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Methane-fuelled buses  

PREFACE 
City buses can utilise the existing road infrastructure much better than passenger cars and 
any other type of vehicle for passengers transportation on road. The emissions of green-
house gases, such as carbon dioxide, from buses are significantly lower than from passen-
ger cars. However, since the exhaust emissions from petrol-fuelled cars has decreased so 
dramatically during the last decade, the emissions of several emission components, e.g. 
NOX and particulates, from city buses are higher than from the cars.  

Alternative fuels could play a role in reducing the exhaust emissions in comparison to con-
ventional diesel buses, thereby improving the local air quality. Several different alternative 
fuels, such as e.g. natural gas, biogas and ethanol, have been utilised during the last dec-
ade. New fuels as dimethyl ether (DME) and hydrogen are in discussion for the future but 
these fuels are greatly dependent on the future development in areas such as fuel produc-
tion, fuel distribution and energy converters. Recently, the Swedish truck and bus manu-
facturer Scania declared that they would end the production of ethanol-fuelled buses leav-
ing natural gas and biogas as the two main short-term options.  

Natural gas and biogas have been considered as inherently “clean” fuel options with con-
siderable potential for further development. Low levels of NOX and particulate emissions 
are two main advantages. However, the introduction of cleaner diesel fuel and the use of 
aftertreatment devices such as, e.g. catalytic particulate filters have also decreased the 
emissions from these buses. Recently, the emissions from buses fuelled by natural gas have 
been in the focus in the USA. There are relatively few recent data on emissions from gase-
ous-fuelled city buses in Sweden. The scope of this work has been to summarise the ex-
periences from international activities and, based on the knowledge gained, propose a test 
programme for tests on gaseous-fuelled buses and their diesel-fuelled counterparts.  

The report has been written by Peter Ahlvik, Ecotraffic ERD3 AB, Charlotta Sandström 
and Mats Wallin, AVL MTC AB. The authors are liable to the results and the assessments 
in the report. 
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SAMMANFATTNING (SWEDISH SUMMARY)  

Introduktion och bakgrund  
Utvecklingsinsatserna för att minska avgasemissionerna från tunga fordon har nu pågått i 
mer än ett decennium i Europa. Eftersom stadsbussar används i tätbefolkade områden skul-
le en minskning av avgasemissionerna från dessa fordon leda till en mycket uppskattad 
förbättring av luftkvaliteten. Av den anledningen har användning av alternativa drivmedel 
eftersträvats och eftermontering av efterbehandlingsutrustning för dieseldrivna bussar ut-
vecklats för att nå dessa mål. I en del länder, som t.ex. Sverige, har också minskningen av 
växthusgaser ansetts vara av hög prioritet.  

Naturgas och biogas är två drivmedel som i dag är av betydande intresse för stadsbussar. 
Eftersom naturgas endast är tillgänglig i vissa regioner i Sverige, är biogas ibland det enda 
tillgängliga gasformiga drivmedelsalternativet. Med avseende på avgasemissionerna är de 
båda drivmedlen ungefär likvärdiga. Tidigare har de gasformiga drivmedlen allmänt ansetts 
ha uppenbara fördelar framför dieselolja när det gäller NOX, partikelemissioner och flera 
icke reglerade emissionskomponenter. Den senaste utvecklingen av avgasefterbehandling 
för dieselmotorer har avsevärt minskat dessa fördelar för de båda sistnämnda kategorierna 
av emissioner. Liksom i dieselfallet har det också pågått en ständig utveckling av de gas-
drivna motorerna. Därför är det av intresse att generera nya data inom detta område.  

I Kalifornien har den delstatliga myndigheten Air Resources Board (CARB) initierat ett 
omfattande emissionstestprogram för diesel- och naturgasdrivna (CNG1) bussar. Det kan 
nämnas att det, förutom CARB:s projekt, också finns andra studier av intresse i USA. Flera 
av dessa pågår fortfarande. I föreliggande rapport har studier av CARB, BP och institutet 
SwRI utvärderats speciellt och jämförts med tidigare genererade resultat i Sverige.  

