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ABSTRACT

Endeavouring to improve the ambient air qualityingent criteria are often imposed
onto the impact of the vitiated tunnel air at turp@rtals. Moreover particularly in urban
areas, the regulatory requirements to the ambiesguality often cannot be met. The
thresholds values for NCand particulates are exceeded. Therefore, firgitywentional
ventilation methods for minimising the impact ofntel air to the environment are
reviewed. This includes an analysis of key tecHnieguirements such as ventilation
control and stack-flow velocities. Technical lintitms of each technology are
elaborated. Moreover, capital and operation cast®@aluated. It is shown that choosing
an optimal technical solution, the energy consuomptcan be more than halved
compared to using conventional solutions. Furtheenwhen adequately designed, the
impact of the stack flow to the ambient air-qualitgar the stack is shown to be
negligible.

The second focus is on the state of art of airafilbn systems for tunnel applications.
The world-wide available technical methods are dieed and assessed. A cost-benefit
analysis is carried out based on case studies wdigh incorporates non-ventilation

related methods for the improvement of the air-ipat tunnel portals.

Finally based on practical examples, the impadtiofel air onto the ambient air quality
is scrutinized on a global level discussing theralénfluence of vitiated tunnel air onto
the ambient air.

1 AMBIENT AIR-QUALITY ISSUES REGARDING TUNNEL PROJECTS

1.1  Ambient air-quality limits

International and national requirements to amb&ntuality are so stringent that they
often cannot be met in urban areas. The EU-directi®99/30/EC specifies following
threshold values of the ambient air quality e.gr fle maximum annual average
concentrations of particulate matter (RMand nitrogen dioxide (N£
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Table1l: Critical air quality limitswith respect to traffic (3)

pollutant statistical value by 1 January 2010
PMyq annual mean 20g/n?

daily mean 5Qug/n?® (< 35 times exceeded)
NO, annual mean 40g/n?

hourly mean 20Qg/nT (< 18 times exceeded)

Today, air-quality limits for other pollutants, $u@s carbon monoxide CO, sulphur
dioxide SQ etc. are generally met — or pollution originatesnf other sources than
traffic.

12 Current ambient air-quality situation

A general characterisation of the current situai®given in the following table. It is
recognised that there are significant differencesthie air-quality situation in the
European countries.

Table2: Typical air-quality situation

pollutant

urban area

residential area

rural area

PM;, annual mean

PM,q daily mean

exceeded
at most locations|
exposed to traffic

exceeded
at some locationg

air quality limit
generally met
exceeded
at some locations

NO, annual mean

NO, hourly mean

exceeded
at most locations|
exposed to traffic
air quality limit
generally met

exceeded
at some locationg

air quality limit
generally met

air quality limit
generally met

In urban areas or areas that are exposed to tréfficair-quality limits for particulates
and nitrogen dioxide are generally exceeded.

The level of any pollutant depends on the regi@mal urban background level and on
the emissions originating from local sources. Thetifion of background vs. local
sources varies for different pollutants. While higf,-concentrations may be attributed
to local sources, such as main roads or tunnehblsorthe level of P is generally
dominated by the contribution of the regional anobn background.

1.3  Vehicleemissions

As part of the design and approval process, tharduair quality in the vicinity of a
tunnel has to be assessed. The design is basededittpd vehicles emissions. These
emissions are based on assumptions of the traffieme and composition travelling
through the tunnel. The prediction is done for thest critical year in terms of total
emissions. Due to the implementation of more samgegulations for the emission of
individual vehicles, a general reduction with timexpected.

The emission data shown in Figure 1 do not incltltke latest emission regulations
EUROS5 and 6 to be introduced in 2009 and 2014. Ttwerea further reduction is
expected.
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Figure 1: Predicted NOy emissions (Germany, rural road, (4))

1.4 Case study Zurich, Switzerland

In an urban environment that is part of the CityZafich, the noise levels caused by a
national road exceed the limit in the adjacentdesiial area. The noise calculation
demonstrates that the limits cannot be met by liatitan of noise barriers along the

highway. Therefore, it is envisaged to build a ®instructure as an enclosure of the
existing road. The 1200 m long tunnel would givgngficant improvements to the

residential area with regards to noise and polfutio

While solving the noise problem, a tunnel leadsateedistribution of pollutants. The
traffic-induced pollution is removed from the agdang the tunnel, but it is discharged at
the tunnel portals — or extracted from the tunméha exit portal. In the portal areas, the
pollution levels of N@ and PM, are already at or above the air-quality goalsnaefiin
the environmental standards. Further emissionisdrvicinity of the tunnel portals would
lead to a further increase of pollution concendratiAs there are many residents living in
the vicinity of the tunnel portal, it appears agpiate to invest a significant part of the
project budget into measures to reduce portalisghdrge.

