -

HRTI HRV1 1.01 0.44 23.6

HRT1 HRV2 0.97 0.32 -

HRT1 HRV1/V2 1.00 0.46 24.1

HRT1 HRVS/V1/V2/V3 0.98 0.55 20.2

HRVS HRV1 0.94 0.67 18.1

Table 1: Comparison of different NO, measurement results of in situ (HRVS, V1, V2, V3) and

DOAS (HRTI) systems operated in the Goettinger Strasse in the time period February
2001 - May 2002 in terms of correlation (gradient, R°) and standard deviation (S,).

The correlation coefficients are relatively low. The reason could be that most of the measurement
values are in the range from 30 up to 70 xg/m? so that the concentration range for the correlation
calculation is restricted. It is important that the relative standard deviation between the DOAS
system and the in situ stations is similar to the correlation among the in situ stations HRVS and
HRVI.

Ozone

A better coincidence is found for ozone with the following correlation results:
- HRV4 and HRVS with R? equal to 0.96,

- HRV4 and HRSW with R? equal to 0.95.
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The background concentrations of ozone show a limited influence of the street canyon upon the
direct surroundings of the living quarter. As the stations in the street canyon are not measuring
ozone the DOAS measurement results (HRT1) can be compared with the background station HRSW
at a roof of a building at the street in about 42 m altitude only. The correlation of ozone
concentration measurements at HRT1 with HRSW is shown in Figure 2. The correlation coefficient
is 0.63 and the gradient 1.24 i.e. the ozone concentrations in the street canyon are about 25 % lower
than at HRSW, caused by chemical reactions of ozone with the high amount of emitted NO. The
long-term mean of ozone is showing the same result: 44 pg/m3? at HRSW and 34 pg/m? at HRT1.
This difference is higher during ozone smog conditions.

CORRELATION OZONE HRT1 (DOAS) - HRSW
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(=2}
o
L

140 160

HRT1 Ozone pg/m?

Figure 2:  Correlation (gradient, R’ of DOAS (HRTI) and in situ measurements (HRSV) for
ozone in the Goettinger Strasse in Hannover in the time frame from February 2001
until May 2002.

Benzene

The annual mean benzene concentrations in the Goettinger Strasse are about 4 yg/m3. Only during
high traffic episodes the values are higher. In general, the concentrations are near the detection limit
of the in situ (gas-chromatography) and DOAS instruments. The long-term mean of both systems is
similar.

Tracer gas experiment

During the IOPs a SF; line source of 96 m length in the middle of the Goettinger Strasse is operated.
Measurements by FTIR spectrometry to determine path-integrated concentrations of the tracer gas
SF, as well as CO, CH,, N,O and CO, (136 m lengths) are performed at both sidewalks of the street
(HRTS, 6) in parallel to the line source. The temporal resolution of these measurements is about 5
minutes. The ambient air is sampled in teflon bags in about 1.5 m altitude at 12 sites on the side
walks and at the roofs of the buildings, too. The sampling time of each bag is 30 minutes. The
sampled air is analysed in the laboratory by gas-chromatography for SF.

Wind tunnel measurements

A detailed aerodynamic model of the urban area around the Goettinger Strasse was built at a scale of
1: 250 including topography. The core of the model covers an area of a 500 m radius and can be
extended to an area of about 1 km x 1 km for each wind direction.
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Corresponding to the field experiments, high-resolution velocity and concentration measurements
were carried out in the large neutrally stratified boundary layer wind tunnel recently inaugurated at
the University of Hamburg. The tunnel consists of a 18 m long flow establishment zone followed by
a 4 m long test section with a width of 4 m and a height of 3.25 m.

A wind tunnel boundary layer corresponding to the model scale was generated using a combination
of vortex generators and roughness elements. The quality of the generated wind tunnel boundary
layer was verified and documented by the comparison of all flow and turbulence parameters with
default values from nature. Supplementary, all available data from the field site were taken into
account.

The experimental program consisted of the following steps: acquisition of time series at the
specified sampling locations and additionally at several equidistant positions along the road lines of
the street canyon; calculation of mean concentrations and standard deviations for averaging times
equivalent to 10, 30 and 60 minutes full scale to quantify the minimum variability of concentration
values due to the inhomogeneous turbulent flow field inside the street canyon; variation of the line
source length to find the furthermost point of origin of exhaust gases for the specified wind
direction; calculation of the operative line source parts related to some specified sampling locations.

3. Results

Along the two road lanes, large variations of the standard deviations were found from wind tunnel
investigations. Overall, standard deviations were smaller at the leeward (west) side of the street
canyon. Although the standard deviations of the 30 minutes averages were mainly below 20 %, for
all locations variations of more than 100 % among consecutive mean concentrations were found.
During field conditions, these ratios are likely to enhance due to permanent weather changes. At the
other street side, the transport of air close to the ground occurred less frequently, corresponding to
bigger standard deviations. It can be concluded that due to a re-circulating flow pattern inside the
street canyon, a more or less continuous transport of tracer gas contrary to the mean wind direction
occurred close to the ground.

The in situ concentration measurement results along the open paths of FTIR measurements were
averaged over the distance between the measurement points giving path-integrated concentrations.
Figure 3 shows a comparison between field (FTIR and sampling) and wind tunnel results in terms of
path-integrated normalised concentrations c*. The concentration c* is defined as

ref h

o/L

*_CZ'M

with c,= (c-cy): concentration of the additional air pollution, Q/L: emission source strengths per
length unit, u,: wind speed in the altitude z ., (in this case HRSW in 42 m altitude), h: normalising
parameter (building height). Wind tunnel values given in Figure 3 represent long-term average
concentrations whereas the field values correspond to seven 30-minutes averages. c* gives the
possibility to compare field and wind tunnel measurements: all methods show the same c* ratio
between westerly and easterly side walk. In Figure 3 the scatter bars attached to FTIR results
correspond to half-hourly values whereas the scatter of the field sampling and wind tunnel data was
calculated as mean relative scatter along the FTIR path.
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Figure 3:  Comparison of c* values from field (FTIR, sampling) and wind tunnel measurements
with mean wind direction 250°+8° The results cover a time frame from 11:00 until
14:30 LT. Concentrations are calculated from 30 minutes averages. Left column:
westerly side walk, right column: easterly side walk. The scatter bars correspond to
half-hourly mean values.

Conclusions and outlook

The measurement results show clear differences in concentration values measured on both side
walks. Differences between the field data and the wind tunnel results arise, among other reasons,
from the different averaging times inherent in both types of data. Whereas the wind tunnel mean
values do represent a statistically safe long-term average of measured concentrations, the field data
comprise a total of seven half-hourly mean values only. Consequently, a direct comparison of field
results and wind tunnel data requires the scatter of the 30-minutes average values inherent in all field
samples to be considered. For the wind tunnel results it must be considered, that the scatter of short-
term average values is resulting from turbulent fluctuations only. Thus, the scatter of the short-term
average values in the wind tunnel must be smaller than the scatter in the field. Since the scatter bars
attached to the field data in Figure 3 have been calculated from 7 half-hourly mean values only, an
even bigger scatter must be expected for an increasing number of samples.
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Abstract

In an attempt to control speeds and reduce crashes, traffic signals are being installed at several
locations on highways to serve as speed reduction devices. One concern about these signals is that
while they may be effective in reducing high speed crashes, they not only stop traffic that is
exceeding the speed limit, but other traffic on the approach that is not. This may result in excessive
delays, queuing and speed change cycles for approaching traffic. As a result, vehicle emissions are
also likely to increase. An approach, based on experimental measurements, of modelling traffic and
emission performance of speed control signals is presented herein to help explain the interaction
between the signal control variables (for example minimum signal settings, speed threshold setting
and minimum green call scenarios) and performance variables (such as delay, stops and emissions).
The experimental data for validation were gathered on Highway N6, connecting Cascais and
Lisbon, in Portugal.

Keys-words: emissions, signals, speed, traffic.

Résumé

Dans une tentative pour régler des vitesses et réduit des accidents, les signaux de circulation sont
installés a plusieurs emplacements sur les routes pour servir d'expédie les appareils de contréle.
Une inquiétude de ces signaux est que pendant qu'ils peuvent étre efficace dans réduire les
accidents, ils arrétent non seulement la circulation qui dépasse la vitesse maximum, mais l'autre
circulation sur l'approche qui n'est pas. Ceci a pour résultat des retards excessifs, mettre en file
d'attente et les cycles de changement de vitesse pour la circulation. Par conséquent, les émissions de
véhicule sont aussi probables pour augmenter. Une approche, basée sur les mesures
expérimentales, de modelage de circulation et émissions est présentée en ceci pour aider comprend
l'interaction entre les variables de controle de signal (tel que les montages de signal de minimum, le
montage de seuil de vitesse et les scénarios d'appel verts minimum) et les variables d'exécution (tel
que le retard, les arréts et les émissions). Les données expérimentales pour validation on été
rassemblées sur la Route N6 qui connecte Cascais et Lisbonne, au Portugal.

Mots-clefs : émissions, signaux, vitesse, circulation.

Introduction

In an attempt to control speeds and reduce crashes, traffic signals are being installed at several
locations on highways to serve as speed reduction devices. The signal works as follows (see Figure
1). Individual vehicle speeds are detected upstream of the signal and if the detected speed remains
below a programmed speed threshold, the signal rests in green. Otherwise, the signal displays a
clearance time, followed by a red time and a minimum green time. Depending on the controller
settings, any additional “high speed calls” received during the minimum green time could be either
ignored (Case A) or could trigger the start of a new cycle as soon as the current (minimum) cycle
has elapsed (Case B). A variation of Case A is also considered in this research. In it, any additional
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“high speed calls” which occur within a certain amount of time after the previous transgressor had
actuated the system result in an extension of the red time by a fixed amount for each high speed call
(Case C). As in Case A, any additional “high speed calls” received during the minimum green time
are also ignored. One concern about these signals is that while they may be effective in reducing
high speed crashes, they not only stop traffic that is exceeding the speed limit, but other traffic on
the approach that is not. This may result in excessive delays, queuing and speed change cycles for
approaching traffic. As a result, vehicle emissions are also likely to increase.

K

Maximum speed
allowed warning
(above which
system is actuated)

Identification of
the presence of
speed control
traffic signals

‘ Speed electromagnetic detector ‘

Figure 1:  Warning and speed control system with electromagnetic detectors.
Figure 1 :  L'avertissement et le systéme de controle de vitesse avec les détecteurs
¢lectromagnétique.

The authors are not aware of any current method that can quantify the impact of the speed control
signals on traffic and emission performance. An approach, based on experimental measurements, of
modelling traffic and emission performance of these signals is presented here in order to explain the
interaction between the signal control variables (e.g. minimum signal settings, speed threshold
setting and minimum green call scenarios) and performance variables (such as delay, stops and
emissions).

1 - Methodology

The main purpose of this research was the development of a numerical predictive model, based on
experimental measurements and concepts of traffic flow theory.

The approach presented here is macroscopic and deals mainly with the condition experienced by the
average approach vehicle. Thus, all variables represent average conditions and do not include any
measure of variability. The numerical method is applied to passenger car traffic only in a single lane,
although it can be assumed that lane flows are homogeneous and therefore traffic performance will
be similar across all lanes. Acceleration and deceleration models were borrowed from the aaSIDRA
computer software, by Akcelik & Associates (2002). These were selected because they were the
most detailed and most suitable for emission estimation. The emissions estimation model is founded
on the modal emissions approach developed by Frey & Rouphail (2001). This approach categorizes
the vehicle operation into four modes: idle, acceleration, deceleration and cruise. Each of the four
categories generates a fixed emission rate (in milligrams per second) for the three pollutants
considered in this study namely CO, NO and HC.

Several parameters are needed to calculate the performance variables, such as length of the yellow,
red and green interval, the approaching traffic flow and vehicles average speed. In order to obtain
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the experimental data needed for validation of the proposed methodology, field measurements of
signal control and traffic stream variables were performed using video cameras on two different
locations (each one with a different type of signal, Cases A and C) of Highway N6, connecting
Cascais and Lisbon, in Portugal.

From the experimental measurements obtained, it was concluded that traffic speed on the facility
closely follows a normal distribution with a given mean and a standard deviation.

The experimental distribution of time between vehicles exceeding the speed trigger showed that it
could not be assumed that transgressors are randomly equally distributed throughout the traffic lane.
Results obtained indicate that the distribution of the time between transgressors can be described by
a Gamma function (characterised by parameters r and A), with constant r. In addition, the
dependency of parameter A with traffic flow was assumed as follows: Mean Time = 3,600/(Q-P;) =
/A, in which Py is the fraction of all traffic that is travelling above the trigger speed.

A Monte Carlo simulation method was implemented to generate time intervals between
transgressors and, thus, relationships between three types of transgressors were found, namely: the
fraction of all transgressors that actually actuate the system (F), those that increment the duration of
red time (I) - applicable to Case C only - and transgressors that not actuate the system (H). The
theoretical average time between speeders is dependent of the hourly traffic volume (Q) approaching
the system and can be expressed as 3,600/(Q-P;). The proposed expression for the average time
between the arrivals of speeders that actuate the system, Ty, is: T; = 3,600/(Q-P-F).

2 - Results

Comparison between numerical and experimental results

The authors could not find any real world situation where Case B was implemented. Therefore, only
Cases A and C were validated with experimental data. The traffic volumes measured were 992 and
832 vehicles per hour, for Case A and C, respectively. For Case A, there were two approach lanes,
while there was only one approach lane for Case C.

The comparison between the numerical and experimental results for both Cases A and C are
presented in Tables 1 and 2, respectively.

NUMERICAL | EXPERIMENTA

VARIABLES MODEL L DATA
Fraction of speed transgressors 0.18 0.21
Average time between speeders (theoretical) [s] 20.64 16.85
Fraction of speed transgressors that actuate the system (F) 0.46 0.43
Average time between speeders that actuate the system [s] 44.45 40.12
Average cycle length [s] 44.45 40.12
Average red time [s] 6.42 6.62
Average green time [s] 34.81 30.28
Number of actuations of the system per hour 81 88

Fraction of vehicles stopped 0.30 0.34
Fraction of vehicles unfairly stopped 0.25 0.27
Fraction of vehicles that correctly stop 0.05 0.07
Fraction of vehicles that correctly go 0.58 0.53
Fraction of vehicles that incorrectly go 0.12 0.14

Table 1: Comparison of numerical and experimental results for Case A.

Tableau 1 : Comparaison de résultats numériques et expérimentaux pour Cas A.
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NUMERICAL | EXPERIMENTA
VARIABLES MODEL L DATA
Fraction of speed transgressors 0.39 0.35
Average time between speeders (theoretical) [s] 11.05 12.55
Fraction of speed transgressors that actuate the system (F) 0.28 0.25
Fraction of speed transgressors that increment red time (I) 0.33 0.29
Fraction of speed transgressors not actuating the system (H) 0.39 0.46
Average time between speeders that actuate the system [s] 39.78 49.46
Average cycle length [s] 39.78 37.29
Average red time [s] 10.13 7.38
Average green time [s] 2548 25.75
Number of actuations of the system per hour 91 72
Fraction of vehicles stopped 0.67 0.58
Fraction of vehicles unfairly stopped 0.41 0.38
Fraction of vehicles that correctly stop 0.26 0.20
Fraction of vehicles that correctly go 0.20 0.28
Fraction of vehicles that incorrectly go 0.13 0.15
Table 2: Comparison of numerical and experimental results for Case C.
Tableau 2 : Comparaison de résultats numériques et expérimentaux pour Cas C.
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Figure 2:  Delay / Minimum Cycle vs. Traffic Flow / Capacity.

Figure 2:  Retard / Minimum Cycle vs. Volume de circulation / Capacité.

Sensitivity analysis

The sensitivity analysis is based on the trade-offs between level of enforcement — how many speed
limit abiding drivers should be stopped/penalized for every transgressor that is stopped/penalized —
against the cost of added emissions. The inputs for the analysis were the ratios between: traffic flow
and capacity; red increment and minimum cycle (applicable to Case C only); minimum green time
and sum of yellow and minimum red intervals. These ratios will affect the parameters of traffic
control and the emissions. The analysed variables were delay, fraction of vehicles that stop and
additional emissions per vehicle caused by the presence of signals (for each pollutant). The most

relevant results are represented in Figures 2, 3 and 4.
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Figure 3:  Additional emissions caused by the presence of signals vs. Traffic Flow / Capacity -
Case A.

Figure 3: Emissions supplémentaires causé par la présence de signaux vs. Volume de circulation
/ Capacité — Cas A.
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Figure 4:  Local increase in emissions caused by the presence of signals vs. Traffic Flow /
Capacity - Case A.

Figure 4 :  L'augmentation locale dans les émissions causé par la présence de signaux vs. Volume
de circulation / Capacité — Cas A.

3 - Discussion

The main interpretations of the results presented in the above tables and figures are summarized
below. Looking at Tables 1 and 2, it can be seen that there is not a significant variation between the
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numerical and experimental results. However, the existing variations may be due to the fact that the
gamma function is not perfectly suited to the experimental data distribution of time between
transgressors. To improve these results, a larger amount of experimental data should be gathered.

From the analysis on two specific places of Highway N6, results indicate that the implementation of
signals with the system A had the consequence of an additional 119% of CO, 17% NO, 82% HC and
106% in total emissions. The implementation of signals with system C increased emissions by 164%
for CO, 41% for NO, 120% for HC and 149% in total emissions. As presented on Figure 2, delay
increases with the traffic flow and this increase is worse for Cases B and C. Similarly, the additional
emissions caused by the presence of signals increase with traffic flow (see Figure 3). The evolution
of the additional emissions for Cases B and C is similar. When the ratio between traffic flow and
capacity increases from 0.1 to 0.7, the ratio between total emissions with and without the presence
of signals (see Figure 4), considering that the total distance of influence in acceleration and
deceleration is about 300 meters, increases by 56%, 82% and 67%, for Cases A, B and C,
respectively. It was also concluded (results not shown) that the fraction of vehicles that stop at the
signals increases with traffic flow, for all cases, but the variation is more pronounced for Case B.