Även om några av resultaten från de amerikanska studierna också kan vara tillämpbara för 
Sverige har det varit av intresse att studera möjligheterna för en ny svensk studie inom det-
ta område. Detta har varit huvudsyftet för det arbete som avrapporteras här.  

Metodik  
En litteratursökning i databasen från Society of Automotive Engineers (SAE), liksom in-
hämtade tidigare erfarenheter från AVL MTC har använts som bas för de utvärderingar 
som gjorts i denna studie.  

Urvalet av den litteratur som citerats och utvärderats i föreliggande rapport har begränsats 
till de senaste och mest omfattande studierna. Därför har endast en bråkdel av de publika-
tioner som hittats i litteratursökningen diskuterats.  

                                                 
1 Naturgas kan användas i komprimerad form (CNG, Compressed Natural Gas) eller i flytande form som en 
kryogen gas (LNG, Liquefied Natural Gas).  
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Experimentella förutsättningar  
En översikt av de testmetoder som för närvarande används vid AVL MTC har gjorts. Flera 
tänkbara kandidater till körcykler har utvärderats. Braunschweigkörcykeln, den europeiska 
transienta körcykeln (FIGE eller ETC för chassidynamometertester) och den amerikanska 
CBD körcykeln har funnits vara de främsta körcykelkandidaterna. En stationär körcykel, 
företrädesvis den nya europeiska stationära körcykeln (ESC), är också av intresse.  

Avgasreningsteknik  
Metan är inte ett ”naturligt” dieselbränsle som följd av det höga oktantalet och det låga 
cetantalet. Baserat på dessa egenskaper är det uppenbart att metan är ett idealiskt drivmedel 
för användning i tändstiftsmotorer. Därför är en konvertering av en motor från dieselcykeln 
(med kompressionständning) till ottocykeln (tändning med tändstift) en uppenbar möjlig-
het. Emellertid finns det även möjligheter att använda dieselcykeln för metandrivna moto-
rer. Naturgas, biogas och ren metan kan betraktas som relativt likvärdiga från förbrän-
ningssynpunkt.  

De olika möjliga motorteknologierna för att använda metan som bränsle i förbränningsmo-
torer med intern förbränning kan grupperas i följande tre huvudgrupper: 

• Tändning med tändstift (Spark ignition natural gas, SING), ottocykel  
• Direktinsprutning av gas (Direct injection natural gas, DING), dieselcykel  
• Tvåbränslemotor för gas- och dieseldrift (Dual fuel natural gas, DFNG), dieselcykel  

Det finns två varianter av SING motorer, en med stökiometrisk (λ=1) och en med mager 
(lean-burn, λ>1) förbränning. Den stökiometriska motorn med så kallad trevägskatalysator 
(TWC) är sannolikt överlägsen jämfört med lean-burn motorer när det gäller avgasemis-
sionerna. Emellertid har problem med termiska påkänningar och specifik effekt tenderat att 
favorisera det senare alternativet. En användning av dieselcykeln för metandrivna motorer 
(DING och DFNG) är möjlig men dessa motorer tenderar till att ha högre NOX och parti-
kelemissioner än SING motorerna. De flesta gasbussarna i drift i Sverige i dag använder 
lean-burn motorer.  