For the portal air extraction, different systemsehbeen considered:

« conventional air extraction (fan station with twarallel axial fans, vertical stack,
dilution of exhaust air in the atmosphere)

« conventional air extraction with electrostatic pp&ator ESP and stack discharge

¢ conventional air extraction with ESP and N@®moval

e air extraction with large cooling-tower type fanRB-fan) without filtration

For the purpose of a comparison of the differechmelogies, it has been decided to base
the design on maximum efficiency in terms of patiatremoval. So, the design is not
based on maximum air flow in the tunnel, but forximaum pollution at minimum
investment of capital cost and power requiremeat.tkis approach, it is beneficial that
the design can be based on today'’s traffic datanan@n predicted traffic. Apparently, a
portal air extraction is very efficient especiadly congested peak-hour traffic, when the
traffic moves at reduced speed and the tunnelsapoiluted up to the in-tunnel air-
quality limit. This led to a recommended extractftow rate of 300 rifs. The expected
maximum flow rate in the tunnel is expected to B8 #7/s.
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However, it has to be noted that the optimum caypadfi the air extraction would be
higher for the cooling-tower type arrangement, msnagreased extraction rate could be
achieved at much lower additional capital cost poger requirement.

2 PORTAL-AIR EXTRACTIONS

In this section, the exhaust systems for enviroriedgorotection will be described in
general.

21 Functionality and requirements

The intent of a portal-air extraction is the redrctof pollution in the vicinity of the
tunnel portal. In order to achieve this reductithe discharge of polluted air from the
tunnel has to be reduced if not completely inhihitEhe design of the extraction system
has to be based on the air flow in the tunnel astcon the pollution. A typical air-flow
rate in a road tunnel is between 400 and 588 during free flowing traffic. The flow
rate mainly depends on traffic volume, speed amhdlicross section. The extraction
requires powerful exhaust fans.

In some countries, a typical design requiremetd isnsure a “net positive in-flow of air
at all portals whilst the tunnel is open to trdffim Switzerland, however, the design has
to take into account an optimisation of air qualipower consumption and civil
construction.

power consumption

air quality
civil impact

Figure 2: Design criteriafor portal-air extraction

Design goals regarding air quality may be giverih®yenvironmental impact study, such
as “reduction of PN} portal discharge by 70%”. The operation of theaotton is then
part of the optimisation process.

22 Conventional methods

The conventional portal-air extraction station asts the tunnel air via an opening on
top or on the side of the tunnel. The maximum elpgity at the traffic envelope should
be no more than 5 m/s (extraction from the sidel®@m/s (overhead extraction). The
exhaust air passes through a set of attenuatoosder to limit fan noise in the traffic
space. In the fan station, a set of axial exhaarst fs operated. The fan station design has
to take into account minimum pressure losses asasebptimised air flow approaching
the fans. Each fan unit consists of inlet bell-nhpwctive unit, transition piece (diffuser
and transition from circular to square) and fariagon damper. On the pressure side, the
air flow passes another set of attenuators selestedrding to ambient noise criteria. A
typical lay-out is shown in Figure 3.
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Figure 3: Conventional portal air extraction (designed for 300 m%s capacity)

The conventional air-extraction system could beemded to incorporate electrostatic
precipitators ESP or N&removal systems. The equipment would be situatgdiden
the exhaust fans and the attenuator on the susititnof the fan station. However, the
space requirement and pressure drop of the fomatinits have to be taken into account
during exhaust station design and fan selection.

23 Stack fans (GRP)

The installation of cooling-tower fans in road-tehapplications has been first described
in the year 2000; (5), (6). In the past decade@R®-fan option has been discussed for a
number of projects, although it has not been itestah other tunnels in Switzerland, yet.