The trade-off is now clear when experimental data are examined. In Case A, out of the 21% of
drivers that were transgressors, about 33% actually stopped, while 67% did not. In the more
restrictive Case C, out of the 35% drivers that were transgressors, about 57% stopped while 43% did
not. The numerical emission model predicts an increase of 106% for Case A and 149% for Case C.
Thus, succeeding in stopping a larger fraction of transgressors will result in higher emissions.

Conclusion

The main motivation of the developed research was the analysis of the compromise between safety
and emissions, namely between the trade-offs between level of enforcement — how many vehicles do
we want to stop/penalize for every transgressor that is stopped/penalized — against the cost of added
emissions. With the proposed methodology some questions could be answered, such as:
quantification of the environmental consequences of the installation of speed control traffic signals;
identifying which of the control systems (A, B or C) causes more delay (that can result in increased
traffic congestion) and more stopped vehicles; and selection of most environmental appropriate
stopping time at the signal, in order to minimize the emissions and delay.

The obtained results were very encouraging, confirming the applicability of the proposed numerical
methodology to describe the behaviour of traffic in the presence of speed control traffic signals. The
described methodology, by estimating and minimizing emissions effects, is very useful because it
can help local authorities to decide on the best actions to avoid/reduce those environmental and
social problems and educate drivers concerning the environmental impact of a short stop.
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Abstract

The paper reports the application of the methodology for air pollutant emissions estimate from road
transport developed within the project MEET to regional and local transport planning, in the actual
situation and in prevision. The computer program SETS, integrated with the CALINE4 dispersion
model, is first introduced. Next, the paper describes the data needs and procedure followed for the
emissions estimates in different regional and local situation: regional and urban scale top-down or
bottom-up estimates and microscale emissions estimates and dispersion modelling. Finally the use
of emissions estimate and dispersion models in microscale level will be discussed.

Keys-words: air pollutant emissions, regional transport planning, urban roads, highways, Italy.

Introduction

The paper reports as the methodology for air pollutant emissions estimate from road transport
developed within the project MEET (Methodology for Estimate Air Pollutant Emissions from
Transport), funded by the European Commission under the transport RTD programme of the 4th
framework programme (Hickman J. et al., 1999; Joumard, 1999), has been applied to regional and
local transport planning in the actual situation and in prevision.

In air quality management and transport planning there are several needs of air emissions estimate
and air quality evaluation. The goals of activities are regional or urban scale top-down and bottom-
up estimates, and local or urban scale microscale estimates. Top-down approach estimates emissions
on the basis of statistics information at an aggregated geographical scale (region, urban area) and are
appropriate for general regional or urban planning while bottom-up approach estimates emissions on
the basis of specific information at road by road scale and are appropriate for road network planning.
Finally microscale estimates are used for microscale traffic planning.

The different estimates need different approaches but, with some limitation for microscale estimates,
can be performed with the same methodology and software. In the following chapter this
methodology and software will be introduced and discussed.

The case studies introduced are from regional air quality management plans, regional transport
planning, urban air quality measures planning, environmental impact analysis, etc. (Trozzi et al.,
1994; 1996; 1997; Trozzi and Colaiezzi, 2000; Trozzi, 2003).

1 — Methodology and software

In order to evaluate the air quality in the road the computer model SETS Diffusion is used (Figure
4). The model integrates an opportune emissions module and a dispersion module.

The emission module (SETS) allows the estimate of the air pollutants emissions produced by road
traffic (Trozzi et al., 1995). The program has been upgraded to use the methodology developed
within the project MEET and recently benzene emissions are introduced utilizing CONCAWE
studies (CONCAWE, 1999; 2000). The dispersion module allows the estimate of the air pollutants
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concentrations with the CALINE4 dispersion model, developed by California Department of
Transportation (State of California, 1989).

In Figure 4 is described the data flow toward the models. From the picture can be deduced the data
needs in input to the emissions and dispersion modules. The SETS module produces the emissions
information for CALINE dispersion module, while the others geometric, meteorological and
chemical data are directed inserted in dispersion module.

Traffic data and other data for emissions estimates:

* Number of vehicles ® Speed distribution  * Load distribution
* Vehicles distribution ~ * Gradient distribution * Temperature and RVP distribution

Emission
factor

( Meteorological \

data for dispersion

model:
l ®* Wind direction
* Wind speed

* Mixing zone dimension
* Mixing high

\" Stability class /

data for dispersion

Number of
vehicles
Emissions I
estimate
Road characteristics

model:

® Road type
* Road coordinates

° Road high /
Chemical data for
Predicted I
concentration

dispersion model:
Figure 4:  Input/output flow diagram for SETS Diffusion model

* Photolysis constant

* 05, NO, NO, bottom
concentration

In SETS emissions module the user can define a lot of simulations. Each simulation is characterized
by number of vehicles circulating subdivided in categories of vehicles. A simulation can be referred
to a single road or to an area (city, province, region, nation).

The most important data are the number of vehicles circulating. These can be the total number of
vehicles registered for a given area or the effective number of vehicles passing a single road section
(for example from vehicles counting). The data are introduced with the following general
subdivision: cars, two stroke cars, commercial vehicles, urban buses, other buses, motorcycles.

The user can associate to each simulation in the model:
»a lot of predefined distribution selected between a library of distributions for:

* vehicles - as percentage inside each category between fuels, load or engine capacity classes
and normative following the MEET classification (usually: national average, regional
average, regional urban, national highway, etc.);

* speed - as percentage inside each category-fuel-load/capacity class between twelve speed
classes with an amplitude of 10 km/h, starting from class 10-20 up to class 120-130; usually
can be defined regional general or road specific speed frequency distributions (for example
average, congested hours, etc.);

* Joad - as percentage inside each category (actually defined only for commercial vehicles)
between loaded and unloaded; usually can be defined regional general or road specific load
frequency distributions (for example average, highway, etc.);

* gradient - as percentage inside each category between seven different classes (from [-6% .-
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4%] to [4% ,6%]); usually can be defined regional general or road specific gradient frequency
distributions (for example average hill, average mountains, highway, etc.);
»a lot of predefined monthly profile selected between a library of profiles for:

* temperature - associated with different years or different regions;

* RVP (Reid Vapour Pressure as a measure of gasoline volatility) and other fuel
characteristics (lead and sulphur contents) - associated with different years or regions;

* mileage - as monthly percentage inside each category; usually can be defined regional
general or road specific monthly mileage distribution (for example average, tourist, etc.).

For the use of dispersion module are necessary a set of other data on roads geometry, meteorology
and pollutant chemistry data.

2 — Regional scale top-down emissions estimates

In the regional scale top-down estimates the model is used:

» to estimate global regional emissions and evaluating the relative contribution of road transport,

» to estimate the monthly, weekly and daily distribution of emissions,

» to evaluate the effect, on regional scale, of modification of vehicles fleet composition, fuel
properties, goods transport composition (road-train and road-ships modal shift).

Usually regional scale top-down estimates are used to evaluate urban and extraurban emissions
(with the exclusion of highway emissions, mostly evaluated with a bottom-up approach). In this case
the following procedure is used:
» retrieval of statistical or regulatory data about:
o register information (from Public Register of Automobiles) about number of circulating
vehicles on a regional basis for vehicle categories (category-fuel-load/capacity),
o quantity and characteristics of fuels sold in ordinary regional fuels distribution network,
o average regional temperature data;
» evaluation or estimate of:
o average mileage for type, class and category of vehicle,
o average traffic characteristics such as average trip length,
o average speed, load and (where possible) gradient frequency distribution;
» computation of total fuel consumptions and verification with statistical data about fuels solded.

An iterative process is activated in which the user modify inserted estimate data (trip length, average
mileage, etc.) to obtain a fuel consumption estimates compatible with solded fuels.

In conclusion in these cases the emissions:

» are estimated on regional scale;

» are evaluated at municipal level using a lot of proxy variables known at the municipal level;
proxy variables allow obtaining information on a certain spatial resolution assuming that it is
known for larger spatial resolutions; municipal level in Italy corresponds to level 5 of NUTS
(Nomenclature of Territorial Units for Statistics) classification scheme established by Eurostat;

» inside the municipality a square grid mesh (1km x 1km) is built-up to represent emissions on a
very detailed scale; to disaggregate emissions to the mesh level, the methodology of proxy
variables is used assigning to emissions the same spatial distribution of another variables that
it’s assumed to have a similar behavior; usually urban areas coverage from land cover maps and
extraurban road network from transport maps are used as proxy variables;

An example of regional scale top-down estimate is reported in Figure 5 for Florence Province. In the
picture are evident the main urban agglomerates (particularly Florence metropolitan area).
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Nitrogen Oxides Emissions [ton]
Florence Province 1998
Urban roads - cars

m121 -288
50 -121

17 - 50
0 -17

Figure 5:  Nitrogen oxide emissions on lkm x 1km grid at regional scale
3 - Regional scale bottom-up emissions estimates

In the regional scale bottom-up estimates the model is used:

to estimate on road by road basis the emissions on highway and main regional roads;

to support on road-by-road basis the regional transport policies planning;

to estimate the monthly, weekly and daily distribution of emissions;

to evaluate the effect, on single roads, of modification of goods transport composition (road-
train and road-ships modal shift).

YVVVYVYYV

An example of regional scale bottom-up future emissions estimate is reported in Figure 3 for
Bolzano Province, in the frame of regional transport planning. In the picture, relative to an estimate
of future Benzene emissions, are clearly represented the main extraurban roads and highways.

Benzene emissions (kg/km)

Bolzano region - plan year 2014

27,3-67,5

10,5 -27,3

3,9-10,5
0-39

Figure 3 : Benzene 2014 annual emissions in extraurban and highway road segments (kg/km)

Usually regional scale bottom-up estimates are used to evaluate extraurban and highway emissions.
In this case the following procedure is used:
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» evaluation of specific road sections characteristics such as: length, specific gradient frequency
distribution road by road, specific load frequency distribution road by road (or, where not
valuable, default one), average temperature data;

» retrieval of counting or traffic models data about: number of vehicles subdivided in category of
vehicles, average speed, monthly distribution of traffic;

» use of top-down national (for highways) or regional (for other extraurban roads) data about:
distribution of circulating vehicles for categories of vehicle (category-fuel-load/capacity),
characteristics of fuels solded (RVP, sulphur content, lead content);

» evaluation or estimate of specific speed frequency distribution; a lot different speed distributions
must be created and associates to the roads based on average speed, measured or defined by the
traffic model of assignment of the flows, and of the average inclination of the arc.

Usually cold start emissions are not computed in these cases; however in some extraurban
application (very cold climate), a cold start effect can be relevant.

4 - Urban scale top-down emissions estimates

In the urban scale top-down estimates the model is used as in the regional scale and also:

» to evaluate the effect, on urban scale, of limitation of circulation of specific vehicles classes
such as “old” passenger cars, heavy duty vehicles, motorcycles, light duty vehicles;

» to evaluate the effect, on urban scale, of modification of fuel properties.

Urban scale top-down emissions estimate is a very difficult task due to a generally lack of
information on urban scale. Nevertheless the task is very important, particularly in large
metropolitan areas, for urban air quality planning and for use in bottom-up and microscale emissions
estimates. In this case the same procedure as in the regional case is used where all the information
related at “region” must be evaluated for an area sufficient to include all the “urban area” (usually
province area).

In these cases the emissions:

» are estimated on “urban area” scale;

» when emissions are estimate on large metropolitan scale level, can be useful to characterize
single main access roads with bottom-up estimates and compute urban emissions as the
emissions of remaining traffic;

» inside the “urban area” a square grid mesh (1km x lkm or less) is built-up as in regional case
and road network coverage from urban maps can be used as proxy variable.

5 - Local or urban scale bottom-up emissions estimates

In the local or urban scale bottom-up estimates the model is used:

to support urban traffic models for emissions estimate on urban model network;

to support local transport policies planning based on traffic models;

to evaluate emissions on single roads from vehicles counting;

to estimate the monthly, weekly and daily distribution of emissions;

to support environmental impact analysis of new road infrastructures through atmospheric
diffusion models.

YVVVVY

As in the case of regional scale bottom-up emissions estimates that uses as background information
regional estimates in these case urban scale top-down emissions estimates are used as as background
information for the relevant urban parameters.

6 - Local or urban microscale emissions estimates and dispersion modeling

The local or urban scale microscale emissions estimates can be of different types and in some cases
can use the same SETS model; in some other cases specific microscale approach such as
instantaneous emission approaches can be useful (Technische Universitit Graz, 1999; United States
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Environmental Protection Agency, 2001).

Generally, instantaneous emission modeling is not yet validate, some example of application of the
SETS model at particular microscale examples are to support the evaluation of microscale measures
(such as: new roads, traffic light policies, one way introduction, ring introduction, etc.) and to
evaluate emissions for microscale diffusion models. In Italy some application was realized for the
study of new infrastructure, the study environmental impact of tunnel, the study of one-way policies
in urban road with gradient. From the experience is confirmed as the use of instantaneous emission
approaches is recommended only in limited cases where driving behavior and dynamics is of major
interest. Average speed models are not appropriate for such tasks.

Conclusion

In the paper is discussed the application of MEET methodology on regional and local scale, with
detailed speed, gradient and load frequency distributions. From several Italian experiences is clear
the need for more detailed data on traffic speed composition and average trip length. The
methodology can be usefully used in some situations also on microscale level.
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Un mode¢le de microsimulation pour I’évaluation des émissions polluantes dans
les aires urbaines en fonction du régime de marche et pour une typologie
véhiculaire

Sergio d’Elia
Universita della Calabria, Dipart. di Pianificazione Territoriale, Ponte Bucci Rende Cosenza -Italia
Fax : 39 0984 496782 - email : sdelia@unical.it

Résumé

Cet article présente un modele construit pour le calcul des émissions polluantes dans les aires
urbaines, et utilise une méthodologie (d’Elia — Danieli) qui permet de mesurer les réelles émissions
sur des véhicules équipés, avec des caractéristiques semblables a celles du parc véhiculaire Italien.
Les modeéles formulés pour le calcul des émissions polluantes sont nombreux, mais les réelles
émissions polluantes en Italie ou il existe des conditions de débit trés variables méme pour la
morphologie des infrastructures urbaines existantes (largeur des routes, distances entre les
intersections, obstacles, visibilité, etc.) restent peu connues.

Les mesures sont relatives a des cycles de conduite UDC et EUDC de plusieurs véhicules, catalysés
et non catalysés, qui ont circulé pendant plusieurs mois, avec des flux variables dans des zones
caractérisées par des accélérations et des décélérations continues, ou dans des aires sans trafic.

La base de données obtenue permet la construction et le calibrage d’un modele de prévision des
émissions valide et adhérent a la réalité des villes italiennes.

Le modéle a été ensuite comparé a d’autres modeéles pour vérifier les diversités existantes.
Mots-clefs : modeles de micro-simulation des émissions polluantes.

Abstract

This paper presents a model for calculating pollutant emissions (CO, NOx, HC) in urban areas,
constructed on specially equipped vehicles circulating in Italy, on urban and extra-urban
infrastructures.

The measurements relate to UDC and EUDC driving cycles of several vehicles, catalysed and non-
catalysed, which were driven during various months, in different conditions, in variable traffic flows
in zones characterised by continuous acceleration and deceleration, or in traffic-free areas, but also
driven by different drivers in order to obtain data which are independent of the style of driving.

The pollutant emissions were drawn from the relief of the instantaneous parameters of engine
movement and operation, along a series of predetermined itineraries, taking into consideration the
particular characteristics of the vehicles. The data obtained by the method described above, for
each itinerary and vehicle, are representative of the characteristics of the movement (speed and
acceleration), of altimetric operation (slope), and of the polluting substances emitted, in function of
time and space.

Determination of the polluting substances emitted by a vehicle along an itinerary is achieved
through the analysis (by means of software) of the data recorded on instrumented vehicles.

The data consist of signals relating to the engine (number of revolutions), to the wheel (number of
revolutions), and to acceleration (throttle opening). The signals are collected instantaneously by a
circuit which transforms them so that they can be recorded in a memory (RAM box). At the end of
each itinerary the data are downloaded from the RAM to a PC, for subsequent processing.

In this way, it is possible to obtain the characteristics of each trip (speed-time-space diagrams,
acceleration-time-space, torque, wheel revolutions/engine revolutions ratio, consumption) and the
emissions (g/km and g) of CO (carbon monoxide), NOx (nitrogen oxides), and HC (unburned
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hydrocarbons).

On the basis of the above, it was therefore possible to construct a model of regression for selective
evaluation of the emissions in function of the phases of movement and the plain/altimetric
characteristics of the itinerary.

The emission curves obtained have fairly high regression coefficients and the comparisons carried
out lead to the conclusion that the resulting emission values are correct and conform to Italian
reality.

Lastly, the resulting curves were compared to other existing models, verifying operation and
possible deviations.

Keys-words: model microsimulation pollutant emissions.

Introduction

La méthode se base sur l'utilisation d’un puissant instrument électronique appelé: A.D.C.D.
(Advanced Driving Cycle Detector) qui fournit instantanément les valeurs des parametres
nécessaires pour connaitre les émissions polluantes a partir du trafic véhiculaire.

Dans cet article est proposé un instrument mathématique mis au point pour la voiture, on possede
aussi des données pour d’autres catégories de véhicules. Les émissions polluantes ont été obtenues a
travers le relevé de parametres instantanés du mouvement et du fonctionnement du moteur, apres
une série de parcours préfixés, considérant les propres caractéristiques des véhicules.

Les données obtenues avec la méthode précédemment décrite, pour chaque parcours et véhicule,
sont représentatifs des caractéristiques du mouvement (vitesse et accélération), du parcours
altimétrique (pente), et des polluants émis, en fonction du temps et de 1’espace. Il est donc possible
d’observer des relations existantes entre régime de mouvement et émissions (ex. I’augmentation des
émissions de NOx dans les phases d’accélération, ou du CO lors des arréts). La procédure utilisée a
permis en synthese d’estimer les émissions pour chaque condition possible de vitesse, accélération
et pente et pour chaque typologie de véhicule. Les émissions fournies a partir de la base de données
sont relatives aux polluants suivants: CO, HC e NOx.