Emissionskarakterisering av några bussar i trafik  
De projekt och program som valdes för en djupare analys var:  

• Emissionstester i Sverige under 90-talet med naturgas/biogas, etanol och dieselolja 
med olika typer av avgasreningsteknik  

• Ett flottprov med lågsvavlig dieselolja och efterbehandlingsutrustning på tunga fordon i 
Kalifornien som organiserats av BP (flottprovet initierades av oljebolaget Arco före 
samgåendet med BP) 

• En pågående studie av ARB i Kalifornien på naturgas- och dieseldrivna bussar  
• En studie av institutet SwRI på naturgas- och dieselbussar med och utan partikelfilter  
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Reglerade emissioner  
Ett katalytiskt partikelfilter synes vara mycket effektivt för att minska CO och HC emis-
sioner och reducerar ofta dessa emissioner till en nivå under detektionsgränsen (som ligger 
på bakgrundsnivån). Totalemissionerna av kolväten (THC) från metandrivna bussar är ge-
nerellt högre än från dieselbussar men består främst av metan. Metan medför inga hälsoris-
ker men är en potent växthusgas. Icke-metankolväten (NMHC) från gasdrivna bussar är 
också högre men kan minskas med en oxiderande katalysator. Generellt kan högre nivåer 
av NMHC resultera i högre emissioner av icke reglerade organiska föreningar.  

En betydande variation i NOX nivån för naturgas har noterats i de svenska testerna och i 
testerna av BP och CARB. Trots det var nivån alltid lägre för naturgas i dessa tester. Tes-
terna vid SwRI var de enda resultat som visade en högre NOX nivå för naturgas i jämförel-
se med dieselolja. Det är troligt att ny motor- och efterbehandlingsteknik för både diesel 
och naturgas kan komma att ändra bilden för NOX emissionerna i framtiden. Avgasåterfö-
ring (Exhaust Gas Recirculation, EGR) har nyligen introducerats på den amerikanska 
marknaden av de största motortillverkarna för att minska NOX emissionerna från dieselmo-
torer. I Sverige har EGR primärt använts som en eftermarknadslösning. Den ultimativa 
potentialen för gasdrivna bussar − vid beaktande av främst NOX emissioner − vore ett 
TWC system med EGR.  

Även om variationen i partikelemissioner är stor är den generella trenden klar. Partikel-
emissionerna för båda drivmedlen kan minskas till en mycket låg nivå med partikelfilter på 
dieseldrivna bussar och med oxidationskatalysator på naturgasbussarna.  

Icke reglerade emissioner  
Emissionerna av kvävedioxid (NO2) synes vara ett problem för de partikelfilter som förlitar 
sig på användning av NO2 för partikelregenerering. I urban miljö omvandlas NO till NO2 
relativt snabbt men späds också ut med omgivningsluften. NO2 är hälsofarligare än NO och 
därför är inte denna omvandling i katalysatorn önskvärd beroende på en möjlig ökning av 
inverkan på hälsoeffekterna på lokal nivå.  

Emissionerna av lätta aromater, såsom bensen, toluen, etylbensen och xylener är normalt 
relativt låga från både diesel- och naturgasbussar.  

Väsentligt högre karbonylemissioner (dvs. aldehyder och ketoner) har detekterats för na-
turgasbussar utan efterbehandling i jämförelse med dieselolja med och utan efterbehand-
ling. Karbonylemissionerna i avgaserna från naturgasbussar består främst av formaldehyd, 
en möjlig carcinogen för människa. Formaldehyd är en intermediär produkt vid oxidation 
av metan. En oxidationskatalysator har en väsentlig inverkan (över 95% minskning) på 
karbonylemissionerna från naturgasbussar, vilket framgår av preliminära resultat från 
CARB-studien. Emellertid är nivån fortfarande högre än för de bästa dieselbussarna.  

Resultaten för 1,3-butadien, en trolig mänsklig carcinogen, är något osäkra beroende på 
problem med mätnoggrannheten. I de flesta fall har den högsta nivån konstaterats för na-
turgas utan efterbehandling. Nivån av 1,3-butadien har generellt varit låg eller under detek-
tionsgränsen för dieselbussarna.  