In principle, the extraction is operated similathie conventional system. In fluid traffic,

the air-flow through the tunnel is driven by thestpn effect of the vehicles. During

congested traffic, the normal tunnel ventilatiopmorts the air flow. The exhaust fan is
controlled in order to extract the air flow fromethunnel. It passes the fans and is
expelled vertically through the exhaust stack. Tien difference to the conventional

system is the low pressure drop of the GRP fan gemaent, as attenuators are not
required due to low noise levels of the large f&ome sound attenuation may be
provided with a sound absorbing lining of the exdtastack. The air flow through the

system is at low air flow velocity, thereby miniimig the pressure losses in the fan
station.

Due to the lower power requirement, it appears @mjate to design the exhaust system
for higher exhaust flow rates in comparison withomventional system. The control of
the exhaust system is also easier, as the penaliyower consumption for over-
ventilating the system is very low. It may be sti#fint, to operate the fan at constant
speed during the major part of the day.

A schematic sketch of the GRP fan arrangement isngim Figure 4. The design is

derived from the fan arrangement in the tunnel ISpitore details on the Spier tunnel
may be found in the paper (6).
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_ GRPfar  framework construction
inlet cone for fan, gearbox and motor

Figure 4: Schematic sketch of GRP fan arrangement

24 Comparison of conventional and GRP exhaust system
The comparison of the conventional and the GRP faiutisn is given in
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Table 3. Please note that the optimisation prodesmg exhaust system design led to
different capacities for the two solutions.

With the GRP fan, the increased capacity is avalablconsiderably lower capital and
running costs.

In order to fully realise the benefits from the GRIA concept, the system has to be
engineered at a very early stage of the projeqbeé&ally, once the stack location is
fixed, a move towards the GRP fan option could negan extended period of project
approval. Especially in an urban environment, thktipal aspects of the tunnel project
render substantial changes of an already approwgelap very difficult.
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Table3: Comparison of conventional and GRP exhaust system

Item Conventional system GRP fan
Number of fans 2 1
exhaust flow rate 300 400 ni's
Total pressure 1000 Pa 330 Pa
consumed power 450 kW 220 kW
rel. civil cost (estimate) 200% 100%
rel. hardware cost (est.) 240% 100%
rel. running cost (est.) 200% 100%
maximum reduction

of portal emission 60% 75%
(operation 16 hours / day)

energy consumption 2600 MWh/yr 1300 MWh/yr

If the technical requirements for the tunnel equepbrequire redundancy in case of fan
failure, resent studies have shown that an insiaflaof a second GRP fan in series may
be feasible.

While the fans are not operational, rain and snay anter the tunnel through the open
stack. The exhaust fans are not equipped withsalation dampers (due to the increased
pressure drop). This could be considered an ineceaisk for tunnel users at these
unexpected conditions for the drivers. In the Spienel, heating elements are installed
in the road surface in order to avoid ice formatiblowever, it was not necessary to
operate these elements since commissioning, atethgerature inside the tunnel was
always well above freezing.

A drawback of the GRP fan arrangement is that a auatibn of this exhaust system
with any exhaust gas cleaning (ESP or,Némnoval) is not possible due to the pressure
drop of the filtration units. This is especiallyetiease, if the performance specifications
for the tunnel equipment require the optional ilasti@n of filtration equipment without
substantial modification to the ventilation station

25  Ventilation control

The control system of the portal exhaust ventitatonsists of several operational modi.
Each modus is given a defined priority. In prineipthe exhaust-system operation is
independent of the operation of the tunnel veiditatThe two systems are coupled in
normal automatic mode, as some combinations shmib/oided.

« manual — hardware: The extraction system is opeffaten the switchboard

« manual — software: The extraction system is opdratanually from the human-
machine interface HMI

e automatic — emergency: The extraction system itcched OFF

« automatic — time control: The extraction systeropsrated automatically depending
on the current day of the week and time

e automatic — normal operation: The extraction systentontrolled automatically
based on tunnel monitor data, such as traffic veluair-flow velocity, pollution
concentration etc. and time. With the parametenéti the system could be operated
at reduced capacity during the night.
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Table4: Operation modesfor portal air extraction vs. tunnel ventilation

portal air extraction
manual- manual- auto- auto- auto-
hardware software emergency time control normal
ETUED: es es no no no
- hardware Y y
5 WEnLEr yes yes no no no
.‘—2 software
S auto- yes yes
% emergency | def.. OFF | def: OFF Ol no no
= Glie yes yes no no no
2 maintenance
auto-
normal yes yes no yes yes
priority
__ ]

Example: The tunnel ventilation is in mode “autamal” and the extraction system in
mode “auto-time control”. When the tunnel ventiatiis switched to “auto-emergency”,
there is no equivalent mode for the extractioneystTherefore, the extraction system is
switched to the next mode at higher priority, ihe extraction system is switched off.