A partir des diagrammes du mouvement obtenu, analysés simultanément avec les émissions
instantanées, il est aussi possible de faire des observations a propos de la qualit¢ du débit
véhiculaire, parce qu’un régime irrégulier (c’est-a-dire le mouvement variable) est certainement
facteur d’augmentation des émissions polluantes. Ceci peut €tre observé a partir du correspondant
diagramme des émissions relachées le long du parcours (g/km-m); les accélérations correspondent
en fait aux pics de NO, tandis que dans des conditions minimes a celles du CO (moteur diesel).
Donc pour un parcours déterminé, on peut connaitre I’entité des émissions polluantes relachées par
le véhicule (auto, bus, cyclomoteur), ou a travers le relevé des données nécessaires a I’estimation de
ces dernieres, ou bien en utilisant des valeurs qui se trouvent dans le tableau relatif & d’autres
parcours (dans ce cas, on doit au moins savoir les caractéristiques du mouvement sur le parcours
étudié).

Chaque tableau (dont les valeurs sont obtenues comme moyenne de plusieurs relevés) est relative au
type d’émission (CO, HC, NOx), véhicule (autos non catalysées, auto catalysées, bus, cyclomoteur)
et pente de la nivelette. Apres avoir choisi le tableau, les données d’entrées sont la vitesse et
I’accélération.

2. L’instrumentation pour le relevé et pour I’élaboration des données.

La détermination des émissions polluantes, relachées par un véhicule lors d’un trajet dont on connait
les caractéristiques planoaltimétriques, se passe a travers 1’élaboration (au moyen de logiciels) des
données acquises par I’instrumentation montée sur le véhicule.

Il s’agit de signaux relatifs au moteur (nombre de tours), a la roue (nombre de tours), et a
I’accélération (ouverture de la vanne a papillon). Les signaux sont instantanément recueillis par un
circuit qui le transforme de facon a pouvoir étre enregistrés sur une mémoire (boite RAM). A la fin

138 Actes INRETS n°92



de chaque parcours, les données sont transmises de la RAM a un PC, pour 1’élaboration successive.
Les données recues grice aux relevés doivent étre élaborées au moyen de logiciels, apres
I’introduction du fichier pente, qui contient des données sur I’altimétrie du parcours. On obtient de
cette facon les caractéristiques du mouvement propres a la course effectuée (diagramme vitesse-
temps-espace, accélération-temps-espace, couple, rapport tours de roues/tours moteur,
consommations) et les émissions (g/km et g) du CO (monoxyde de carbone), NOx (oxyde d’azote),
et HC (hydrocarbures non briilés).

Dans le schéma de la fig. 1 la méthodologie adoptée est explicitée aussi bien en phase de relevé
qu’en phase successive d’élaboration des données.

‘ RECUEIL DE PARAMETRES DU MOUVEMENT ET DU MOTEUR LORS D'UN PARCOURS.

IV

l TOURS DE ROUES

TOURS MOTEUR ”

! ACCELERATEUR ‘
‘ ELABORATION AU MOYEN DE LOGICIELS I
‘ Fichier pente parcours ‘ >
‘, i ‘ a) Caractéristiques du
‘ RALT I | A= — mouvement.
Figure 1:  Schéma de la méthodologie dans les deux phases de recueil et d’élaboration des

données

En fig. 2, on reporte comme exemple les courbes d’émission du CO exprimées en gr/Km, en
fonction de la vitesse instantanée initiale et de I’accélération (positive) sur un parcours ayant une
pente en montée moyenne comprise entre 0 et 2%.

pente 1 = 0-0.02

70 - gr/km CO conrbe
60 - —=——0 05 —a—0.5 1
—»—15 2 —e—2 25
50
_1-0.5 ~ 15 -1
40 -
30 -
20 -
10 A
0 ; :
025 2,55 575 7.5 10 10_12,5 12.5_15
vitesse init.

Figure 2:  Emissions du CO en fonction de I'accélération et de la vitesse initiale.
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La construction du modéle de régression

Selon ce qui a été précédemment dit, il a donc été possible de construire un modele mathématique
pour D’évaluation des émissions ponctuelles qui soit le plus adhérent possible aux différentes
situations du mouvement pouvant se présenter sur un parcours déterminé et qui tienne aussi compte
de la pente de la section a parcourir.

La base de données s’est donc subdivisée par classes de pente du parcours (A = 2 degrés) et on a
recherché les équations relatives pour chaque classe de pente, parce que les émissions sont fortement
conditionnées par la quote-part de puissance utilisée.

La structure du modele est polynomiale, de type:

I v\’
=330 (a)

=0 J=0

pour A, =cost (gradient de pente du parcours: deux degrés de pente)

pref *
ol: Em =émission du CO, HC, ou de NOx exprimée en gr/Km
K = coefficients du modele de régression;  dv/dt = accélération ou décélération (m/s?)

La formulation spécifique du modele qui interpole mieux les données d’émission, dans cette étude
assume la forme suivante:

Em=a+bx+cx’ +dx’ +ex’ + fi°
ol : Em = émission du CO, HC, ou de NOx exprimée en gr/Km
a = point d’interception ; b,c,d,e,f = coefficients; x = accélération (m/s?)

Pour chaque valeur de la pente de la nivelette sur laquelle le véhicule se déplace, on a deux
polyndmes distincts, caractérisés par des parcours particuliers, respectivement pour des véhicules en
accélération et pour des véhicules en décélération.

La fiabilit¢ des polynomes de régression est déterminée en calculant la valeur du coefficient de
détermination R (valeur R au carré). Des valeurs s’avoisinant a un indiquent la bonne
correspondance du polynome aux valeurs expérimentales.

SSE

=1——

SST
ol ; SSE=S(-7) et SST=E(Y2)—¥

Dans le tableau 1, les valeurs des coefficients a, b, ¢, d, e, f sont reportées pour un véhicule non
catalysé en phase d’accélération; de la méme facon dans le tableau 2, on reporte les valeurs des
mémes coefficients pour un véhicule toujours non catalysé, en phase de décélération. De facon
analogue, les valeurs des coefficients du polynéme pour une voiture catalysée ont été obtenues aussi
bien en accélération qu’en décélération (elles n’ont pas été reportées dans cet article).

Résultats

Le courbes d’émission obtenues ont des coefficients de régression tres élevés et les comparaisons
effectuées portent a considérer que les valeurs des émissions résultants sont corrects et adhérents a la
réalité italienne.

Les courbes sont mises en évidence dans les graphiques reportés dans le paragraphe successif; dans
ces dernieres, aussi bien les valeurs du modele en question que celles d’'un modele américain utilisé
pour une confrontation et pour vérifier ultérieurement la validité du modele étudié, sont représentées
par un diagramme.

Précédemment, dans un travail présenté au congres SIDT 1998 a Reggio Calabria, pour vérifier la
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qualité de la procédure et des résultats obtenus, on a illustré les différences existantes en comparant
les valeurs obtenues a la méthode en question et a ceux dérivant de 1’application du modele
Integration.

véhicule en accélération - coefficient du polyndme de régression
émission pente a b c d e f R"2
da-6a-4% [1,9729 59,7320 -4,2767 -2,3323 10,4605  0,0000 |0,9999
co da—2a0% 16,3880 [84,1810 -27,0750  [7,1936 -1,0011 10,0000 |1,0000
da0a2% 16,1579 [119,3800 |-83,0530 38,2540 |-6,7538 [0,0000 |0,9999
da2a4% |7,6657 [136,9100 |-92,4190 44,6280 |-8,3206  [0,0000 |0,9998
da-6a-4% [0,2046 |1,2120 -0,5682 0,2573 -0,0501 10,0000 10,9997
He da—2a0% 10,6340 |1,2517 0,1559 -0,1156 10,0088 10,0000 10,9994
da0-2% 10,6924 [2,0485 -0,9966 0,4832 -0,0864 10,0000 10,9992
da2-4% 10,8745 [2,1170 -0,6589 0,1937 -0,0316 10,0000 |1,0000
da-6a-4% [0,4691 14,1371 -1,8962 0,8827 -0,1730 10,0000 10,9999
NOx da-2a0% [1,4924 16,3155 -1,2606 0,2047 -0,0061 10,0000 10,9999
da0a2% [1,5500 18,9948 -6,2669 3,4912 -0,7237 10,0000 10,9998
da2a4% [1,6947 11,7270 -5,1919 2,1480 -0,3770 10,0000 |1,0000

Tableau 1: Valeurs des coefficients de régression pour une voiture non catalysé en accélération

véhicule en décélération - coefficients du polynome de régression

émission pente a b c d e f R"2
da-6a-4% [1,7840 |-35,7150 |-37,7510 [16,8610 |-2,7076 0,0000 10,9998

co da-2a0% [6,2842 |-34,2740 |-29,0460 |-9,7613 -1,0887  [0,0000 10,9965
da0a2% 16,0226 [-42,9650 46,9690 |-21,6140 |-3,5677 0,0000 10,9997

da2a4% [1,4098 |-45,3230 |-77,0970 61,8720 [-23,5360 |-3,4137 {1,0000
da-6a-4% [0,2013 [9,1502 -9,7009 -4,3466 -0,6991 0,0000 10,9998

HC da-2a0% 10,6211 [10,9550 11,5370 [-5,2266 -0,8584  |0,0000 |1,0000
da0a2% 10,6796 [-13,3820 [-23,2710 |-19,2950 |-7,6020 -1,1396 |1,0000

da2a4% 10,8720 [-12,5190 19,3130 14,3910 [-5,1845  |-0,7228 {1,0000
da-6a-4% [0,4621 |1,6159 2,2712 1,5371 0,5040 0,0643 11,0000

NOx da-2a0% |1,4757 [5,9722 9,5376 7,3408 2,7218 0,3889  [1,0000
da0a2% |1,4864 14,2242 4,3008 1,8526 0,2882 0,0000  [0,9994

da2a4% [1,7000 16,3282 9,1914 6,4431 2,1901 0,2896  [1,0000

Tableau 2: Valeurs des coefficients de régression pour une voiture non catalysé en décélération

La comparaison a été concretement effectuée en appliquant les deux méthodologies sur deux
portions distinctes de routes urbaines a Cosenza comprenant deux intersections intermédiaires a des
distances différentes entre elles. Les résultats obtenus montraient qu’aussi bien ’'HC que le CO
estimés en appliquant le présent modele étaient plus élevés que ceux évalués avec Integration; et
ceci était une nouvelle preuve de la qualité des résultats et du fait que le modele américain se base
sur des flux véhiculaires dotés pour leur totalité de pot catalytique et avec combustion quasi parfaite
(on ne peut pas en dire autant pour le parc italien).

Dans la comparaison, on a aussi trouvé que les valeurs des émissions des trois polluants en
proximité des intersections sont plus importants si on applique le modele en question, alors qu’ils
demeurent quasi indifférents si on applique Integration et cela montre encore une fois la grande
adhérence du modele en question qui utilise des données instantanées de vitesse et accélération sur
un parc véhiculaire plus vieux et avec des quote-parts importantes de véhicules non catalysés.

Comparaison avec le modele K. Ahn, A.A. Trani, H. Rakha et M. Van Aerde

On a aussi voulu vérifier le modele proposé en le comparant a un modele analogue de régression,
obtenu sur un parc véhiculaire en Virginie de K.Ahn, A.A. Trani, H.Rakha et M.Van Aerde du
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Center for Transportation Research, dans le Virginia Polythecnic Institute and State University. Le
modele est de type:

F=a+bS+cA”> +dA> +eS + f5° + gS° + hAS +iAS* + jAS® + kA*S +14°S* +
+mA>S® + nA’>S +0A4>S* + pA’S’

dans lequel I’émission (F) du CO, HC, ou de NOx est fonction de 1’accélération (A) et de la vitesse
(V) selon un polynéme dans lequel a est le point d’interception, b,c,d.e,....., p sont des coefficients.
Le modele ainsi obtenu a €té testé et a reporté des coefficients de corrélation égaux a 0,94, 0,85 et
0.90 respectivement pour les émissions du CO, HC et de NOx.

Le modele est influencé par différentes conditions opératives (départs a froid et des températures du
milieu environnant), du parc véhiculaire, de son age, des restrictions a I’utilisation de véhicules
polluants, a I’utilisation du pot catalytique etc. Cette situation provoque des différenciations qui sont
clairement mises en évidence a la fig. n. 3, relative au polluant HC reporté comme exemple.

En particulier, une courbe trés accentuée des émissions du CO qui s’éleve rapidement et devient
quasi asymptotique ne semble pas trés adhérente quand on accélere déja d’1 m/sec’, méme si cela
reste modeste. En réalité, le fait d’avoir recherché une courbe unique aussi bien en accélération
qu’en décélération pourrait €tre la cause des accroissements élevées d’émissions tant pour les
descentes élevées que pour les montées.

Emissione HC
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Figure 3:  Emission de HC en fonction de I’accélération dans les modéles en examen et de
comparaison.

En ce qui concerne 1’émission de HC, les deux courbes présentent fondamentalement un parcours
similaire. On note en particulier que la courbe obtenue en Italie augmente quand on est en phase
d’accélération, plus importante par rapport a celle obtenue aux E.U.; et cela est facilement en raison
des restrictions importantes sur les émissions existantes aux Etats-Unis.

Méme dans le cas des émissions de Nox, les deux courbes sont analogues avec des valeurs
d’émission similaires pour les décélérations et pour les accélérations inférieures a 1 m/sec’. Pour des
accélérations supérieures a cette valeur, on note au contraire une différence notable (zone interne au
cercle) parce que dans le modele américain la courbe augmente asymptotiquement.
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Abstract

Within the EC-funded ‘DECADE’ project modern passenger cars were tested for various
influencing parameters on fuel consumption and emissions. Using a design of experiment (DoE)
set-up, specific parameters were brought together in test matrices, to test which parameters have
most significant effect on emissions and to determine if there are interactions between these
parameters. One of these test matrices focussed on air conditioning, ambient temperature and
relative humidity.

Two passenger cars (a Euro 3 diesel car and a Euro 4 petrol car) were tested on chassis
dynamometer in a climatic wind tunnel. The tests were carried out in varying ambient
circumstances, using a real world traffic based test cycle. The results show that the use of air
conditioning may increase fuel consumption and CO; emissions by 5 to 25%, depending on the type
of traffic. The impact on other emissions may even be bigger, however results depend on the engine
and emission control technology. Air temperature and humidity show a modest influence on fuel
consumption and CO,, the impact on other emissions however is substantial.

Key-words: emissions, fuel consumption, air conditioning, test conditions, test cycle, on-board
emission measurement

Introduction

When quantifying fuel consumption and emissions of modern vehicles, usually the results of the
official EU cycle are used. As presented in Pelkmans et al. (2002), these results can be very
different from fuel consumption and emissions in real circumstances. The main reason is that the
EU cycle is much smoother than real driving and engine manufacturers only have to focus on
limited engine operating zones for minimizing the emissions.

Apart from variations in the drive cycle, other parameters will also have impact on emissions. Air
conditioning is known to have a substantial influence on fuel consumption, however its impact is not
included in the official EU cycle, even if the vehicle is equipped with air conditioning. The
influence of air condition is bound to interact with ambient temperature and air humidity. Test
results on these influencing parameters will be reported on in this paper.

1 — Design of Experiments (DoE)

Within the European ‘DECADE’ project, a method has been developed for predicting fuel
consumption and regulated vehicle exhaust emissions during dynamic engine behaviour (see Debal
et al. (2002)(a)). The calculation methodologies have now been employed in a computer simulation
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tool called VeTESS (Vehicle Transient Emissions Simulation Software). The methodology has
been tested in detail for three control vehicles (all cars were model year 2000):

» a petrol VW Polo 1.4 16V, with air conditioning (Euro 4 certified, representing small-sized
city cars)

» adiesel Skoda Octavia 1.9TDi, with air conditioning (Euro 3 certified, representing medium-
sized family passenger cars)

» adiesel PSA Citroen Jumper 2.5D (Euro 2 certified, representing urban delivery vans)

In order to potentially refine the modelling algorithms used within VeTESS, several parameters
which were thought to have influence on emissions and fuel consumption, were investigated more in
depth. This was achieved using Design of Experiment (DoE) statistical analysis techniques. This
way the data set required for the simulation tool was reduced by identifying which vehicle operating
parameters or combination of vehicle operating parameters have significant effects on tailpipe
emission production. Also the interaction of multiple parameters was to be investigated in order to
determine their combined effect on emissions production. Data collection was achieved by running
an ordered series of chassis dynamometer experiments.

Three sets of chassis dynamometer emission tests were carried out. Each set of tests would look at
the effect on vehicle exhaust emissions of three different parameters. Therefore nine parameters
would be investigated in total. Each of the nine parameters would be tested at two conditions or
levels. These levels were selected to be at opposite extremes of what a vehicle would face under real
world driving conditions. Table 1 shows the sets of DoE tests and the test conditions for each
parameter.

DoE SET 1 (chassis dyno, CLE, Germany)
Drive cycle type:ECE15 + EUDC<=US-FTP

Vehicle mass:Empty weight<>+50% of max load
Tyre pressure:-30%<>+30%

DoE SET 2 (chassis dyno, IDIADA, Spain)
Fuel type:Reference fuel<=Commercial fuel

Gear matching:Low rpm gearing<>High rpm gearing

Engine airflow:Nominal airflow<>Restricted air filter

DoE SET 3 (chassis dyno with climatic wind tunnel, MIRA, United Kingdom

Temperature:-20°C<>+30°C
Humidity:20%RH<>80%RH
Air conditioning:Off<>On

Table 1 :  Overall DoE test matrix for influencing parameters (3 cars per set)

All tests were performed with a minimum mileage of 5000km to avoid running in effects of engines
and catalysts. The engines were also tested in hot conditions, so the influence of start-up or engine
warming-up was not included in the tests.

The emission measurements were performed at chassis dynamometer at three sites: CLE in
Germany, IDIADA in Spain and MIRA in the United Kingdom. In all tests a common emission
measurement system was used, Vito’s VOEMLow mobile emissions measuring equipment. This
equipment measures fuel consumption, CO,, CO, NO,, HC and PM on a second by second basis (see
Debal et al. (2002)(b)).

In every DoE test set there were eight combinations to be tested, with three repeats of every
combination for averaging. The number of tests in set 3 (airco, temperature & humidity) was
reduced from eight to five. Air conditioning at low temperature was not used, since only engine
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heating is needed at that time. At hot temperature the air conditioning is effectively working and
using engine power. Humidity was not varied at low temperature, since 80% humidity at -20°C only
represents a very low absolute water content in the air (at that temperature level humidity is very

hard to control in the climatic wind tunnel). The test matrix was therefore reduced to five tests as
shown in the following table.