De högsta nivåerna av emissioner av polycykliska aromatiska kolväten (PAH) och motsva-
rande derivat (polycykliska aromatiska föreningar, PAC) konstateras generellt i avgaserna 
från dieselbussar utan efterbehandlingsutrustning som drivs med dieselbränsle med hög 
halt av PAH. Några av PAH/PAC emissionskomponenterna anses vara carcinogena för 
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människa. Något förvånande för lekmannen är att emissionerna av PAH/PAC tenderar att 
vara högre för naturgasbussar än för dieselbussar med efterbehandling. Ursprunget till 
PAH/PAC från metandrivna motorer är inte känd.  

Cancerrisk  
Cancerrisken för dieselbussar utan partikelfilter domineras av bidraget från partikelemis-
sionerna. Emellertid är inte riskfaktorn för partikelemissioner fullt utvecklad och är före-
mål för diskussioner. Användbarheten av en sådan faktor på andra drivmedel än dieselolja 
är inte känd.  

Om enbart inverkan av de kemiska föreningarna beaktas verkar cancerrisken vara högre fär 
metandrivna bussar än för dieselbussar med katalytiskt partikelfilter. Genom att använda 
en oxiderande katalysator på naturgasbussarna kan cancerrisken minskas signifikant men 
tenderar ändå att vara högre än för de bästa dieselbussarna. Denna trend kan noteras både i 
de svenska och de amerikanska resultaten. Emellertid behövs mer resultat innan några de-
finitiva slutsatser kan dras i denna fråga. Cancerrisken för naturgas från de kemiska före-
ningarna domineras av formaldehyd och 1,3-butadien.  

Analys av kostnadseffektiviteten  
En studie av kostnadseffektiviteten för minskning av emissionerna har utförts av Harvard 
Center for Risk Analysis vid Harvard Universitetet. Även om vissa fördelar för ”hälsoska-
dor” kunde noteras för naturgas i jämförelse med ”ren diesel” var kostnadseffektiviteten 
betydligt sämre för naturgasen. Kostnaden för varje enhet av minskade hälsoskador vid 
användning av naturgas var 6 till 9 gånger högre än för dieselbussar med avgasrening. Den 
högre kostnaden för inköp och underhåll av naturgasfordon, samt installation och underhåll 
av drivmedelsinfrastrukturen liksom den högre drivmedelskostnaden var orsaken till detta 
utfall.  

Förslag till ett svenskt testprogram  
Ett tentativt förslag till ett svenskt testprogram har presenterats. En dieselbuss med och 
utan partikelfilter kan utgöra basnivån. Möjligen kan utförandet med partikelfilter också 
använda EGR. Dieselbussen skall testas med Mk1 dieselbränsle (med partikelfilter) och 
europeiskt dieselbränsle (utan partikelfilter). Tre metandrivna bussar testas med natur- och 
biogas. Som tillägg till de vanligt förekommande testcyklerna i Sverige föreslås också den 
amerikanska CBD körcykeln för att möjliggöra jämförelser med amerikanska resultat.  

Som komplement till de reglerade emissionerna mäts flertalet icke-reglerade emissioner. 
Biologiska test enligt Ames föreslås också.  

Slutsatser  
Denna studie innehåller inga nya experimentella data. Från en litteratursökning har ett an-
tal studier valts ut för en speciell undersökning men syftet har inte varit att genomföra en 
fullständig litteraturstudie. Utvärderingar och bedömningar av några av de mest intressanta 
projekten har utförts för att klargöra några frågor som borde beaktas i framtida studier. Föl-
jande korta slutsatser kan dras från det insamlade materialet och diskussionen i studien: 
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• Fortsatta reduktioner av avgasemissionerna från stadsbussar är nödvändiga. Alternativa 
drivmedel, som t.ex. natur- och biogas, kan spela en roll för att nå detta mål. Emellertid 
är inte nu tillgängliga experimentella data tillräckliga för att bedöma inverkan på hälsa 
och miljö från dessa drivmedelsalternativ.  