3 AIR-FILTRATION TECHNIQUES

As an addition to a conventional extraction systam,described in section 2.2, the
exhaust air may pass through a filtration systeahithinstalled in order to extract certain
pollutants. Due to the pressure drop of the filbmtunit, the combination of filtration
and GRP fans is not possible with the selectionRP@ans available today.

31 Technologies used for air-filtration

3.1.1 Methods applied for removal of particulates

In mechanical filtrationthe exhaust air flow passes a filter medium.iElag remain in
the filter. Usually, this technique is not recommied for road tunnel applications, as it
requires an enormous cross-section for typical estair flow-rates. Otherwise, the
pressure drop of the filter increases significamtlth the accumulation of particles. At
regular intervals, the filter medium has to be aeptl or cleaned.

According to information given by a filter manufacgr, this filtration technique is
currently applied to a number of Japanese roadefsnrAlso, in new tunnels, this
technique is installed upon request by the tunperator due to relatively low costs
(both installation and operation).

These seemingly contradictory statements referifferent applications of mechanical

filters: On one hand, they may have a high efficieii they include filtration in several

stages (increased installation and operating c@st)the other hand, mechanical filters
represent a low-cost option if the low efficiendyacsingle stage filter is acceptable.
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The typical filtration technique for road tunnelpdipation is_electrostatic precipitation
(ESP). The ESP aims at the removal of particulatebe size range of 0.01 to 4.
Electrostatic precipitation involves three steps:

« application of an electric charge to the parti¢légh voltage pre-charger)

« collection of charged particles on the surfacepgdasitely charged collector plates

« removing particles from the collector plates thhoagwet’ or ‘dry’ cleaning process

Some manufacturers use a combination of electiosiati mechanical filtration. Here,
an electric charge is applied to the particlestha filtration stage, the particles are
removed when the exhaust air passes a groundedanieahfilter (single stage). This
system is expected to have a higher efficiencgifoall particles.

The power requirement for both systems, electriostat mechanical filters, is mainly

determined by the aerodynamic resistance or presiap that has to be overcome by
the main exhaust fans. The power requirement fer dperation of the ESP itself

(including cleaning process) is relatively smaltomparison.

3.1.2 NO,removal techniques

Absorptionis a physical or chemical process in which théytaht gases NO and/or NO
enter the bulk phase - liquid or solid materialisTik a different process from adsorption,
since the molecules are taken up by the volumebysturface.

The absorption process requires the removal ofcodates from the exhaust air as an
initial gas cleaning stage. The absorption filteayntonsist of honeycomb structures
made from gypsum, activated carbon and alkalineagsitm hydroxide. When the
exhaust gas passes through the elements, idl@bsorbed. It reacts with the alkali to
form the salts KN@and KNQ.

2NO,+2KOH — KNG, + KNO; + H,0O
NO,+NO +2KOH — 2 KNGO, + H,0

During operation, the filtration elements lose ttegipacity for NQ removal. They have
to be re-generated. This re-generation processdaslthe four stages: water washing,
drying, KOH soaking and drying. The absorption edats may be regenerated up to 15
times, which gives an expected life cycle of twarngefollowing the replacement of the
element.

Adsorption is a process that occurs when a gas or liquidtsaigcumulates on the

surface of a solid or a liquid (adsorbent) formandilm of molecules. In experimental

plants, the adsorbent was activated carbon of gialia coated ceramics. As for

absorption filters, adsorption requires the remmiglarticulates from the exhaust air as
an initial gas cleaning stage.

In a number of articles in conference proceedingsia the technical documentation of
filter suppliers, gas cleaning through adsorptias heen labelled as ‘catalytic process'.
However, the documentation does not explain thalytat process at room temperature.
By definition, a catalyst is not consumed by thectiea itself. With activated carbon, the
filtration process is related to adsorption — amhdeiquires the regeneration or an
exchange of the activated carbon at regular interva
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Other techniques, such as biologitliers, exhaust-air treatment in gas turbingisoto-
catalytic coatedunnel-lining etc. are at an early experimentagist No large-scale plants
have been installed in a road tunnel.