Test 1 Test 2 Test 3 Test 4 Test 5
Air temperature (°C) -20 30 30 30 30
Air humidity (% RH) 80 20 20 80 80
Air conditioning Off Off On Off On

Table 2: Adapted test matrix for DoE set 3

The VW Polo and the Skoda Octavia were equipped with air conditioning, so the results of these
vehicles will be discussed here.

2 - Test cycle

For the first DoE test experiments, the NEDC cycle was taken as the standard cycle. However it
became clear that the EU test cycle cannot be considered representative for real driving (see
Pelkmans (2002)). Therefore a real traffic based cycle (called MOL-cycle) was taken for test set-up
3, investigating the influence of air conditioning, ambient air temperature and relative humidity on
fuel consumption and emissions. The MOL-cycle is based on previously recorded measurements in
and around Mol, Belgium with a 1993 VW Golf 1.9D (42kW). This cycle was proven to have more
realistic results than the EU cycle (see Pelkmans et al. (2002)).

MOL20 Cycle
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Figure 6:  Speed profile of MOL cycle (shortened to 20 minutes)
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3 — Test results

The impact of air conditioning, temperature and humidity will be expressed as a relative increase or
decrease. Of course the absolute values also matter. For instance a 50% increase of a very low
emission value is far less important than a 20% increase of a high emission value. As a basis for
comparison Figure 7 gives an idea of the levels of emissions of the two vehicles on the MOL cycle
and the EU cycle in standard conditions (25°C, 40%RH, airco off). A distinction is made between
the different categories of traffic: city traffic, rural traffic and motorway traffic. Mind that fuel
consumption is not mentioned, as it is proportional to CO, emissions.
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It is clear that the emissions are seriously different between the test cycles. In the real world based
cycle, fuel consumption is generally 10 to 20% higher than in the EU cycle. For the diesel vehicle it
is striking that NO, emissions reach almost double the amount measured in the EU cycle. The petrol
car has extremely low CO, HC and NO, emissions in the EU cycle, but in the MOL cycle there is a
clear increase of NO, and CO emissions.

Anyway it can be concluded from the figures that for the diesel vehicle CO and HC emissions are
very low, so focus will be on CO, (proportional to fuel consumption), NO, and PM emissions. For
the petrol vehicle HC and PM are very low (PM was tested, but below detection limit), so focus will
be on CO,, CO and NO, emissions.

Skoda Octavia 1.9 TDi: Emissions on EU and MOL cycle
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Figure 7:  Emissions of Skoda Octavia and VW Polo on EU and MOL cycle
Test results on impact of air conditioning, humidity and air temperature

Figure 8 shows an overview of the impact of air conditioning, humidity and air temperature on the
emissions of the Skoda Octavia (medium-sized diesel car).
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Skoda Octavia 1.9TDi (Euro 3, diesel)
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Figure 8 : Skoda Octavia 1.9TDi : impact of air conditioning, relative air humidity and ambient
temperature on emissions

The effect of air conditioning was tested at an ambient temperature of 30°C, both at high and low
relative air humidity. On average air conditioning increases fuel consumption and CO, emissions by
12% (at 30°C). However the effect is different when comparing city, rural and motorway traffic. In
city traffic, where average engine power is lower, air conditioning has a big impact (fuel
consumption increase up to 25%), while in motorway traffic, where average engine power is higher,
the effect will only be in the order of a few percent. The impact on other emissions also depends on
the kind of traffic. It is remarkable that NO, emissions of this diesel vehicle are more sensitive to
the use of air conditioning than fuel consumption or PM emissions. This has to do with the specific
EGR strategy of this engine (see Figure 9). In this strategy, lower EGR is applied at higher loads (to
reach higher torque), leading to higher specific NO, emissions at high torque. The use of air
conditioning creates an extra engine load, so the high torque area of engine operation is reached
more frequently. The relative trends of the impact of air conditioning were comparable for high and
low air humidity.

The effect of ambient air humidity was tested at 30°C, both with air conditioning on and off. Air
humidity has a very significant effect on NO, (decrease of 30%) and PM emissions (increase of
40%), while the effect on CO, and fuel consumption is quite low. It is known that humidity has a
serious influence on NO, emissions and this is usually compensated in certification tests by a
correction factor, depending on temperature, humidity and pressure. The correction factor for 30°C,
20%RH is 0.85, while the correction factor for 30°C, 80%RH is 1.55. So according to the formula
used to calculate the correction factor, NO, emissions are supposed to decrease with 45% when
increasing relative humidity from 20% to 80% (at 30°C). The difference measured for the Skoda
Octavia was 30%. Mind that the formula for the NO, correction factor has been derived in the early
1970’s and that emission control and fuel management have changed considerably since then (Sierra
Research (1998)). The reduced NO, emissions at high humidity indicate a lower combustion
temperature, leading also to an increase in fuel consumption and more PM emissions. The relative
trends of the impact of air humidity were comparable for air conditioning switched on or off.

The impact of ambient air temperature was tested only for low humidity (cold air can only contain a
very low content of water vapour) and with the air conditioning off. It is known that ambient air
temperature influences engine operation. From the tests it turned out that CO, and fuel consumption
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tend to increase a little at low temperature for the diesel engine, while NO, and PM emissions are
decreasing. NO, emissions decrease because the combustion temperature also drops when the
incoming air temperature is lower. The decrease in NO, is however smaller than expected. It would
also be expected that PM would increase at low temperature because of a less complete combustion.
However there seems to be a combined effect of lower temperature and the engine management
strategy (EGR control), which is also influenced by intake air temperature. In the end this leads to a
moderate NO, decrease and slightly lower PM emissions at lower temperature compared to high
temperature.
Skoda Octavia 1.9 TDi: EGR
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Figure 9 :  EGR strategy of Skoda Octavia 1.9TDi engine

Figure 10 shows an overview of the impact of air conditioning, humidity and air temperature on
emissions of the VW Polo (= small-sized petrol car). Mind that the scale is much bigger than for the
Skoda Octavia (range up to 200% in stead of 75%). The test conditions and boundaries were the
same as for the Skoda Octavia.

The effect of air conditioning on fuel consumption and CO, of the VW Polo is about the same as for
the diesel car. There is also the same distinction in traffic conditions, with a higher effect in city
traffic and a more moderate effect in motorway traffic. The impact on emissions is much more
explicit. CO emissions on average increase more than 80% (with big variations between the traffic
conditions); NO, emissions increase about 60%. These increases are related to a higher average load
of the engine, because of which engine operating zones with high CO or high NO, emissions are
used more frequently (see Figure 11).

Air humidity has a similar effect as for the diesel car. NO, is decreased with about 30%, while CO
increases with around 50%. The same remarks as for the Skoda Octavia are valid.

The effect of cold ambient air temperature on the other hand is different for the petrol engine. The
fuel consumption (and CQO,) increase at low temperatures is more pronounced (+8%) than for the
diesel engine. Concerning the other emissions, there are big variations, but in general the emissions
increase seriously compared to warm temperature. This seems rather strange for the NO, emissions.
Engine-out NO, emissions, however, will probably be lower at low ambient temperature (because
combustion temperature is lower), while on the other hand the three-way catalyst is also colder and
loses some of its NO, reduction capability.
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VW Polo 1.4 16V (Euro 4, petrol)
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Figure 10 : VW Polo 1.4 : impact of air conditioning, relative air humidity and ambient temperature
on emissions
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Figure 11 : High NO, and CO zones in the engine maps of the VW Polo 1.4

Conclusion

In order to quantify the influence of air conditioning, ambient air temperature and humidity, a test
matrix was defined and executed for a small sized petrol car, and a medium sized diesel car. The
vehicles were tested on chassis dynamometer in a climatic wind tunnel, using a real world based test

cycle.
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The results show that the use of air conditioning may increase CO, emissions (and fuel
consumption) by 5 to 25% at warm temperature, depending on the type of traffic. The impact on
other emissions may even be bigger, however results depend on the technology with its specific fuel
and emission control mechanisms. Humidity of the ambient air has a modest impact on fuel
consumption and CO,, however an increase of humidity leads to a significant decrease of NO,
emissions and increase of CO and PM emissions. Low temperature only has a moderate effect on
fuel consumption and emissions of the diesel car (with lower NO, and PM emissions and slightly
higher fuel consumption). On the other hand the petrol car is much more sensitive for low
temperatures, both for fuel consumption and emissions. Especially emission reduction in the three-
way catalyst is less effective at low temperatures.
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Abstract

The Common Artemis Driving Cycle (CADC) designed by INRETS is an interesting alternative to
the legislative cycles (FTP 75 and EDC). It includes an urban, extra urban and highway phase of
similar length with mean velocities of 17, 60 and 120 km h™, respectively. Within the Artemis
project two fleets of the latest diesel- (EURO-2) and gasoline-fueled (EURO-3) passenger cars were
investigated for their benzene emissions with chemical ionization mass spectrometry (CI-MS).
Herein we report mean benzene (CsHg) and the total hydrocarbon (THC) emissions of the two fleets
in the CADC at 23, -7 and -20 °C. At 23 °C benzene emission factors of the gasoline-fueled vehicles
slightly increased with the velocity from 1.2 (urban) to 2.7 mg/km (highway), whereas those of the
diesel-fueled vehicles decreased form 1.8 (urban) to 0.2 mg/km (highway). Reducing the ambient air
temperature from 23 to -20 °C resulted in a moderate increase of the benzene and THC emissions
for the diesel-vehicles but revealed no significant effect for the gasoline vehicles. Low but stable
benzene/THC mass proportions of 1-2% were found for the diesel exhaust gas whereas increased
ratios were noticed for the gasoline exhaust gas ranging from 3-5% at urban to 8-10% at highway
driving conditions.

Keys-words: Chemical ionization mass spectrometry (CI-MS), EURO-2 diesel vehicles, EURO-3
gasoline-fueled passenger cars, Common Artemis Driving Cycle (CADC), temperature dependence,
Benzene, Total hydrocarbon (THC), time-resolved exhaust gas analysis.

b)

Introduction

Within the last three decades the driving behavior of the Swiss traffic fleet changed. The proportion
of the driving distance on highways increased but both commonly used legislative driving cycles
(FTP 75 and EDC) do not adequately weight the highway situation. For that reason the Common
Artemis Driving Cycle (CADC), one of the newer cycles developed by INRETS, is a much better
choice, since it represents the urban, extra urban and the highway situation with mean velocities of
17, 60 and 120 km/h, respectively. Herein we report a comparison of benzene and THC emission
factors of the latest diesel- (EURO-2) and gasoline-fueled (EURO-3) technology obtained from
these three driving cycles. In addition, also the influence of the ambient air temperature on the hot
engine/catalyst-emissions were studied within the CADC which was immediately performed after
the 'INRETS urbain fluide court' cycle (IUFC15). The cold start emissions were also addressed in
the Artemis project but are reported separately (Weilenmann et al., 2003).

2- Experimental

Passenger car fleets of 6 EURO-2 diesel- and 6 EURO-3 gasoline-fueled vehicles were driven at the
dynamometer test stand at EMPA with a diesel containing 18.8 vol.-% aromatics and a 95 RON
gasoline containing 3.0 vol.-% benzene and 37.3 vol.-% aromatics. The diesel-fleet had, on average,
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a mileage of 67’300 km, an engine displacement of 2.0 O with model years between 1997 and 2000
(Table 1). The gasoline-fleet had an average mileage of 28’400 km, an engine displacement of 2.5 O
with model years between 2000 and 2001.

Diluted exhaust gas (constant volume sampling system, HORIBA, Japan) was analyzed with
chemical ionization mass spectrometry (CI-MS) for its benzene (C¢H,) content. A mass spectrometer
(Airsense 2000, V&F GmbH, Absam, Austria) was operated in the selected ion monitoring mode at
m/z: 78 amu at a frequency of 1-2 Hertz using mercury (Hg", 10.4 eV) as ionization gas. The THC
content of the exhaust gas was analyzed with a flame ionization detector (FID). Hydrocarbons are
oxidized in a hydrogen flame, which is positioned between two electrodes. The measured ion flow
difference is proportional to the THC concentration.

3- Results

Benzene concentration in the diluted exhaust gas

Time-resolved benzene emission profiles of a typical diesel- (top) and a gasoline-fueled (bottom)
vehicle are given in Fig. 1.
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Figure 1:  Benzene concentrations (black) in diluted exhaust gas of a VW Passat 1.9 TDI (top)
and a Ford Focus 1.6 (bottom). The velocity profile (gray) of the CADC is also given.

In general it was noticed that in the CADC the EURO-2 diesel vehicles emitted more benzene at
urban and extra-urban driving (phases I and II) and the EURO-3 gasoline vehicles had increased
benzene levels under highway conditions (phase III). It has to be stated that no exhaust gas after-
treatment systems are involved for the diesel vehicles but all gasoline cars were equipped with a
three-way catalyst. This has to be considered, when comparing the emission characteristic of the
investigated vehicle fleets.

Benzene and THC emission factors

Fig. 2 represents the benzene and THC emission factors of the two investigated vehicle fleets. The
mean value and as a measure of the observed variation within a fleet also the standard deviation is
given for the CADC phases I, II and III, which correspond to urban, extra urban and highway
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driving, respectively. Each data set was investigated at ambient air temperatures of 23, -7 and

-20 °C.
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Figure 2:  Mean benzene (top) and THC (bottom) emission factors [mg/km] of the EURO-2
diesel- (left) and EURO-3 gasoline-fueled (vight) vehicles are given for the three
CADC phases at 23, -7 and -20 °C.

As noticed from Fig. 2, the benzene as well as the THC emissions in the CADC similarly respond to
velocity and temperature for the diesel vehicles. A different correlation between benzene and THC
was observed for the gasoline vehicles. For the diesel-fleet, a reduction of the temperature from 23
to -20 °C induced an increase of the THC as well as the benzene emissions by about a factor of two.
No such dependence on the ambient air temperature was noticed for the gasoline vehicles, which as
mentioned, are all equipped with a three-way catalyst. This contrasts the strong effect of the
temperature on the emissions of these vehicles under cold start conditions, whereas the engine is
operated under fuel-rich combustion (choke) and the catalyst has not reached its light-off
temperature (Heeb et al., 2003, Saxer, 2001).

Comparable CADC benzene emission factors in the range of 0.2 - 3.1 mg/km were obtained for the
gasoline and the diesel fleets (Fig. 2). Under hot engine/catalyst conditions both fleets had
significantly lower benzene emissions than previously reported for EURO-1 and EURO-2 fleets
with benzene emission factors up to 100 mg/km (Heeb et al., 2001, Heeb et al., 2002). Interestingly,
the benzene emissions of the investigated diesel and gasoline vehicles inversely depend on the
velocity. Highest emissions (1.8 - 3.2 mg/km) are observed at urban driving for the diesel fleet with
minimal levels (0.2 - 0.4 mg/km) at highway conditions, whereas the gasoline vehicles emitted most
benzene (2.3 - 3.1 mg/km) at highway driving and lowest levels were found at urban conditions (0.2
- 0.3 mg/km), as reported in Table 1.
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Vehicle class

Diesel-fueled passenger cars

Gasoline-fueled passenger cars

(legislation) (EURO-2) (EURO-3)
Model year 1997 — 2000 2000 — 2001
Number of vehicles 6 6
Displacement [ccm] 1’972 + 199 2’421 = 1’359
Mileage [km] 67°300 = 26’800 28’400 = 6’200

Vinean THC Benzene | Proportion THC Benzene | Proportion

[km/h]| [mg/km] [mg/km] [%] [mg/km] [mg/km] [%]
CADC 1 (23°C)| 17.5 104 = 55 1.8+08 | 1.8+x04 | 5820 |028=0.08| 5314
CADC 1 (-7°C)| 175 158 + 88 25+1.1 | 1.8+£04 | 6.3+£25 [023+0.10| 3.7=+1.1
CADC I (-20°C)| 175 | 218104 | 3.2+1.1 | 1.6+04 | 84+4.1 |028+0.15| 33=+0.8
CADC 11 (23°C)| 60.3 48+26 |0.53+024| 1.2+0.3 15+ 14 1.6 2.1 7.6 +3.8
CADC 11 (-7°C)| 60.3 93 + 57 1.1+£06 | 1.3x04 117 |0.69+0.71| 54+20
CADC II  (-20°C)| 60.3 136 = 87 1.6+0.7 | 1.3+04 13£10 [093+1.26| 5428
CADCIII  (23°C)| 120.3 2312 |023=+0.11| 1.0+02 | 29=+13 3.1+2.0 104
CADC III (-7°C)| 120.3 3115 |026=%0.11| 09+02 | 26=10 23+14 | 84+39
CADCIII (-20°C)| 120.3 39+17 035+0.12| 1.0+0.3 33 +£20 30+2.6 | 82+35
ECE? (23°C)| 17.8 310 £ 80 59+£18 | 20=+1.0 |325+120 14«4 50+1.1
EUDC (23°C)| 624 5624 |058+025| 1.1+03 | 8.1=+8.1 |049+056| 43=+1.38
BAB (23°0)| 119.0 2512 |020+0.08| 0904 | 2714 33+1.8 11£5
FTP75% 1 (23°C)| 41.0 100 + 31 1.9+05 | 2.0+£06 | 246+ 70 11+3 52+1.0
FTP75 11 (23°C)| 25.7 99 + 39 1.7£06 | 1.703 | 1.9x09 | 0.1120.04| 6.9=x4.0
FTP 75 1III (23 °C)| 41.0 6223 10.83=+024| 1.5+04 117 |0.63+0.76| 3.7+29

a) This cycle phase is effected by cold start emissions

Table I:

Total hydrocarbon (THC) and benzene emission factors [mg/km] as well as the

benzene/THC mass proportion [%] of a diesel- (EURO-2) and a gasoline-fueled
(EURO-3) passenger car fleet.

Comparison with legislative cycles

Since the CADC is not widely applied yet and data is mainly available for the newer vehicle
technology, a comparison was made with emission data of the worldwide used FTP 75 and the
European wide known EDC as well as the German highway cycle (BAB).