• En litteraturstudie och insamling av befintliga erfarenheter vid AVL MTC har genom-
förts med syftet att föreslå framtida projekt inom området. 

• Flera testcykelkandidater har utvärderats. Braunschweigcykeln, den europeiska transi-
enta körcykeln (FIGE eller ETC för chassidynamometertester), samt den amerikanska 
CBD körcykeln har konstaterats vara huvudkandidater för transienta körcykler. En sta-
tionär körcykel, företrädesvis den europeiska stationära körcykeln (ESC) är också av 
intresse. Som komplement till tidsbaserade körcykler kan en sträckbaserad rutt härledas 
och användas.  

• Det finns flera olika tillgängliga förbränningssystem för användning av metan i tunga 
motorer. Motorer med mager förbränning verkar vara den lösning som föredras i dag. 
En användning av en så kallad trevägskatalysator (TWC) skulle sannolikt erbjuda de 
lägsta emissionerna men dessa motorer har en högre bränsleförbrukning och lider av 
flera andra nackdelar, som t.ex. termiska påkänningar. Motorer med direktinsprutning 
och tvåbränslesystem använder dieselcykeln. Dessa motorer har den lägsta bränsleför-
brukningen men har också en del nackdelar med avseende på NOX och partikelemis-
sioner.  

• Metandrivna motorer tenderar att ha högre emissioner av totala kolväten (THC) än die-
selmotorer. Denna observation är också ofta välgrundad för icke-metankolväten 
(NMHC). Emellertid kan en oxiderande katalysator ha en väsentlig inverkan på NMHC 
emissionerna från naturgasmotorer. Även om metan är miljömässigt harmlöst är den en 
potent växthusgas som bör kontrolleras.  

• NOX emissionerna är för det mesta lägre för metandrivna motorer än för dieselmotorer. 
Endast i ett av de fyra fallen som undersökts har det motsatta förhållandet noterats. 
Användningen av avgasåterföring (EGR), som nu är i storskalig produktion i USA, 
kommer att minska NOX nivån från dieselbussarna. Det finns också ett väsentligt ut-
rymme för minskning av NOX emissionerna från naturgasbussar, t.ex. genom att an-
vända trevägskatalysatorkonceptet. Partikelfilter som baseras på användning av NO2 
för filterregenerering har högre nivåer av NO2 än konventionella dieselbussar och me-
tandrivna bussar. Detta är en icke-önskvärd egenskap hos några av de partikelfilter som 
används i dag.  

• Naturgasbussar utan efterbehandling har höga emissioner av formaldehyd, en möjlig 
carcinogen för människa. Denna nivå kan minskas genom användning av oxiderande 
katalysator men inte till den låga nivå som erhålls för dieselbussar utrustade med kata-
lytiskt partikelfilter.  

• Emissionerna av 1,3-butadien, en trolig carcinogen för människa, var generellt låga 
eller under detektionsgränsen för dieselbussarna. Nivån för 1,3-butadien var ofta högre 
för naturgasbussar men denna nivå kan minskas genom användning av oxiderande ka-
talysator.  

• Något förvånande för lekmannen tenderade emissionerna av PAH/PAC, av vilka några 
anses vara carcinogena för människa, att vara högre för naturgasbussar än för diesel-
bussar. Ursprunget till PAH/PAC för metandrivna motorer är inte känt.  
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• Partikelfilter har konstaterats minska partikelemissionerna − såväl massa som antal − 
signifikant från dieselbussar. Naturgas har normalt partikelemissioner på nästan samma 
nivå som dieselbussar med partikelfilter. I några fall har höga emissioner av nanopar-
tiklar noterats för naturgasbussar men dessa resultat är ännu något osäkra. Ett partikel-
filter kan signifikant minska emissionerna av metallföreningar på partiklarna. Om en 
liknande reduktion för metandrivna motorer vore önskvärd, måste dessa motorer också 
utrustas med partikelfilter.  