Figure 5 gives a schematic sketch of a conventiaitagxtraction system with ESP and
NO.-filter. The space requirement indicated in thetakes based on data provided by
filter manufacturers. The schematic arrangementsdpet take into account any
constraints due to the limited space that availabtbe vicinity of an urban road tunnel.

stack

NO2-removal
150m2

attenuators
auxiliary equipment

ESP 50 m2

Figure5: Portal air extraction with ESP and NO, Absor ption (300 m%s capacity)

32 Review of installations of air-filtration plants
The following table gives an overview of filtrati@guipment installed in road tunnels in
various countries.

Table5: Installations of filtration equipment in road tunnels

Tunnel filtration design intent maximum type of
technology air flow rate installation
Japan
Aioi-cho ESP + NQ exhaust air 80 ffs exhaust station
Aqua (Tokio) ESP + visibility +
mechanical exhaust air
. 375 nils }

Asukayama ESP exhaust air 360 /s exhaust station

300 ni/s

o 240 ni/s

Enasan ESP visibility 255 s bypass

200 ni/s

285 /s bypass
Fukuchiyama ESP visibility 270 ni¥ls bypass

285 nils bypass

105 n¥/s
Gorigamine ESP visibility 105 n¥/s bypass

195 n¥/s
Hakamagashi ESP visibility 190%s bypass

o 270 /s bypass

Han-Na ESP visibility 285 1i/s bypass
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Tunnel filtration design intent maximum type of
technology air flow rate installation
Hanazonobashi ESP exhaust air
bypass
225 nils (since 2004 in
I 210 nils
Happusan ESP visibility Taroyama u.
170 nifs Gorigamine
190 n¥/s 9
tunnels)
Hasumiya ESP exhaust air
Higashiyama ESP + . exhaust air
mechanical
113 ni/s
. I 90 ni/s
Higo ESP visibility 135 s bypass
260 nils
Hihonzaka ESP exhaust air
Hiroshimaseifu ESP 85s bypass
o . 180 n¥/s bypass
Ichifuri ESP visibility 165 nd/s bypass
Kakuto ESP visibility 170 rits bypass
. 945 /s
Kann-etsu ESP visibility 810 /s bypass
Kann-Mon ESP visibility ahd 365 nils exhaust station
exhaust air
Karasuyama ESP visibility ahd 175 mi/s bypass
exhaust air
270 ni/s bypass
240 nils bypass
. N 225 nils bypass
Kasaijama ESP visibility 210 s bypass
210 ni/s bypass
210 nils bypass
Kawasakikoro mech. Filter exhaust air
L 195 ni/s bypass
Kongosan ESP visibility 285 /s bypass
. I 300 /s
Koshirazu ESP visibility 180 n¥/s bypass
Kuko-kita mech. Filter exhaust air
Maiko ESP + mech. visibility and 180 m/s bypass in tunnel
Filter exhaust air 180 ni/s crown
Midoribashi ESP exhaust air 573/m exhaust station
240 ni/s bypass
. visibility and 240 ni/s bypass
Nihonzaka ESP exhaust air 680 ntls exhaust station
440 nils exhaust station
Nou ESP 165 fits bypass
Ryousan ESP visibility
Ryugatake ESP visibility 270%s bypass
visibility and 225 nils
Ryu-ohzan ESP exhaust air 210 nils bypass
Sakuragicho mech. Filter exhaust air

48

© BHR Group 2009 ISAVVT 13




13th International Symposium on Aerodynamics andtN&ion of Vehicle Tunnels,
New Brunswick New Jersey, USA: 13-15May 2009,ISBM8 4 85598 1072