Mean velocities of 17.5, 60.3 and 120.3 km/h are reported for the three CADC phases which
correspond reasonably well with those of the FTP 75 phase II, EUDC and BAB with mean values of
25.7,62.4 and 119.0 km/h, respectively (Table 1).
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Figure 3:  Benzene emission factors (mg/km) of the diesel- (left) and gasoline-fueled (right) fleets
for the CADC and comparable phases of legislative driving cycles. The mean velocity
(black bar) of a cycle phase is also given.

As shown in Fig. 3, the benzene emission factors of the diesel fleet at urban, extra urban and
highway conditions are very similar for the compared driving pattern. Increased CADC benzene
emissions factors were observed for the gasoline fleet at urban and extra urban conditions when
compared with the FTP 75 phase II and the EUDC data. Related to the legislative cycles differences
of +3.3,-8.9 and +12.4% and of +160, +220 and -6% were noticed for the diesel and the gasoline
technology, respectively (Fig. 3). It is assumed that increased benzene emissions of the investigated
gasoline vehicles at urban and suburban conditions are mainly associated with acceleration
situations. Therefore the more dynamic CADC driving pattern is expected to induce more of these
short time emission peaks which are not converted efficiently in the catalyst. We previously reported
the catalyst-induced benzene formation from gasoline-fueled vehicles of the preceding EURO-1 and
EURO-2 technology, (Heeb et al., 2002, Heeb et al., 2000). It is assumed that under highway driving
the increased benzene emissions of the investigated EURO-3 vehicles is to some degree also the
result of a benzene formation in the three-way catalyst.

Relative benzene/THC mass proportions

Fig. 4 displays the mean benzene/THC mass proportions observed in the exhaust gas of the diesel-
and gasoline-fueled vehicles. Independent of the ambient air temperature a moderate decrease of the
ratios from about 1.8 to 1.3 and to 1.0% was obtained for the diesel fleet at urban, extra urban and
highway driving, respectively (Table 1).
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Figure 4:  Mean benzene/THC mass proportions [%] of the EURO-2 diesel- (left) and EURO-3
gasoline-fleet (right) are given for the three CADC phases at 23, -7 and -20 °C.

Higher ratios between 3.3 - 10% were noticed for the gasoline vehicles. The benzene proportion
increased with the average velocity but slightly decreased when lowering the ambient air
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temperature. As mentioned, benzene has to be regarded as a secondary pollutant, which is to some
degree formed in a three-way catalyst , (Heeb et al., 2002, Heeb et al., 2000). From the obtained data
we conclude that the observed increase of the benzene/THC mass proportions under highway
conditions which are associated with the highest catalyst temperatures also indicate a catalyst-
induced benzene formation rather than a reduced benzene conversion efficiency. Nevertheless, the
benzene emission levels of the observed EURO-3 fleet are significantly reduced when compared
with those of the EURO-1 and EURO-2 technology (Heeb et al., 2001, Heeb et al., 2002, Heeb et
al., 2000).

Conclusions

Mean benzene and THC emission factors of the latest diesel- and gasoline-fueled passenger cars
within the CADC are reported. Comparably low benzene emission factors of 0.2 - 3.2 mg/km were
obtained for EURO-3 gasoline- and EURO-2 diesel-fueled vehicles under hot engine/catalyst
conditions for a velocity range of 0-150 km/h. Such low benzene emission levels contrast those of
the preceding EURO-1 and EURO-2 gasoline vehicles for which emission factors up to 100 mg/km
are reported at highway driving (Heeb et al., 2001, Heeb et al., 2002, Heeb et al., 2000). It has to be
stated that the investigated EURO-3 vehicle fleet had a rather low mileage and therefore, the overall
fleet average might increase when all the foreseen vehicles will be tested.

Nevertheless, the observed emission characteristic was consistent for both vehicle fleets. The
benzene emissions of the diesel- and gasoline-fueled vehicles inversely depended on the velocity.
The diesel fleet revealed highest emissions at urban driving whereas the gasoline vehicles emitted
most benzene under highway conditions. Interestingly, comparable benzene emission factors were
observed for both fleets, whereas the THC emissions of the diesel vehicles were increased up to a
factor of 20 at urban driving.

A moderate dependence of the benzene and THC emissions on the ambient air temperature was
noticed only for the diesel fleet. No significant temperature effects were observed for the gasoline
vehicles, which contrasts the findings at cold start conditions (Weilenmann et al., 2003).
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Abstract

Previous data has been acquired from tunnel experiments where concentrations of more than 100
exhaust gas constituents were measured and the vehicle categories were recorded. The vehicle fleet
is broken up into categories of: passenger car with/without trailer, light duty trucks, heavy duty
trucks with/without trailer, semi trailer trucks, buses and motorcycles. Three models, based on
linear regression were used to characterize the sources. They used the number of vehicles, the CO;-
emissions per vehicle category (LDV and HDV) and the CO;-emissions per fuel type (gasoline and
diesel) as input values. The determination method was based on the measurement of the
concentrations of the components and the air-flow of the tunnel full cross ventilation. Therefore it is
possible to use the difference of input air concentrations to output air concentrations to calculate
the mass of exhaust emissions. Modelling work has also been done to estimate the levels of
emissions given the composition of the vehicle fleet. Based on data sets of the “Handbook Emission
Factors” CO and HC emissions were overestimated. Nitrogen oxide emissions were underestimated.
The differences in CO and HC seem to be due to older altitude correction factors. The lower level of
the calculated NO.-emissions can be explained by higher real life emissions from heavy duty
vehicles. This paper uses the experimental data from the tunnel experiments to calculate correction
factors for emissions of various vehicle categories. The experimental data is ideal for this work
because the measurements take place in a controlled environment where the operating conditions of
the vehicle fleet are fairly simple — for example the vehicles have a relatively steady speed. This
means good correlation to the heavy duty vehicle certification test procedure, etc. For this paper
correction factors are found for NO,, CO and hydrocarbons, as well as new emissions rates for
some non-regulated exhaust constituents.

Keywords: Emissions, Real-life, Correction Factors, Automobile, CO, HC, NO,

Introduction

The ability to properly estimate emissions levels based on traffic volumes and vehicle categories is
essential for many aspects of planning for cities, highways, etc. Emissions levels are typically
estimated based on emissions factors, including those in the Handbook of Emission Factors (UBA,
BUWAL 1995). The importance placed on these emissions factors makes it essential that the level
of confidence in these factors be sufficient. The Vienna University of Technology has taken a series
of exhaust emissions measurements from real traffic in the controlled environment of an alpine
tunnel. Because these experiments were taken in a tunnel, the emissions levels can be calculated
quite accurately. Additionally the types of vehicles passing through the tunnel in the measurement
periods were recorded, so that the emissions levels can be related to the vehicle categories. This
allows an independent check of previously published emission factors.

Experimental Setup
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The Tauern Tunnel is located on federal highway A-10 in Austria from kilometre 80 to kilometre 87
(northern portal to southern portal). The tunnel elevation is 1244 m at the northern portal and 1340
m at the southern portal, leading to a slope of approximately 1.5%.

The tunnel has a full cross-flow ventilation. The tunnel has four ventilation sections of
approximately equal length. The cross-flow, caused by the ventilation system and the traffic, leads
to a fairly homogeneous gas concentration across any given section. Thus it is possible to obtain the
mass of exhaust emissions by taking the difference between the concentration of the incoming and
outgoing air flows from the ventilation system. Measurements for this research were taken between
the middle two ventilation sections. The ventilation can be seen in Figure 1, below, which gives a
schematic of the tunnel.

Figure 1:  Schematic of Tunnel Showing Ventilation

Automatic and manual counting methods, as well as a video recording for the duration of the
measurements, provided data on the traffic volume, distribution of various vehicle categories,
individual vehicle speeds, ages and countries of origin. The exhaust emissions were measured
continuously using commercial ambient air analysers (see Schmidt et al., 2001 for details).

Traffic Composition and Driving Conditions

The speed was measured for each vehicle and broken down to vehicle categories. Countries of
origin of the vehicles were also recorded, and statistical data for the vehicle fleet composition were
obtained from statistical offices of the various countries of origin. Additionally the age distribution,
engine displacement class and average mileage were recorded.

The traffic flow parameters measured included the total traffic volume, the share of each vehicle
categories, street profile influence (length-wise slope and altitude), number of driving lanes and
speed limit. Experiments were carried out on two separate days, so that some information as to the
daily variations in vehicle fleet composition could be obtained. The total traffic volume on the two
days was similar, at around 470 vehicles per half hour at cruising speed. The speed was measured
with radar, and the average speed was between 65 and 75 km/h. The standard deviation of the speed
varied from 5 to 10 km/h.

For the weekday test, the truck share of the total traffic volume was 16.5%, vs. around 1.5% for the
Sunday measurement. This is due to a ban on weekend truck traffic in Austria...only vehicles
carrying perishables are allowed on Sundays. The share of cars (passenger car plus passenger car
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with trailer) was 72.5% on the weekday vs. 90% on Sunday. Motorcycles had an average share of
0.62%, but the motorcycle share fluctuated from 0 to 3.13% when broken down to half-hour
measurement periods. On Sunday the north-bound traffic flow was 1.5 times higher than the south-
bound flow, primarily due to weekend return traffic. The traffic volume by vehicle categories is
shown in Figure 2 for the various measurement periods.
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Figure 2: Distribution of Vehicle Categories for the North-Bound and South-Bound Traffic
Calculation of Emissions Factors

Based on the traffic data presented in the previous section, emissions factors were calculated based
on the published values in the German “Handbuch des Strassenverkehrs” (UBA, BUWAL 1995).
Most of the vehicles in the Tauern Tunnel testing were from Germany, making this the most
appropriate set of published values. The published emissions factors were corrected for the upward
and downward slope and the altitude of the Tauern Tunnel. The correction factors for altitude and
slope are applied to the base emission factor as shown in equation 1:

MK1,2 = fK * kLN1,2 * kAlt * NVeh],z (1)

Where My, , is the emitted mass of an exhaust component in a time interval in g/km, f is the
emission factor of an exhaust component for a given street section in g/km, k; is the slope
correction factor, k,, is the altitude (height above sea level) correction factor, Ny, is the number of
vehicles during the measured time interval, and the indexes 1 and 2 correspond to upward and
downward slope, respectively.

From equation 1 it can be seen that the altitude and slope factors can play a large role for a given set
of data. For example, for CO of passenger cars at the Tauern Tunnel the upward slope factor is
around 2.3 and the altitude correction is about 2.2, making the corrected value about five times
higher than the baseline value. Thus having proper correction factors is essential for any type of
accuracy when applying the published emission factors to a road section such as the Tauern Tunnel.

Performance of Published Emission Factors vs. Experiment

Performing calculations using forms of equation 1 for each vehicle category and given the measured
traffic information the exhaust concentration has been calculated for CO,, CO, HC, NO,, Benzene
and Particulate Matter, among other exhaust components. These calculations are then compared
with the experimentally measured concentrations from the Tauern Tunnel experiments. The results
for CO, are given in Figure 3, below. These results show that the fuel consumption calculations are
correct for the model.
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Half-Hour Average Values of CO, on October 02, 1997
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Figure 3: Comparison of CO, concentrations, measured and calculated from emission factors

Figures 4-5 Give the comparisons of the measured emissions values with the calculated values
showing the effects of the altitude and slope corrections on the calculated emissions levels. The CO
comparison is given in Figure 4. It can be seen that the published emission factors with altitude and
slope correction factors overestimated the CO emissions vs. the experiment.
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Figure 4: Effects of Altitude and Slope Correction Factors on Calculated CO Emission Levels in
Comparison with Measured Values

Figure 5 gives similar comparisons for other emissions components. Since the daily averages were
representative of the half-hour average values, only the daily averages are given in these figures for
simplicity. It can be seen that the HC emissions are overestimated, while NO, emissions are
underestimated using the published values.
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Figure 5: Effects of Altitude and Slope Correction Factors on Calculated Emission Levels for
Various Components in Comparison with Measured Values

For the CO and HC emissions the trend is consistent in that the published values and published
correction factors lead to over-predictions vs. experiment. These over-predictions were found
through our analysis to be caused mainly by inaccuracies in the altitude correction factors for
passenger cars and light duty trucks. As can be seen from Figure 4 the altitude correction factors
alter the emission factors substantially for the conditions of the Tauern Tunnel.

For NO,, the calculated concentrations were higher than the measured values. This trend was more
pronounced for the weekday measurement than for the weekend. As noted, the heavy duty vehicle
traffic was 16.5% of the total traffic volume on the weekday vs. only 1.5% for the Sunday. It was
found that the difference in the NO, concentrations was caused by underestimated base emissions
factors for the heavy-duty vehicles and light trucks. Additionally, the negative altitude adjustment
factors for the passenger cars and light trucks were found to be too large for NO,. For the weekend,
approximately 50% of the NO, was due to passenger cars and light duty trucks due to the small
numbers of heavy duty vehicles, so that the altitude factors for these vehicle classes were important
in obtaining correct calculations.

Based on these findings the corrections to the published emission factors are given in Table 1. The
altitude correction factors for passenger cars and light trucks are significantly lower. Also, the base
NOx emission factors have to be increased by 42% for heavy duty vehicles and by 20% for light
trucks to meet the measured values. Figure 6 shows the new calculated emission rates.
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Figure 6. Predictions with Corrected Factors
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Base Value Base Value | Altitude Altitude [Slope Factor{Slope FactorSIB';sv':‘i(i:Itlor Slope Factor
New Factor Old | Factor New | Uphill Old | Uphill New old Downhill New
(g/km per vehicle)
CO Passenger| 4 |5 1.15 2.20 1.35 2.32 1.45 1.16 1.16
Cars
CO Light 1.52 1.52 1.47 1.20 1.91 1.45 1.11 1.11
Trucks
COHeavy | variesby | same as 135 1.35 1.50 150 0.837 0.837
Trucks class base
HC Passenger|  , 1,9 0.129 2.09 1.10 142 142 1.31 131
Cars
HC Light 0.192 0.192 167 1.10 1.46 146 1.31 1.31
Trucks
HC Heavy | variesby | same as 1.09 1.09 1.21 1.21 1.07 1.07
Trucks class base
NO,
Passenger 0.442 0.442 0.737 1.0 1.39 1.39 0.759 0.759
Cars
NO, Light +20%
Tricks 0.971 e 0.821 1.0 1.367 1.367 0.759 0.759
NO, Heavy varies by base
Trucke s a2 1.01 1.01 1.62 1.62 0.734 0.734
Benzene
Passenger | 0.00413 0.00413 2.20 1.35 1.45 1.45 1.33 1.10
Cars
Benzene Light| )3, 0.00432 1.47 1.20 1.40 1.40 1.31 1.10
Trucks
Benzene | variesby | same as 135 1.09 1.21 1.21 1.08 1.00
Heavy Trucks class base

Table 1: Base Emissions Values and Altitude/Slope Adjustments, with Corrected Values Based
on Experiment.

Summary

The high level of detail in the tunnel measurements allowed for the determination of correction
factors to improve the published exhaust emission factors. It was found that the published HC and
CO emission levels had altitude correction factors that were too large for the experimental
conditions of the Tauern Tunnel. The NO, emissions had base levels for heavy vehicles and light
trucks that were too low in comparison to the measured values. Additionally, the negative NO,
altitude adjustment factors for the passenger cars and light trucks were too large. Particulate matter
and CO, values were predicted correctly based on the published values. Benzene emissions were
over-predicted using the published data, and it was found that both the altitude correction and the
base emission level for passenger cars resulted in the over-predictions.
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Abstract

Latest development of engines and emission control devices in passenger cars to bring them in
compliance with the amended European directives for exhaust emissions (EU2 and EU3) has
apparently improved also their performance in regard of cold-start related emissions, even if the
targeted test procedure to specificly measure and control these emissions was included in the type
approval requirements as late as year 2002. However, as the test results presented in this paper
demonstrate, cold-start performance has been gradually improved, and emission rates measured at
low ambient temperatures (-7 °C) have declined. According the results, elevated emission levels at
cold-start are also mostly associated with petrol-fuelled cars, as much lower levels were recorded
for those with diesel engines.

Key-words: cold-start emissions, passenger cars, petrol, diesel.

Background

European Union introduced more stringent exhaust emission control for passenger cars in 1998,
when the directive 98/69/EC, amending the directive 70/220/EEC, was adopted. This amendment
directive by the EU Commission (1998) included features that were targeted to make manufacturers
to enhance the performance of the emission control especially in the cold-start phase. One such
feature was the modification of the test procedure to omit the 40 seconds idle that has been in the
beginning of the test, and start collecting the exhaust sample immediately after the engine has fired-
up. Therefore, the exhausts from the most-critical cold-start phase were not anymore by-passed, but
included in the sample. This modification was expected to make the manufacturers more careful in
their programming of the cold-start enrichment, and force them to bring the catalytic converter
closer to the engine for faster warm-up and subsequent light-off Maus (1999), Holy (2000).
According to Memorandum form the EU Commission (2000) both of these features were expected
to greatly improve the performance of the system right after the start-up. And they really succeeded,
which could be demonstrated e.g. by testing these Euro 3 compliant vehicles using the old test
procedure.

Furthermore, the revamped directive included a separate test at low operating temperatures, namely
at —7 °C. This test consists of just the UDC phase of the revised European dynamometer driving
schedule. As it is slightly over 4 km in length, it can be regarded as a fair representative of a short
urban cold-start trip. Naturally, this test has its own set of standards. Limit values are given for CO
(= 15 g/km) and total hydrocarbons (< 1.8 g/km), as NOx is not expected to increase markedly.
Although part of the package, this additional requirement was not, however, introduced at the same
time as Euro 3 standards (1.1.2000 for new type approvals), but two years after. And even then, it
was only for new types. Therefore, the implementation has been rather slow, as not so many new
types have been introduced during the past year. Even so, testing has shown that the modifications
of the emission control system required due to this revised test procedure in the normal temperature
have greatly improved the performance at low ambient temperature, as well.
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1- Objective

VTT has evaluated the cold-start performance of new cars for a decade. Each year a batch of some
10 to 20 cars representing that particular model year has been tested. The objective of this work has
been to make an assessment, how the cold-start performance has been developing, and to provide
first-hand results for the motoring press of those cars for their annual evaluation tests.