• Ozonbildningspotentialen är låg för metandrivna motorer under förutsättning att 
NMHC emissionerna kan minskas till en låg nivå med hjälp av en oxiderande katalysa-
tor. De bästa dieseldrivna alternativen tenderar också att ha en låg ozonbildningspoten-
tial.  

• Cancerrisken beror mycket på de cancerriskfaktorer som används i utvärderingarna. 
Detta är ett område där variationen är stor. Inverkan av partiklar är inte fullt klarlagd. 
Som tidigare beskrivits kan partikelemissionerna reduceras till en mycket låg nivå för 
dieselbussar genom användning av partikelfilter. Bidraget till cancerrisken från kemis-
ka ämnen tenderar att vara lägre för dieselbussarna är för naturgasbussarna. Nivån för 
naturgas kan reduceras genom användning av oxidationskatalysator. Det verkar dock 
som om nivån för de bästa dieselbussarna med partikelfilter är ännu lägre. Formalde-
hyd och 1,3-butadien bidrar generellt mest till den totala cancerrisken för naturgas när 
de riskfaktorer som tagits fram av kaliforniska EPA (och antagits av CARB) används.  

• Fler resultat från tester av biologisk aktivitet i avgaserna måste genereras innan några 
definitiva slutsatser inom detta område kan dras.  

•  En studie vid Harvard Universitetet av kostnadseffektiviteten har visat att reduktion av 
”hälsoskador” från naturgasbussar var större (i jämförelse med dieselbussar utan re-
ning) än från dieselbussar med låga emissioner. Kostnaden per enhet ”sparade” hälso-
skador var dock 6 till 9 gånger högre för naturgasen.  

• Ett tentativt testprogram har föreslagits för framtida tester av natur- och biogasdrivna 
bussar och deras dieseldrivna motsvarigheter. Tillgången till testfordon verkar vara ett 
problem att beakta eftersom bussoperatörerna generellt har få tillgängliga reservbussar.  
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EXECUTIVE SUMMARY 

Introduction and background  
The development efforts to reduce the exhaust emissions from heavy-duty vehicles have 
now been going on for more than a decade in Europe. Since city buses (or transit buses, as 
the preferred denotation is in the USA) operate in densely populated areas, a reduction of 
the exhaust emissions from these vehicles would lead to a most welcome improvement of 
the air quality. Therefore, the use of alternative fuels has been pursued and the retrofitting 
of aftertreatment devices on diesel-fuelled buses has been developed in order to achieve 
this goal. In some countries, such as Sweden, the reduction of greenhouse gas emissions 
has also been considered to have a high priority.  

Natural gas and biogas are two fuels of considerable interest for city buses today. As natu-
ral gas is only available in certain regions in Sweden, biogas is sometimes the only avail-
able gaseous fuel option. Regarding the exhaust emissions, both fuels are roughly equal. In 
the past, these gaseous fuels have generally been considered to have apparent advantages 
over diesel fuel regarding NOX, particulate emissions and several unregulated emission 
components. Recent development of exhaust aftertreatment devices for diesel engines has 
reduced these advantages considerably for the two latter categories of emissions. As in the 
diesel case, there has also been a continuous development of the gaseous-fuelled engines. 
Therefore, it is of interest to generate new data in this field.  

In California, the state authority Air Resources Board (CARB) has initiated a comprehen-
sive emission test programme for diesel and compressed natural gas (CNG2) buses. It could 
be mentioned that, besides the CARB project, there are also other studies of interest from 
the USA. Several of them are still on-going projects. In this report, studies by CARB, BP 
and SwRI have been particularly evaluated and compared with previously generated results 
from Sweden.  

Although some of the findings in the US studies might be applicable for Sweden as well, it 
has been of interest to investigate the possibilities for a Swedish study in this field. This 
has been one of the main objectives of the work reported here.  