Tunnel filtration design intent maximum type of
technology air flow rate installation
240 n¥ls
Sekido ESP visibility 240 ntls bypass
240 nils
Shintoshon-nishi| ESP 318%m exhaust station
Shintoshon ESP 154%s exhaust station
Sirubachiyama ESP visibility 195%s bypass
Suginami-ku ESP exhaust air 60/m exhaust station
Tachitoge ESP visibility 225 1fs bypass
Takanomine ESP visibility 195 s bypass
Tamagawa mech. Filter exhaust air
Taroyama ESP visibility 180 %ts bypass
Tennozan ESP exhaust air 16433an exhaust station
Tokyo Bay ESP visibility
Tsuruga ESP visibility 240 s bypass
285 nils
Uii ESP visibility 255 nils bypass
210 nils
Honmachi ESP + N© exhaust air 309 frs
Nishishinjuku ESP + N® exhaust air 240 ffs
- - currently in
Yoyogi ESP + N@ exhaust air 208 s design or
Kanayamacho ESP + NO exhaust air 312 #s ;0”5””6“0”
age
Oohashi ESP + ND exhaust air 768 frs
Shinjyuku ESP + N@ exhaust air 1672 its
Italy
Cesena ESP exhaust air 200 n/s exhaust station
200 nils
Norway
Bragernes ESP exhaust air exhaust statig
o 250 nils
Ekeberg | + Il ESP visibility 250 /s bypass
Festning ESP exhaust air 606/ exhaust station
Granfoss ESP exhaust air exhaust statio
Hell I, 11 + Il ESP visibility bypass in tunnel
crown
in-tunnel
Leerdal ESP + N® air quality 180 n¥/s bypass
Nygardtunnel ESP visibility bypass in tunnel
crown
Strgmsas ESP visibility bypass in tunnel
crown
Spain
Tanel Sur M30 ESP + NO exhaust air 400 /s exhaust station
694 nils
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Tunnel filtration design intent maximum type of
technology air flow rate installation
South Korea
Chinbu ESP visibility and 285 ni/s bypass
exhaust air

Saritjae ESP visibility 285 s bypass
350 ni/s

Safe-San ESP visibility 350 ni/s bypass
130 nils

Su-Jung-San ESP visibility 600°m bypass

Woo-Myun-San ESP visibility 210ts bypass

Vietham
260 /s

Hai Van Pass ESP visibility 260 nils bypass
260 /s

It can be concluded that there is considerable reeqpee for particle-removal systems
(both ESP and mechanical), especially in JapanNuordvay. The installation of gas-
cleaning techniques, however, has been done instidle only in very few tunnels.
During our study, it was not possible to obtainatde information on actual operation or
efficiency of these installations.

4 COST-BENEFIT CONSIDERATIONS

For the road enclosure in Zurich, the cost per rpassculate matter has been estimated
based on budget estimates provided by ESP supplibes estimated life cycle of the
ESP and exhaust equipment is 20 years. An incrieagaffic volume has been taken
into account as well as the expected reduction afiole emissions. The estimate
includes the non-engine emissions from tire wedrraad dust.

« portal air extraction (GRP-fan) without filtratibn 400 US$ / kg Py
« portal air extraction (conventional) without filtian® 950 US$ / kg P
e portal air extraction with ESP 1900 US$ / kg RM

L The particles are discharged through the stack. They are not removed from the atmosphere, but
diluted to immeasurable concentrations at ground level

The estimates are applicable only to this partictuanel project. The effectiveness of a
portal air extraction is increased with increasahel length, partition of trucks in the
traffic mix etc.

From the analysis of costs versus BMmission, it appears more appropriate to reduce
the emission at the source:

e Truck with particle filter (retro-fit) 270 US$ / kgMy,
« New passenger car with particle filter 130 US$ Pido
* New truck with particle filter 45 US$ / kg PM
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For comparison with other measures to reducey®Mthe urban environment, estimates
provided by the Zurich environmental agency AWEhIsbe quoted:

5

Tax discount on low emission vehicles 430 US$ Pho

Integrated management of parking space in the city 170 US$/ kg P\,

Road surface cleaning 170 US$ / kg gM
CONCLUSION

From the study of pollution management by portalextraction with conventional and
GRP-fans as well as with or without filtration, fmNing conclusions can be drawn.

7

The installation and operation of portal-air exti@t systems may be justified in an
urban environment. The decision should be basati@ourrent air-quality situation,
on the additional impact of the emissions from tilmenel portal and on the number
of people that are exposed to the pollution.

The effectiveness of ESP or mechanical filtrationrémove particulates has been
proven in a number of tunnels.

Gas-cleaning technology, especially for N@ NO, is available on the market as
well. However, full-scale installations have be#ralised only very recently and data
on the actual operation of this equipment is notayailable. There is no experience
on long term operation of gas-cleaning equipmetiteeiin small or large scale
installations.

The installation of particle filtration is not sidient to render an exhaust stack
redundant. Typically, if the air-quality goals 8M;, are not met in the vicinity of a
tunnel portal, the limits for NQare exceeded, as well.

Without taking aspects such as urban design intesideration, the most effective
way to treat portal emissions appears to be the faRPinstallation without
filtration. At minimum cost and minimum energy cangption, the pollutants are
removed from the portal area and diluted to immesdda concentrations at ground
level.
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