2 - Methodology

The selection of each annual fleet has been rather random, but favoured cars of high sales volumes
in Finland. The eventual choice of cars was made by the motor magazines that initiated the testing.
Most of the cars were fairly new, with odometer readings below 5,000 km.

Tests were run at —7 °C, and using ECE15 urban driving cycle. Thus, they conform with the specifi-
cations of the Directive 98/69/EU, and the results can be compared to the official limit values. Even
those cars that were originally type approved according to Euro 2 (EU2) specification, i.e. using the
NEDC test cycle, were tested with the new procedure to give comparative assessment of their per-
formance. Furthermore, all cars were tested also over the same driving cycle, but now after a
thorough warm-up (EUDC cycle). This cycle was initiated with a hot engine restart after a 1 minute
pause. Such a test gave the opportunity of assessing the difference between the results, and after
deducting the hot restart value from the cold-start results, gave an estimate of the cold-start/warm-up
excess emissions.

The objective of this work was, however, neither to make an official check of the emissions output,
nor to assess the conformity of production. Therefore, all tests were run using commercial fuel
(RON 95) of good quality.

Vehicle preparation and preconditioning was also carried out according to the definitions in the
Directive. Accordingly, cars were soaked in the test cell for at least 12 hours, but not more than 24
hours, although the certification procedure allows cold-soak up to 36 hours. Dynamometer settings
were based on reference mass and the corresponding factors taken from the look-up table in the
Directive.

A normal PDP-CVS system was used for all exhaust dilution and sampling, and an AMA2000
exhaust emission analysis system from Pierburg AG (FRG) was used for the regulated emissions.

3 - Results and discussion

Petrol fuelled Euro 2 and Euro 3 cars

A good comparison between the performances of Euro 2 and Euro 3 cars can be made on the basis
of one 16 car fleet of model year (MY) 1999. This consisted solely of Euro 2 cars, and two 19 car
fleets, one of which is MY2001, with the majority of Euro 2 cars, but a few Euro 3 cars. However,
the MY 2003 fleet consisted exclusively of Euro 3 compliant types. Figure 1 illustrates the test
results for CO and HC emissions. Both constituents are presented as a cold-start result, comparable
to the cold-start test described in Directive 96/69/EU, as well as a hot-restart value, all derived from
identical ECE1S5 driving cycles at —7 °C ambient. As the lowering of temperature does not usually
increase the emission of NOx, the results are not presented, even if NOx was measured.

As the figure clearly shows, CO performance has been constantly improved over this period. This is
the case, even if none cars tested, do not necessarily have type approved to comply with the cold-
ambient test of Directive 96/69/EU that went into force for new types of cars after 1 January, 2002.

Mostly the improvement has probably resulted from the various improvements that the manu-
facturers have made to the engines and the associated emissions control systems, when they have
seeked compliance with Euro 3 level of standards. Because Euro 3 requires testing with the revised
European Test, without the 40 second idle, the emphasis is clearly now much more fast warm-up
performance of the catalyst, and using sensible cold-start enrichment strategies. Therefore, also low-
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ambient temperature performance is enhanced.

CO Emissions [g/km] @ ECE15 (hot restart)

HC Emissions [g/km] @ ECE15 (hot restart)
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CO Results for three tested fleets, MY 99 (EU2), MY'01 (EU2,EU3) and MY’03 (EU3)

However, the case seems to be somewhat different for total hydrocarbons (HC). The recorded results
do not much vary between the fleets, and the highest values seem to be associated with the MY2001
fleet. There is not, however, any straightforward explanation to this kind of trend. Our experience
suggest though, that low HC and low CO do not necessarily come together, as in many cases the
cars with extremely low cold-start CO can show higher values of HC, than those with slightly higher
CO output. This may be a result of a too lean air-fuel ratio setting during cold-start phase resulting
in rough running and non-firing working cycles releasing unburned hydrocarbons in the exhaust.

Figure I:
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With a sensible enrichment, CO may be slightly higher, but with more stable combustion and less
non-firing cycles, the HC output remains lower.

This can also be seen from the illustrations in Fig. 1, where the plotted data has been sorted so that
in each subgroup the CO values are highest at the top, and lowering when going down. Con-
sequently, the HC values are plotted with the cars in the same order. Thus the phenomenon just
described, gives the HC graph a slight U-shape, with the lowest values usually falling somewhere in
the mid-to-low section, and not at the bottom. However, with these three graphs at hand, this is not a
very clear case. Most clearly this can be seen in MY 1999 graph, less in the MY2001 and MY2003
graphs.
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Figure 2:  Cold-start CO for diesel-fuelled cars of MY2000 and MY2001

Diesel-fuelled cars

Although cold-start excess emissions are primarily associated with petrol-fuelled cars, we have also
tested some diesel passenger cars, because emission inventories do need cold-start data also for
diesel cars. Figure 2 graphs these results.

As we can see, when the scales in Fig. 3, diesel-fuelled cars do emit much less CO and HC when
started at a cold ambient temperature. Overall, the difference is almost of an order of magnitude.
However, the figures also show that the worst performing diesel cars are close to the best-
performing petrol cars, i.e. between 2.5 to 3 for CO and 0,5 g/km for HC.

Overall comparison and a perspective view

Comparative data over a longer period of time is also available, since this same kind of test metho-
dology has been employed since 1998. Figures 3 and 4 show a summary of these results.

When looking at the average cold-start CO results for various test fleets between MY 1998 and
MY2003, illustrated in Figure 3, one can see that there has been almost a steady downward trend.
Exceptions to this pattern do exist, but that may be the effect of choice of cars in that particular fleet,
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as it has been quite random, and the fleet reasonable small. Therefore, a different choice of makes
and models could have produced a slightly different average for that particular year. The number of
cars emitting CO more than the legislative limit value (15 g/km) has also decreased, even if the
mandatory cold-start type approval was implemented as late as January 1, 2002.
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The total hydrocarbon (HC) emissions have had somewhat different evolution based on the values
presented in Figure 4. They have been the highest in late 1999 early 2000 cars and exceedences to
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the legislative limit values, although not imposed on these cars yet, have been great in number, and
counted for every fleet but the last consisting of M Y2003 Euro 3 compliant cars.

The difference between diesel and petrol-fuelled cars, as already described, can clearly be seen also
here, when comparing the group of lowest bars that represent average values for the diesel car fleets,
to the ones on the top half of the graphs. For instance, the average CO levels in late-model diesel
cars are about 1 to 1.5 g/km, which is only some 15 to 20 % of the level of fleet averages from
comparable petrol-fuelled cars fleets, which is from 6 to 7,5 g/km. In case of HC, the difference is
even more enhanced, as the average levels for diesel-fuelled cars tested in 2000 and 2001 were in
the region of 0.1 g/km, which is only some 10% of the levels emitted by the petrol-fuelled cars of
the same model years, as hydrocarbons at levels from 1.1 to 1.5 g/km were recorded for these fleets.
However, as already stated, the worst diesel cars are equal to the best petrol-fuelled ones.

Conclusions

The annual testing of new motor cars for cold-temperature emissions performed at VIT shows, that
even if the Directive 96/69/EU has imposed a cold-start emissions test at —7 °C with separate limit
values for new type approvals as late as after January 1, 2002, cold-start emissions performance of
petrol-fuelled cars has greatly improved over a period of last five years. The average cold-start CO
emission result has fallen by nearly 50 %. However, HC emissions have not improved with the same
magnitude, but remained on average almost on the same level. Extremely high values have been cut
down, though, especially with the introduction of the latest Euro 3 cars.

The collected test results maintain the status that cold-start excess emissions are primarily associated
with petrol-fuelled cars, and the difference is almost of an order of magnitude. However, the worst
performing diesel cars are close or on par with the best-performing petrol cars.

References

EU Commission, Directive 98/69/EC of The European Parliament and of The Council of 13 October 1998
relating to measures to be taken against air pollution by emissions from motor vehicles and amending
Council Directive 70/220/EEC. Official Journal of the European Communities (OJ), L 350/1, 28.12.1998.
56 p.

EU Commission, Explanatory Memorandum (as part of) a Proposal for a Directive of the European
Parliament and of the Council amending Council Directive 70/220/EEC concerning measures to be taken
against air pollution by emissions from motor vehicles /¥ COM/2000/0487 final - COD 2000/0211 */
Official Journal (OJ) C 365 E, 19/12/2000. pp. 0268 — 0269.

Holy, G., Briick R., Hirth P., Improved Catalyst Systems for SULEV Legislation: First Practical Experience.
SAE Paper 2000-01-0500, Society of Automotive Engineers, Inc., 2000. 7 p.

Maus, W., Briick, R., Holy, G., Technologies for Spark-Ignition Engines - The Next Generation of Super
Ultra Low Emission Vehicles. Proceedings of the International Congress in Graz, September 2 & 3, 1999.
13 p.

170 Actes INRETS n°92



12th International Symposium "Transport and Air Pollution” / 12° Colloque international "Transports et
pollution de I'air", Avignon, 16 -18 June / juin 2003
proceedings / actes, n°92, tome / Vol. 2, Inrets ed., Arcueil, France, 2003, p. 171-176

Comparison of Different Engine Types and Fuels Regarding their Ozone
Forming Potential

Patrik Soltic & Christian Bach
EMPA, Uberlandstrasse 129, 8600 Diibendorf, Switzerland -
Fax +41 (0)1 823 40 12 - email : patrik.soltic@empa.ch

Abstract

The most pollutant emissions have been reduced during the last decades, this applies also for the
ozone-precursors NO, and VOC. However, this clear lowering of the precursors did not affect the
measured ozone concentration as one would expect. It is well known that the VOC/NOy ratio plays a
major roll in the ozone forming photochemical VOC/NO, cycle as well as the composition of the
VOC is important. The most frequent VOC-to-NO, ratio during summer moved in the agglomeration
of Ziirich from around 3-7 in the early 1990s to around 2-6 in the mid and late 1990s. It is likely that
the lower VOC-to-NO, ratios increased the relevancy of VOC emissions for the ozone forming and
that they could lead thereby to higher ozone forming, even at lower precursor concentrations.
Nowadays, European traffic is dominated by gasoline-driven spark-ignition engines and diesel-fuel-
driven compression-ignition engines. It is likely that other fuels will gain importance in the near
future, mainly because of possible advantages in the CO, balance. The most discussed approaches
are CNG (Compressed Natural Gas which consists mainly of methane), LPG (Liquefied Petroleum
Gas which consists mainly of propane and butane) and gaseous and liquid bio fuels. Blend of diesel,
gasoline or natural gas with bio fuels are also promoted. The fuel has an impact on the engine
thermodynamics but also on the level and composition of the exhaust gas emissions. To estimate the
effects on the ozone levels, this work compares the composition of the hydrocarbon emissions, the
ozone forming potential and the NO,. emissions of passenger cars for several engine/fuel
combinations.

Keys-words: CNG, LPG, gasoline, diesel, ethanol, methane, propane, VOC, NO,, ozone.

Introduction

Ozone is built in a “clean” troposphere and by the presence of intense sunlight by the photolysis of
NO, and its reaction with O, (NO, + O, O NO + O,). NO, can therefore be regarded as the fuel for
the ozone production (forward reaction) whereas NO lowers the ozone concentration (backward
reaction). This leads to the situation that increased NO emissions can locally result in lower ozone
levels. It is also obvious that NO, emissions are much more harmful than NO emissions because
they directly increase the ozone level. The reaction scheme is massively more complicated in a
“dirty” troposphere where volatile organic compounds (VOCs) build-up NO, from NO without
“consuming” ozone. NO, acts as a catalyst in such a situation. The build-up of NO, is done with
help of the photolysis of VOCs were the hydroxyl radical (HO) plays a major role. The net result is
the well-known relation that, depending on the VOC-to-NO, ratio (NO, summarises NO and NO,),
either the NO or the VOC level determines the ozone production rate.

The term “VOC” includes all organics (hydrocarbons, aldehydes, alcohols) which react in the
troposphere and contribute to the ozone formation. The magnitude of the contribution is different for
each VOC and depends on the local stoichiometry (level of NO,, VOC and ozone). Since individual
and commercial traffic accounts for roughly 50 % of the VOC and 75 % of the NO, emissions in
Swiss cities during summertime, the composition of these emissions is important to estimate their
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influence on the ozone levels. Although both levels, VOC and NO,, were roughly halved since the
maximum emission period in the mid-eighties, the ozone levels did not show a clear decrease, see
section 1 of this paper. That the ozone decline is weaker that one would expect or even that the
ozone levels increase is the result of the underlying nonlinear mechanisms. It is very likely that the
actual mix of VOCs and NO, as well as the partitioning of the NO, emissions has changed in such a
way that ozone is built up more efficiently. This is why this paper gives a brief overview of the
immission situation over the last decade and it compares the composition of the emissions for
different engine types, for different engine generations and for different fuels (gasoline, diesel and
their blends with ethanol, natural gas and liquefied petroleum gas).

1- Immission situation

EMPA operates the Swiss national air pollution monitoring network (NABEL) under the supervision
of the Swiss Agency for the Environment, Forests and Landscape (SAEFL). The main task of the
NABEL is to measure the ambient air quality in Switzerland and to provide high quality long-term
measurement series of air pollutants. The monitoring network consists of 16 monitoring stations that
are located all over Switzerland. Some of the rural monitoring sites are integrated into the European
Monitoring and Evaluation Program (EMEP), and the high-alpine site at Jungfraujoch is a part of the
Global Atmosphere Watch program (GAW). Figure 1 shows the measurements for NO, (yearly
average) and ozone (98 % value of the half-hour values of the worst months). The Swiss limit values
are also drawn.
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Figure 1:  NABEL measurement values for NO, and ozone of nine different sites (U = urban, R =
rural, A = alpine or pre-alpine, the altitude above sea level is indicated in the brackets)

The trend of lower immission levels for NO, can clearly be seen for all urban and rural sites over the
last 1.5 decades. This clear trend does not exist for the ozone immissions. Very interesting is to see
that the site with the highest NO, imissions (Bern) shows the lowest ozone immissions. Whereas the
NO, imissions were lowered during the in the last decade in Bern, the ozone imissions increased.
The VOCs are not measured in all NABEL sites but only in Ziirich and Diibendorf. Figure 2 shows
the frequency distribution of the VOC-to-NOx ratio in Ziirich (left diagram) and Diibendorf (right
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diagram) for summer days.

=~Zue90 =8~Zue95 —A=Zue99 =6-Due90 ===Due95 =A=Due99
40 60
50
40 +
& ]
£ €30
= 3
= z
20 +
10 4
oa etz
0 2 4 6 8 10 12 14 16
VOC-to-NOx ratio VOC-to-NOx ratio

Figure 2: Frequency distribution of the VOC-to-NO; ratio in Ziirich and Diibendorf for summer
days (May-August)

The frequency distributions show for Ziirich that the most VOC-to-NO, ratios during summertime
lie between 3 to 9 and no clear trend to lower the higher ratios can be observed during this decade.
Especially the values for 1995 and 1999 are similar. The most VOC-to-NO, ratios for Diibendorf
(agglomeration near Zurich) lie between 2 and 7 during the same period and a trend to lower VOC-
to-NO, ratios can be observed.

2- Ozone reactivity

The computation of incremental reactivities (IR) is a meaningful method to quantify the contribution
of an individual VOC to ozone. The IR denotes the increase of molecules of ozone per C atom of the
VOC added for a given initial condition. IRs are usually computed numerically for a specific VOC
as a function of the VOC-to-NO, ratio using complex reaction schemes. Figure 3 shows the
incremental reactivities for several VOCs. Interesting is the observation that toluene and benzene are
capable to lower the ozone level (negative IR values) for large VOC-to-NO, ratios and benzaldehyde
always lowers the ozone level. Almost all VOCs show a maximum incremental reactivity (MIR) at
VOC-to-NO, ratios of around six.
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Figure 3:  Incremental reactivities versus the VOC-to-NO, ratio from Carter & Atkinson (1989).

The immission data shows that the VOC-to-NO, ratios of Zurich and Diibendorf are in the regions
with the Maximum Incremental Reactivities (MIR) of the VOCs. This means that during several
sunny summer days the whole ozone forming potential of the VOCs is exploited for ozone
production. One would expect that the observed slight shift to lower VOC-to-NO, ratios in
Diibendorf would result in lower ozone levels because the incremental reactivities show a clear
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declination for VOC-to-NO, ratios smaller than six. This ozone trend cannot be seen in the
immission data in Figure 1 because only the worst 98 % value of the half-hour values is plotted.
However, the observation that very high ozone levels are nowadays less frequent than in the early
nineties can be attributed to the lower frequency of VOC-to-NO, ratios around six.

3 - Emission situation

Different engine concepts and different fuels used result in different VOC compositions regarding
the hydrocarbon (HC) emissions. Not only the VOC composition differs but also the portion of the
tailpipe NO, emissions out of the usually measured NO, emissions can differ significantly for
different engines and/or aftertreatment systems see Soltic & Weilenmann (2002) and Soltic & Riitter
(2003). Therefore, different vehicle concepts can contribute more or less to the ozone problem
depending on their individual composition of the VOC and NO, emissions. Unfortunately, no
comprehensive survey of different vehicles, different certifications levels and different fuels
regarding their NO, partitioning and total hydrocarbon (T.HC) speciation could be found in the
literature. Table 1 shows eleven measured vehicle/fuel combinations where the T.HC speciation was
done at EMPA.

Case | Vehicle / Engine Combustion system Fuel Certification
displacement [1] level
1 A/l4 spark ignition 100 % gasoline Euro-2
2 A/l4 spark ignition CNG (methane) Euro-2
3 A/l4 spark ignition 72 % propane , 28 % butane Euro-2
4 A/l4 compression ignition 100 % diesel Euro-2
5 B/12 spark ignition 100 % gasoline Euro-3
6 B/1.2 spark ignition 85 % propane, 15 % butane Euro-3
7 B/12 spark ignition 30 % propane, 70 % butane Euro-3
8 C/16 spark ignition 100 % gasoline Euro-4
9 C/1.6 spark ignition 95 % gasoline, 5 % ethanol Euro-4
10 D/19 compression ignition 100 % diesel Euro-3
11 D/19 compression ignition 90 % diesel, 10 % ethanol Euro-3

Table 1: Vehicles measured in the New European Driving Cycle (NEDC).