Methodology  
A literature search in the database of Society of Automotive Engineers (SAE) as well as 
the collection of previous experiences at AVL MTC has been used as the basis for the as-
sessments made in this study.  

The selection of literature cited and assessed in this report has been limited to the most re-
cent and most comprehensive studies. Therefore, only a limited number of the publications 
found in the literature search have been discussed.  

                                                 
2 Natural gas can be used as compressed (CNG) or liquefied (LNG).  
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Experimental  
An overview of the test methods currently used at AVL MTC has been made. Several test 
cycle candidates have been assessed. The Braunschweig cycle, the European transient cy-
cle (FIGE or ETC for chassis dynamometer testing) and the US CBD cycle have been 
found to be the main transient test cycle candidates. A steady-state test cycle, preferably 
the new European steady-state test cycle (ESC), is also of interest. 

Emission control technology  
Methane is not a “natural” diesel fuel due to its high octane and low cetane number. Based 
on these properties, it is conceivable that methane is ideal for the use in spark ignition en-
gines. Thus, conversion of an engine from diesel cycle (compression ignition) to otto cycle 
(spark ignition) is an obvious option. However, there are also possibilities to use the diesel 
cycle for methane-fuelled engines. Natural gas, biogas and pure methane could be treated 
as relatively similar fuels from combustion viewpoint.  

The various engine technology options for using methane in internal combustion engines 
can be grouped into the following three main groups:  

• Spark ignition natural gas (SING), otto cycle  
• Direct injection natural gas (DING), diesel cycle  
• Dual fuel natural gas (DFNG), diesel cycle  

There are two options for SING engines, one with stoichiometric and the other with lean-
burn combustion. The stoichiometric engine with three-way catalyst (TWC) is presumably 
superior to the lean-burn engines regarding exhaust emissions. However, problems with 
thermal stress and power density has tended to favour the latter option. Utilisation of the 
diesel cycle for methane-fuelled engines (DING and DFNG) is possible but these engines 
tend to have higher NOX and particulate emissions than the SING engines. Most of the 
gaseous-fuelled buses used in operation in Sweden today use lean-burn engines.  

Emission characterisation of some in-use buses  
The projects and programmes selected for a deeper analysis were: 

• Emission tests in Sweden during the 1990’s on CNG/biogas, ethanol and diesel fuel 
with various emission control devices  

• The fleet test of low-sulphur diesel fuel and aftertreatment on heavy-duty vehicles in 
California organised by BP (initiated by Arco before the merger with BP) 

• An on-going study by California ARB on CNG and diesel buses 
• A study by SwRI on CNG and a diesel bus with and without a particulate filter 

Regulated emissions  
A catalytic particulate filter seems to be very efficient on CO and HC emissions, often re-
ducing these emissions to a level below the detection level (at the background level). Total 
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hydrocarbon (THC) emissions from methane-fuelled buses are generally higher than from 
diesel buses but comprise mostly of methane. Methane does not pose any health hazards 
but it is a potent greenhouse gas. Non-methane emissions (NMHC) from gaseous-fuelled 
buses are also higher but can be reduced with an oxidation catalyst. In general, higher 
NMHC levels could result in higher emissions of unregulated organic compounds.  

A considerable variation in the NOX level for CNG in the Swedish results and in the tests 
by BP and CARB was seen. Nevertheless, the level was always lower for CNG in these 
tests. The tests by SwRI were the only results that showed a higher NOX level for CNG in 
comparison to diesel. It is likely that new engine and aftertreatment technology for both 
diesel and CNG could change the picture for NOX emissions in the future. Exhaust gas re-
circulation (EGR) has recently been introduced on the US market by major engine manu-
facturers to reduce NOX emissions from diesel engines. In Sweden EGR is mainly used as 
an aftermarket solution. The ultimate emission potential for gaseous-fuelled buses − con-
sidering primarily the NOX emissions − would be a TWC system with EGR.  