Case NO, T.HC NMHC OBP

[g/km] [g/km] [g/km] [g/km]
1 0.155 0.400 0.383 1.560
2 0.055 0.580 0.084 0.020
3 0.245 0.428 0.342 0.656
4 0.500 0.130 0.121 0.541
5 0.038 0.212 0.198 1.136
6 0.050 0.321 0.288 0.559
7 0.040 0.208 0.175 0.573
8 0.124 0.112 not determined 0.593
9 0.114 0.109 not determined 0.714
10 0.490 0.061 0.052 0.338
11 0.537 0.075 0.064 0.446

Table 2: NOx and HC emissions, ozone building potentials and specific reactivities in the urban
part of the NEDC (ECE).

In the cases 1 to 4, the same vehicle A was measured in the gasoline, compressed natural gas
(CNG), liquid petroleum gas (LLPG) and diesel versions. In the cases 5 to 7, the same vehicle B was
measured in the gasoline and two different LPG versions. In the case § to 11, the two vehicles C and

174 Actes INRETS n°92



D were measured in the gasoline or diesel version. Once with the pure fuel and once with the
ethanol blended fuel.

The T.HC emissions were speciated and the ozone building potential (OBP) was evaluated
according to the California Non-Methane Organic Gas Test Procedures. The results are listed in
Table 2 for the eleven cases described in Table 1.
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Figure 4: Ozone building potentials versus NO, emissions (p=propane, b=butane) in the ECE.
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Figure 5:  Ozone building potentials versus T.HC emissions (p=propane, b =butane,) in the ECE.

The ozone building potential of the eleven cases is plotted against the NO, or T.HC emissions in the
figures 4 and 5. It can clearly be seen that the ozone building potential for gasoline as well as for
diesel engines decreases with higher certification level for the ECE cycle where the cold start has a
significant influence on the emissions. This is most likely because the T.HC level is reduced and the
reactivity of the T.HC emissions does not change very much. The LPG vehicles show a decrease in
the T.HC emissions but not a clear decrease in the ozone building potential. Therefore, the reactivity
of the T.HC emissions seems to increase for newer LPG vehicles. However, the CNG vehicle shows
clearly the lowest ozone building potential because the T.HC emissions consist mainly from rather
inert methane.
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Conclusions

Even though the VOC as well as the NO, emissions show a clear decrease over the last decades in
Switzerland, the ozone problem is far away for being solved. The immission VOC-to-NO, ratio
shows a slight shift form higher VOC-to-NO, ratios in the early nineties to lower VOC-to-NO, ratios
in the late nineties. As studies of the incremental reactivities show, this changed tropospheric
stoichiometry can cause a more efficient ozone build-up with the photolytic VOC/NO, cycle. The
emissions have been massively lowered with better emission aftertreatment technology so that the
resulting ozone building potentials for the newest generation of vehicles is very similar for gasoline,
diesel and LPG. The blending of gasoline or ethanol shows a small increase of the ozone building
potentials. However, CNG vehicles are the best option with an ozone building potential close to
zero.

Acknowledgments

The authors wish to thank the Organic Chemistry Laboratory at EMPA for the HC speciations and
the Air Pollution/Environmental Technology Laboratory at EMPA for the VOC and NOx immission
datas.

References

Carter W. P. L. & Atkinson R. (1989): Computer modeling study of incremental hydrocarbon reactivitiy.
Environ. Sci. Technol., vol. 23, p 864

Soltic P. & Weilenmann M. (2002): Partitioning of NOx emissions for gasoline passenger cars and light duty
trucks, Int. Symp. "Transport and air pollution", Graz, Austria, 19-21 June, 2002, proceedings vol. II, p
49-56.

Soltic P. & Riitter J. (2003): Comparison of the NO2/NOx emissions of heavy-duty Euro-3 diesel engines
with and without a CRT™ system, Int. Symp. "Transport and air pollution", Avignon, France, 6-10 June,
2003.

California Air Resources Board: California Non-Methane Organic Gas Test Procedures, August 1999

176 Actes INRETS n°92



12th International Symposium "Transport and Air Pollution” / 12° Colloque international "Transports et
pollution de I'air", Avignon, 16 -18 June / juin 2003
proceedings / actes, n°92, tome / Vol. 2, Inrets ed., Arcueil, France, 2003, p. 177-182

Unit PAH emissions at exhausts
of recent-technology passenger cars in Europe

L. Paturel*, E. Combet*, 0. Devos*, P. Tassel”

" Université de Savoie, Ecole Supérieure d'Ingénieurs de Chambéry, LCME, 73376, Le Bourget du
Lac Cedex, France. Fax 33 04 79 75 86 74 - e-mail : laurent.paturel@univ-savoie.fr

" Institut National de Recherche sur les Transports et leur Sécurité, LTE, case 24, 69675 Bron
Cedex, France.

Abstract

The purpose of the study is to extend knowledge of the emission of non-regulated pollutants at the
exhausts of private cars for recent technologies.

It deals with measurement of Polycyclic Aromatic Hydrocarbon (PAH) emissions of passenger cars
according to 3 driving cycles(2 urban and 1 motorway). The effect of cold or hot start is carried out
with the short urban INRETS cycle. The PAH distribution in particle and gaseous phases is studied
for all of the vehicles for the four types of driving.

The quantification of 16 PAHs referenced by the U.S. Environmental Protection Agency (USEPA)
was carried out by HPLC with fluorometric detection from a sample of 13 gasoline vehicles and 17
diesel vehicles registered from 1990 to 2002.

The effects of technology, type of engine start (hot or cold) and vehicle reglementation are analysed
from the set of quantitative results obtained.

Key words : PAH, HPLC, unit emission, passenger cars, gasoline, diesel, pollutant.

Résumé

Mesure par HPLC des émissions unitaires d’HAP a ’échappement de véhicules légers de
technologies récentes en Europe.

L’étude vise a étendre la connaissance de I’émission des polluants non réglementés a I’échappement
des voitures particuliéres pour des technologies récentes.

Elle concerne la mesure des émissions des Hydrocarbures Aromatiques Polycycliques (HAP) des
véhicules légers selon 3 cycles de conduite (2 urbains et 1 autoroutier). L influence du déemarrage
du moteur a froid ou a chaud est étudiée sur le cycle INRETS urbain court. La répartition des HAP
sous forme particulaire et gazeuse est étudiée pour [’ensemble des véhicules pour les quatre types
de conduite.

La quantification de 16 HAP référencés par I’ U.S. Environmental Protection Agency (USEPA) a
eté réalisée par HPLC avec détection fluorimétrique a partir d’un échantillon de 13 véhicules
essence et 17 diesels mis en circulation de 1990 a 2002.

Les influences de la technologie, du type de démarrage (chaud ou froid) et de la réglementation du
vehicule sont analysées a partir de [’ensemble des résultats quantitatifs obtenus.

Mots-clefs : HAP, HPLC, émission unitaire, véhicule léger, essence, diesel, polluant.

Introduction

Transport activities contribute significantly to air pollution in Europe. Reliable and credible
emission estimates are a central prerequisite. Some of the priority research topics in atmospheric
transport emissions [Joumard (1999a)] are the estimation of non regulated pollutants (NRP), the
impact of cold engine start [Joumard (1996)] and the database updating of unitary emission for
recent vehicles.
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Previous studies have been achieved on this topic [Combet (1993), Paturel (1996), Miguel (1998),
Shauer (2002) and the different PAH results obtained need to be completed.

Thirty vehicles (gasoline and diesel) have been tested with a chassis dynamometer on three driving
cycles representative of real-world driving conditions [Joumard (1999b)]. The quantitative analysis
of 16 PAHs (selected by the US Environmental Protection Agency as priority pollutants) is carried
out using High Performance Liquid Chromatography with fluorometric detection.

These results have been obtained as part of ARTEMIS (Commission of the European Communities)
and PRIMEQUAL-PREDIT (ADEME) projects. These projects will first result in the determination
of the transport emission factors for regulated and non regulated pollutants.

1 - Methods

Driving cycles

The cycles were carried out on a controlled bracking chassis dynanometer. Each vehicle was tested

over two types of driving cycles [André (2002)]:

- two cycles which are representative of the actual driving conditions in Europe, called Artemis
urban and Artemis motorway, under hot engine start conditions.

- one short cycle called Inrets short urban free-flow, repeated 15 times with the first cycle being
carried out under cold or hot engine start condition.

The main characteristics of these cycles are given in Table 1.

Average speed on

NRP Short  Duration Distance : Engine
Cycle name . the sampling part
sampling part  name (s) (km) R} start
(km.h™)
Artemis (start + urban) urban arturb 2834 15.3 19.4 hot
Artemis (pre + motorway + post)  motorway artmwy 727 23.8 117.8 hot
repf cold
Inrets short urban. urban . 940 48 18.4
free-flow repeated 15 times rephot hot

Table 1: Name and description of the cycles used during PAH sampling.
Tableau 1: Nom et description des cycles utilisés pour le prélevement des HAP.

Vehicle characteristics

Thirty passenger cars (17 diesel and 13 gasoline) registered from 1990 to 2002 and representative of
european fleet have been tested. Table 2 shows the number of vehicles for each reglementation.

Reglementation  Gasoline  Diesel

Euro 1 2 4 6

Euro 2 6 12 18

Euro 3 5 1 6
13 17

Table 2: Vehicle repartition.
Tableau 2 : Répartition des véhicules.

Sample collecting and processing

A classical Constant Volume Sampling (CVS) system was used. In parallel to the emissions of
regulated pollutants, PAHs are collected at the end of the dilution tunnel at ambient temperature by
means of a filter and an adsorber as described previously [Paturel (1996)]. The system consists of
two stainless steel cartridges separated by a stainless steel grid and filled with 15g of Teflon wool
and 20g of XAD2 Amberlite polymer which are well suitable respectively for particulate and
gaseous PAH sampling.
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These supports were prepared and purified in the laboratory.

All PAHs were extracted by cyclohexane ultrasonic method performed over 30min at 37°C. After
evaporation near to dryness, extracts were dissolved in n-octane. To eliminate polar compounds a
clean-up was performed on silica cartridges with an elution by n-hexane. After evaporation,

residues were dissolved in acetonitrile.

All solvents used were of spectrometric grade.
HPLC analysis

The analysis of PAHs was carried out using High Performance Liquid Chromatography (HPLC,
Merck) with fluorescence and absorption UV detection. The HPLC analysis was performed at 20°C
using a LiChroCART 250-4 LiChrospher PAH column with an ACN/H,O gradient at a flow rate of
ImL.min"'. The 16 PAH calibration was realized with a custom mixture supplied by Supelco.

Average recovery factors for the whole procedure are calculated for each PAH using spiked Teflon
wool and XAD2 Amberlite resin.

PAH Fluorescence Range of Limit of Recove
PAH . conditions (nm)  calibration detection Ory
abbreviation 2 ex/ hem (ng.mL'l) (ng.mL'l) factor (%)
Naphtalene N 220/320 0,93 /46,62 0,23 5
Acenaphthene Ace 220/320 0,23 /11,66 0,12 15
Fluorene Flu 220/320 0,65 /32,64 0,65 40
Phenanthrene Phe 250/362 0,19/ 9,33 0,05 50
Anthracene An 244/400 0,04/ 1,86 0,02 65
Fluoranthene Fla 286/460 0,33/16,32 0,16 100
Pyrene Pyr 333/382 0,28 /14,00 0,07 100
Benzo[a]anthracene BaA 265/380 0,19/ 9,33 0,09 100
Chrysene Chr 265/380 0,09/ 4,67 0,05 100
Benzo[b]fluoranthene BbF 296/425 0,23/11,66 0,08 100
Benzo[k]fluoranthene BkF 296/425 0,04/ 1,86 0,02 100
Benzo[a]pyrene BaP 296/425 0,11/ 5,60 0,04 100
Dibenzo[ah]anthracene ~ DBahA 296/425 0,19/ 9,33 0,06 100
Benzo[ghi]perylene BghiP 296/425 0,51/25,64 0,13 100
Indenofl,2,3- P 302/500  2,05/10257 %68 100

cd]pyrene

Table 3: HPLC analytical conditions.
Tableau 3: Conditions analytiques pour la CLHP.

Table 3 shows the main HPLC conditions and the recovery factors for the 15 PAHs detected by
fluorescence. Acenaphthylene (Acy) was detected with UV absorption at 254 nm . This PAH was
rarely quantified in emissions due to high limit of detection and poor selectivity. Consequently, the
results for Acy are not presented.

Unit emissions (xg.km™) are corrected for analytical blanks, air dilution and recovery factors.

Actes INRETS n°92 179



Transports et pollution de 1’air / Transport and Air Pollution

2 - Results and discussion

PAH distribution profile

An example of total PAH distributions for gasoline and diesel vehicles are presented in Figure 1.
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Figure 1:  PAH distribution for gasoline (G) and diesel (D) vehicles and for Artemis urban cycle.
Figure 1 :  Distribution des HAP pour les véhicules essence et diesel pour le cycle Artemis urbain.

Very similar PAH distributions are observed for these two gasoline and diesel vehicles. A relation
between the values of unit emissions and the volatility of the PAHs appears : N with 2 rings is
predominant (~60/80% of the sums expressed in mass) and then a decrease is pointed out for the 3
rings (Ace, Flu, An, Phe), the 4 rings (Fla, Pyr, BaA, Chr) and the 5 and 6 rings ( BbF, BkF, BaP,
BghiP, IP, DbahA) with respectively 25, 5 and 1% of the total. This distribution is similar to the one
obtained by Mi et al. (1998).

All patterns of results are quite similar for all driving cycles and all cars.

Very low recovery factors (5 to 40%) and important errors are observed for N, Ace, Flu due to their
volatility (Boiling point < 300 °C, Henry constant : about 1.10* atm.m’.mol™) responsible of
important losses during extraction processes. So, results will be expressed per individual PAH, as
sums of the 12 less volatile PAHs, and some of the 6 most carcinogenic PAHs (BaA, BbF, BkF,
BaP, DBahA, IP) [IARC (1983), IARC (1987)].

Reglementation influence

Mean emissions of the 12 PAH sums for gasoline (13) and diesel (17) are presented for the 4 driving
cycles in Figure 2. Gasoline Eurol and diesel Euro3 reglementation concern respectively 2 and 1
vehicles ; consequently, the evolution observed needs a confirmation. Furthermore, emission values
for Inrets urban fluid cycle with cold engine start and Artemis european motorway cycle are not
available for gasoline Eurol. The histogram (Figure 2) highlights from Eurol to Euro3 that
reglementation has a large influence on the diesel emissions (decrease of 5 to 20 times according to
cycle) and that the gasoline classes show a weak decrease in the emissions except for Inrets short
urban free-flow cycle with cold engine start.

For the both technologies in the case of hot cycles the two urban (Inrets and Artemis) lead to similar
mean values.

In the case of cold engine start, the PAH emission increase is especially enhanced for gasoline
vehicles: the ratios of emissions between cold and hot engine starts are respectively 4 and 1.25 for
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gasoline and diesel vehicles.
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Figure 2:  Mean emissions of the 12 PAH sum according to the reglementation for the 4 driving
cycles. Confidence interval deviation is calculated as 2 times the standard deviation.

Figure 2 :  Emissions moyennes de la somme des 12 HAP selon la réglementation pour les 4
cycles de conduite. L’intervalle de confiance est égal a deux fois 1’écart type.

Gaseous and particulate distribution

For the two technologies, Table 4 shows the gaseous and particulate distribution for the more
volatile, the less volatile and the 6 carcinogenic PAHs. The majority of volatile PAHs are principally
in the gaseous phase (60/65 %) while the less volatile or the carcinogenic PAHs are more adsorbed
on particulates (70/76%). The distribution of PAHs on particulates is sligthly more important for
diesel vehicles.

PAH sums Gasoline Diesel
3 PAHs (volatile : N, Ace, Flu) 65/ 35 61.5/38.5
12 PAHs (less volatile) 29.5/70.5 23.5/76.5
6 PAHs (carcinogenic) 32/68 25.5/74.5

Table 4: Average gaseous and particulate distribution (%) for hot cycles.
Tableau 4 : Distribution moyenne entre phases gazeuse et particulaire pour les cycles chauds.

Conclusion

This work shows that the unit emissions of the 12 less volatile PAHs are very similar according to
hot driving cycles. For gasoline cars an important over emission is observed for the INRETS urban
free-flow cycle with cold engine start.

Sampling of PAHs both in particulate and gaseous phases is indispensable to have a good
quantification of these non regulated pollutants (NRP) in the vehicular emissions particularly for
volatile PAHs (two to four rings).

Finally, for all hot cycles, a large decrease is observed for the emissions of PAHs according to the
evolution of reglementation for the diesels. In the case of gasoline vehicles, decrease is especially
important for the cold engine start cycle.

As less volatile PAH emissions from modern technology vehicles continue to decrease to near
detectable limits, more advanced technologies for sampling these pollutants such as Solid Phase
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Micro Extraction (SPME) for gaseous phases and longer driving cycles should be investigated for a
good determination of polycyclic aromatic hydrocarbons.
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Abstract

Nine different cars with latest exhaust gas treatment systems were tested on a chassis dynamometer
in the certification cycles MVEG and FTP-75 as well as in two more demanding driving cycles. The
cars had different engine concepts, i.e. conventional gasoline engine, gasoline engine with direct
fuel injection and diesel engine. While all cars fulfilled the exhaust limits in the certification cycle,
some severe exceedances were found in other cycles, especially for carbon monoxide in the case of
gasoline engines. High emissions of NOy - and here especially nitrogen dioxide - from diesel engines
and gasoline engines with direct fuel injection are especially interesting from the perspective of air
quality due to their relevance for ozone chemistry.

Keys-words: exhaust, emissions, gasoline, diesel, ozone.

Résumé

Emissions de gaz d'échappement régulées et non-régulées de neuf voitures

Neuf voitures difféerentes avec les systemes les plus modernes de traitement de gaz d'échappement
ont été testées sur un banc d'essai a dynamométre sous les conditions des cycles de certification
MVEG et FTP-75 et dans deux cycles de conduite encore plus exigeants. Les véhicules avaient des
concepts de propulsion différents, a savoir des moteurs Otto conventionnels, des moteurs Otto a
injection directe ainsi que des moteurs Diesel. Dans le cycle de certification, les véhicules étaient
conformes aux normes pour les gaz d'échappement, mais dans d'autres cycles de test des
dépassements considérables ont été constatés, notamment en ce qui concerne les monoxydes de
carbone dans le cas des moteurs Otto. Les émissions élevées en NO, — et ici notamment en NO, —
des véhicules Diesel et des moteurs a injection directe ont une importance particuliere du point de
vue de la qualité de l'air dii a leur importance pour la chimie de l'ozone.

Mots clefs: gaz d'échappement, émissions, essence, diesel, ozone.

Introduction

Emissions of passenger cars were first regulated at European level in the early 1970s by the
directives 70/220/EEC (gasoline engines) and 72/306/EEC (diesel engines). Thereafter, several
directives have sharpened the limits considerably. Today, the EURO3-limits are effective, and most
new gasoline cars already fulfill the EURO4-limits, which is not mandatory before the year 2005.
Nevertheless, the type approval figures do not necessarily reflect the real world emissions of
vehicles because the approval testing cycle MVEG is quite undemanding (Hassel 1994), even
though cold start emissions were included for EURO3- and EURO4-cars. Therefore it seems to be
important to quantify the emissions of modern cars under rather realistic conditions.

Furthermore it has to be noted that from the perspectives of air quality and climate not only the
regulated compounds CO, NO,, HC and PM play major roles. For example, NO and NO, are
recorded as sum NO, although they play contrary roles in ozone chemistry. Therefore, several in-
depth investigations beyond the regulated compounds seem to be necessary (Harrison 1996).

In this work, nine different cars were tested on a chassis dynamometer. The cars had different engine
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concepts, i.e. conventional gasoline engine, gasoline engine with direct fuel injection and diesel
engine. Besides the well-known European and American driving cycles MVEG and FTP-75 which
are used in type approvals, all cars were tested also in the ”Autobahn-cycle”, which represents the
driving on German highways, and in the "MOBINET-cycle” which represents driving in the city of
Munich. O,, CO, CO,, N,O, NO, NO,, HC, fuel consumption and air mass were recorded on a
second-by-second basis. A brief overview of the literature was recently given by the authors
(Mittermaier 2003).

1 - Experimental

Vehicles and driving conditions

The measuring program included eight different cars of the model years 2000 and later which were
compliant with EURO3, EURO4, D3 or D4-exhaust regulation standard. For reasons of comparison
to older cars, one EURO2 car (model year 1996) was tested either. Three cars had conventional
gasoline engines (spark ignition, SI), three cars had SI-engines with direct fuel injection (SI-DI) and
three cars had diesel engines (compression ignition, CI) with direct injection. All SI-engines had
three-way-catalysts; the diesel engines were equipped with oxidative catalytic converters. For details
see Table 1.

Engine Capacity Power Model Mileage Exhaust

n” Name type  [em®] [kW] Year  [km] limit Source

1 Ford Mondeo SI 1796 85 2000 6.100 D4 FZ Jilich

2 VW Golf IV SI 1984 85 2000 83.600 D4 FZ Jiilich

3  Ford KA SI 1299 44 2001 53.400 D4 car rental

4 VW Polo FSI SILDI 1390 63 2002 5900 EURO4 Volkswagen AG
5 ggi‘;béig GDLsipr 1834 90 2001 38200 D3 car rental

6 VW Golf FSI SI.DI 1598 81 2002  13.300 EURO4 car rental

7 VWGOfIITDI CI 1896 66 1996 146.800 EURO2 private

8 VWGolfIVTDI (I 1896 85 2002 16.300 EURO3 car rental

Mercedes-Benz
9 €220 CDI CI 2148 105 2002 19.600 EURO3 car rental

Table 1: Overview of the test vehicles. SI=spark ignition, SI-DI = spark ignition with direct fuel
injection, CI=combustion ignition. D3 and D4 are special German exhaust limits. With
regard to taxation such cars are treated like EURO3 and EURO4, respectively.

Tableau 1 : Apercu des véhicules testés. SI=moteur Otto, SI-DI=moteur Otto a injection directe,
Cl=moteur Diesel. D3 et D4 sont des normes de gas d'échappement allemandes
spéciales, qui fiscalement correspondent a EURO3 et EUROA4.

All cars were driven with commercial fuel according to the manufacturer’s guidelines without
further specification. The emission measurements were performed on the chassis dynamometer of
RWTUYV Fahrzeug GmbH in Essen, Germany. They were carried out under the conditions of four
different driving cycles (Figure 1 and 2):

MVEG: Certification cycle for all new cars in the EU. The cycle begins with a cold start. Therefore,
the cars are pre-conditioned at 20 °C - 30 °C for at least 12 hours. The cold start is followed by
40 seconds with idle engine for EURO1/2 and D3/D4 cars. Sampling begins after these 40 seconds.
For EURO3 and EUROA4 cars the 40 seconds are omitted; sampling starts right from the beginning.
The cycle is divided into two phases. Phase 1 consists of 4 repetitive parts that shall reflect urban
driving. The average speed is 19 km/h. The second phase reflects extra-urban driving with a speed
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up to 120 km/h at an average of 63 km/h. The MVEG cycle is quite undemanding due to low engine
loads and moderate accelerations. For example, the beginning of the extra-urban part is an
acceleration from 0 km/h to 70 km/h in 41 seconds.

FTP-75: Certification cycle for new cars in the US and several other countries. The FTP test is
divided into three phases. The test begins with a cold start. In the first test phase an average speed of
41 km/h is driven. In the second test phase the average speed is only 26 km/h. After the second test
phase the engine is shut off for 10 minutes and then the test continues with a warm start. The driving
pattern of this third phase is identical with the first phase. By comparing the emissions obtained in
the first and in the third test phase, the effects caused by the cold start procedure can be derived from
the data. This cycle reflects the driving behavior in the US satisfactorily; engine load and maximum
speed are comparable to the conditions in the US.

Autobahn-cycle: This cycle was developed by by Hassel (1994), TUV Rheinland, Germany. It
represents driving behavior on the German expressways ~’Autobahn”. Again this cycle consists of
three phases. After a running start at 95 km/h, the average velocity is increasing. In the third phase
of the test cycle the cars have to accelerate from 127 km/h to the maximum speed of 162 km/h in

40 seconds. This means high engine loads which are neither covered in the FTP-75 cycle nor in the
MVEG cycle.

MOBINET-cycle: This cycle was developed within the BMBF-funded project MOBINET by
Klemp (2002). It is representative for the driving in the city of Munich because its distributions of
velocity (v), acceleration (a) and engine load (v*a) are the same as the observed ones in Munich
during 20 trips with a total of 70.000 second-by-second-values. The cycle consists of parts which
were actually driven on a road, whereas MVEG and Autobahn are artificial. The MOBINET-cycle
begins with a warm start, followed by normal urban driving controlled by traffic lights. This phase
ends with one part recorded on a 4-lane-street with a speed maximum of 80 km/h. The second phase
reflects stop-and-go with an average velocity of only 5 km/h, whereas the third phase shows the
driving on a city-highway with a speed limit of 120 km/h. At the dynamometer, this phase is driven
in duplicate in order to reach the detection limits for the sampling bags (cf. the next section).

140 4 140 4
MVEG Cycle FTP-75 Cycle
120 4 Phase 1 (Extra-Urban) 120 4
400s 263 kmih Phase 1 (Cold Startt) Phase 3 (Warm Start)
100 4 100{ 505s @41 kmh 505s 241 kmh
Phase 2 (Stabilized)

866's 226 km/h

Phase 1 (Cold Start; Urban)
780s @ 19 km/h

0-40s only for
7EURO1/2, D3/4

Velocity [km/h]
Velocity [km/h]

[ﬁ ﬂl e
1
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i

Autobahn Cycle Phase 3

140 - 160 4 264's @138 kmih
MOBINET Cycle Phase 3 (Highway) Phase 2
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140 ] Phase 1 300 2115 kmih
436's 2107 kmih

100 4 Phase 1 (Urban Traffic)
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Figure 1:  Driving cycles of the measuring program.
Figure 1:  Cycles de conduite dans le programme de mesure
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Figure 2:  Distribution of engine load (velocity times acceleration) vs. velocity.
Figure 2:  Répartition de la charge spécifique (produit de vitesse et d'accélération) vs. vitesse

Analysis

Fuel consumption (PLU 401-108, Pierburg Corp.), lambda value and the signal from the air mass
sensor were recorded every second by our data acquisition system. As pointed out by Lenaers
(1996), the current total exhaust gas mass flow can be calculated from the signals from the air mass
sensor, the respective lambda value and the momentary fuel consumption. From the exhaust stream
a flow of around 5 L/min is sucked in and analyzed by our gas analytics. NO, N,O, CO and CO,
mixing ratios in the exhaust gas are measured by means of commercially available gas analyzers
(URAS, ABB Corp.) using non-dispersive infrared (NDIR) detection principle. The NO and NO,
content of the exhaust gas is analyzed by UV-absorption (LIMAS, ABB Corp.). The total HC
content is measured by a FID system (ABB Corp.). Low mixing ratios of CO were also measured by
a modified trace gas analyzer (TE 48 C, Thermo Instruments). Emission values of CO, CO,, NO,
NO, and HC in g/s and g/km were calculated from the measured mixing ratios using the respective
total exhaust gas mass flows, taking into account the individual time shifts between engine exhaust
output and analyzing time for the different gas analyzers. Data of the vehicle velocities were
provided by RWTUV, together with measurements of the emissions with three independent devices.
The four measurements (one by FZ Jiilich, three by RWTUV) generally agreed better than 10%
(Klemp 2002). A detailed comparison will be published elsewhere. In this work, only the
measurements of FZ Jiilich are used.

2 - Results

Demand of the different driving cycles

A comparison of the three vehicles with conventional gasoline engines (No. 1-3 in Table 1), all
compliant with the D4-exhaust regulation level, shows the bandwidth of emissions that exist in the
broad range of velocities and engine loads which are present in the four different driving cycles.
Table 2 shows the emissions of the regulated compounds of these cars in the respective driving
cycle, together with the D4-exhaust limit. Except for a small excess in NO,-emissions of the Ford
Mondeo, all cars were compliant with the D4-limit in the MVEG-cycle. In the other driving cycles,
considerable differences can be found:

*  Only the Golf IV exceeded the D4-limits in neither driving cycle. Both the MOBINET-cycle
with quite demanding urban driving and the Autobahn-cycle with its high velocities yield
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emissions comparable to the MVEG. Relatively large differences can be found only between
MVEG and FTP-75. This might be due to the fact that the FTP-75 includes a whole cold start,
whereas in the MVEG the first 40 seconds after the cold start are omitted. MOBINET and
Autobahn do not include cold starts.

* In the Autobahn-cycle with velocities up to 160 km/h, both the Ford Mondeo and the Ford KA
exceed the D4-limit for NOy substantially. The emissions relative to distance exceed the ones
from the MVEG by a factor of 2-3.

Limit D4 MVEG FTP-75 MOBINET Autobahn
Ford Mondeo
CO [g/km] 0.70 0.43 0.89 3.37 2.89
NOy [g/km] 0.07 0.09 0.19 0.09 0.18
HC [g/km] 0.08 0.08 0.08 0.05 0.08
VW Golf IV
CO [g/km] 0.70 0.20 0.74 0.50 0.47
NOy [g/km] 0.07 0.04 0.06 0.06 0.04
HC [g/km] 0.08 0.02 0.04 0.01 0.01
Ford KA
CO [g/km] 0.70 0.59 0.82 3.10 13.07
NO [g/km] 0.07 0.07 0.06 0.08 0.13
HC [g/km] 0.08 0.05 0.09 0.08 0.09
Table 2: Emissions of the cars with conventional gasoline engine in the different driving cycles
(g/km).
Tableau 2 : Emissions des véhicules avec moteur Otto conventionnel dans les différents cycles de
conduite (g/km).
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Figure 3:  Emissions of carbon monoxide (CO) and carbon dioxide (CO;) by the Ford KA in the
Autobahn-cycle.

Figure 3:  Emissions de monoxyde de carbone (CO) et de dioxyde de carbone (CO;) de la Ford
KA dans le cycle Autobahn.

* The most significant exceedances of the D4-limits happened for CO with the Ford Mondeo and
Ford KA in the two demanding cycles MOBINET and Autobahn. The Ford Mondeo exceeded the
D4-limits by a Factor of 5 in the MOBINET-cycle and by a factor of 4 in the Autobahn-cycle.
For the Ford KA, who had the lowest-powered engine in the measuring program, CO-emissions
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in MOBINET-cycle and Autobahn-cycle grew dramatically by a factor of 5 and 20, as compared
to MVEG. In the last part of the Autobahn-cycle, CO-emissions reached 7 Vol. % (see Figure 3)
probably due to full power enrichment. Such emission levels are expected to be reached by non-
catalyst-cars.

Comparison of different model years / aged cars

The measuring program included one older car, a 6-years-old VW Golf III TDI with a mileage of
almost 150.000 km. This car was compared to a VW Golf IV TDI from 2002 with little more than a
tenth of the mileage. Both cars have engines with the same concept and the same capacity, but the
Golf IV has more power (86 kW instead of 66 kW) and fulfills EURO3 instead of only EURO2.

Limit MVEG  FTP-75 MOBINET Autobahn
VW Golf IIl TDI EURO2
CO [g/km] 1.00 0.62 N/A 0.30 0.17
NO, [g/km] - 0.37 N/A 0.58 0.86
HC [g/km] - 0.13 N/A 0.04 0.06
NO, + HC [g/km] | 0.90 0.50 N/A 0.62 0.92
VW Golf IV TDI EURO3
CO [g/km] 0.64 0.13 0.10 0.11 0.09
NOx [g/km] 0.50 0.39 0.39 0.46 0.69
HC [g/km] - 0.01 0.01 0.00 0.00
NO, + HC [g/km] | 0.56 0.40 0.40 0.46 0.69

Table 3: Emissions of the diesel-engine driven cars Golf IIl TDI and Golf IV TDI in the different
driving cycles. Due to a handling error, no valid results were obtained for the Golf Il
TDI in the FTP-75 cycle.

Tableau 3 : Emissions des voitures Diesel Golf III TDI et Golf IV TDI dans les différents cycles de
conduite. A cause d'une erreur de manipulation, aucun résultat valable n'a pu étre
obtenu pour la Golf III TDI.

Both cars fulfilled the requirements of their respective emission limits in the MVEG (Table 3). The
trends in the emissions in the perspective of technical progress seem to be interesting:

* (CO emissions have been reduced considerably by 50-80%, depending on the driving cycle. The
smallest reduction refer to the Autobahn-cycle which has the highest velocities.

* HC-emissions have been reduced by one order of magnitude to a very low level. The Golf IV
TDI emits HCs almost exclusively during the cold start, which is part of MVEG and FTP-75.
When the engine is warm (MOBINET and Autobahn), less than 10 mg HC are emitted per
kilometer.

* NOx emissions practically remain on the same level. While there is even a slight increase in
emissions during the MVEG (though not directly comparable due to the 40s-idle-period in the
test for the Golf III, see Figure 1), emissions in the other cycles have been reduced by only 20%.

These findings lead to the conclusion that from the perspective of air chemistry and air quality a
shift in the relevance of the exhaust compounds can be expected: While CO- and HC-levels will
decrease in the future, NO,-emissions will rather increase. This will take place especially because of
the rising share of diesel cars in the fleet of passenger cars. Diesel cars emit approximately five
times more NO, than gasoline cars. The findings from these two cars have to be assured statistically.

Importance of speciated nitrogen oxide analysis

The nitrogen oxides NO (nitric oxide) and NO, (nitrogen dioxide) are usually recorded as sum value
NO,. Both species can be transformed into each other through the reaction with ozone:

NO + 03 < NO, + O,
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For many conditions the Leighton relationship holds (Leighton 1961), according to which these
species are in balance [J(NO,) is the photolysis rate of NO,]:

[0;][NO]

= t.-J(NO
(NO, ] const.- J(NO,)

This means that in dependence of the kind of nitrogen oxide emitted, ozone is either produced (from
NO,-emissions) or destroyed (from NO-emissions). While conventional gasoline engines almost
exclusively emit NO (> 99%), the share of NO, from NO, in DI-SI engines and in Cl-engines is
between 10% and 60%, see Figure 4 and Figure 5. Increasing shares of NO, lead to several effects:

* Less ozone coming from rural background air into the cities will be destroyed due to a smaller
amount of NO. This is equivalent to rising ozone levels in the cities, which is consistent with the
observation of increasing ozone levels in the last years, according to Umweltbundesamt (2002).
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Figure 4:  Emissions of nitrogen oxides by Mercedes-Benz C220 CDI in the MOBINET-cycle
Figure 4:  Emissions d'oxydes d'azote de la Mercedes-Benz C220 CDI dans le cycle MOBINET

* Nitrous acid, HONO, is mainly formed heterogeneously on surfaces in the presence of water and
NO; and is also directly emitted from diesel engines, as found by Kurtenbach (2001). HONO is a
source of the most important daytime radical, the hydroxyl radical OH, which acts as initiator of
multiple photochemical cycles.

2 NO;, + H,O — HNOs; + HONO
HONO + hv — OH + NO

* Increasing ozone levels and increasing HONO levels both result in higher OH concentrations
and therefore in an acceleration of many photochemical reactions.

Worth mentioning is furthermore the emission of NO by the Polo FSI after the driving cycle
(Figure 5). This car is equipped with a NOy-storage catalyst, described by Gliick (2000), which
bases on the reversible reaction of NO with barium oxide:

BaO + 2 NO +1.5 O, <« Ba(NOs3),

It seems that after the cycle the back reaction took place, leading to the emission of NO. Other
pollutants have not been emitted during that time.

Conclusion

In the last years, emissions of new cars have been reduced substantially. Nevertheless, a close look
at the different pollutants is still necessary. While modern catalyst effectively convert hydrocarbons,
NO, and especially nitrogen dioxide stay a problem, aggregative due to the rising share of diesel
engines and gasoline engines with direct fuel injection. They result in higher ozone levels and faster
photochemistry. Furthermore, some cars emit high amounts of carbon monoxide during high engine
loads and velocities. Therefore, not only the certification cycle MVEG but also more demand