Although the variation in PM emissions is great, the general trend is clear. The PM emis-
sions for both fuels can be reduced to a very low level with a particulate filter on diesel-
fuelled buses and an oxidation catalyst on CNG buses.  

Unregulated emissions  
Emissions of nitrogen dioxide (NO2) seem to be a problem for particulate filters that rely 
on the use of NO2 for particulate regeneration. In the urban environment, NO is converted 
to NO2 relatively fast but it is also diluted by ambient air. NO2 is more harmful than NO 
and therefore, this conversion in the catalyst is not desirable due to the possible increase of 
health impact on the local level.  

The emissions of light aromatics, such as benzene, toluene, ethylbenzene and xylenes, are 
usually relatively low from both diesel and CNG buses.  

Considerably higher carbonyl emissions (i.e. aldehydes and ketones) have been detected on 
CNG buses without aftertreatment in comparison to diesel fuel both with and without after-
treatment. The carbonyl emissions in CNG exhaust comprise mostly of formaldehyde, a 
possible human carcinogen. Formaldehyde is an intermediate product from the oxidation of 
methane. An oxidation catalyst has a considerable impact (over 95% reduction) on the car-
bonyl emissions from CNG buses, as seen in the preliminary results from the CARB study. 
However, the level is still higher than for the best diesel buses.  

The results on 1,3-butadiene, a probable human carcinogen, are somewhat inconclusive, 
due to problems with measurement accuracy. In most cases, the highest level has been 
found for CNG without aftertreatment. The level of 1,3-butadiene has generally been low 
or below the detection level for diesel buses.  

The highest levels of emissions of polycyclic aromatic hydrocarbons (PAH) and the corre-
sponding derivatives (polycyclic aromatic compounds, PAC) are generally found in the 
exhaust from diesel buses without aftertreatment that are fuelled with a diesel fuel with 
high PAH content. Some of the PAH/PAC emission components are considered human 
carcinogens. Somewhat surprisingly for the layman, the emissions of PAH/PAC tend to be 
higher for CNG buses than for diesel buses with aftertreatment. The origin of the 
PAH/PAC for methane-fuelled engines is not known.  
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Cancer risk  
The cancer risk for diesel buses without particulate filter is dominated by the impact of 
particulate emissions. However, the unit risk factor for particulate matter is still not fully 
established and subject to discussion. The applicability of such a factor on other fuels than 
diesel fuel is not known.  

Considering the impact of chemical species only, the cancer potency seems to be higher for 
the methane-fuelled buses than for diesel buses with catalytic particulate filter. By using an 
oxidation catalyst on the CNG buses, the cancer risk can be significantly reduced but the 
level still tend to be higher than for the best diesel buses. This trend can be noted in both 
the Swedish and the US results. However, more results are necessary before any firm con-
clusions can be made on this matter. The cancer risk for CNG from the chemical species is 
dominated by formaldehyde and 1,3-butadiene.  

Cost-effectiveness analysis 
A study on cost-effectiveness of emission control has been carried out by Harvard Center 
for Risk Analysis at the Harvard University. Although some advantages in “health dam-
ages” could be seen for CNG in comparison to “clean diesel”, the cost-effectiveness was 
considerably worse for CNG. The cost per in health damages saved by using CNG would 
be 6 to 9 times greater than for emission controlled diesel. The higher cost for acquiring 
and maintaining CNG vehicles and installing and maintaining fuel infrastructure as well as 
the higher fuel cost was the cause for this outcome.  

Proposal for a Swedish test programme  
A tentative proposal for a Swedish test programme is made. A diesel bus with and without 
a particulate filter would be the base level. Possibly, the option with particulate filter could 
use EGR as well. The diesel bus should be tested on EC1 fuel (with particulate filter) and 
European diesel fuel (without particulate filter). Three methane-fuelled buses would be 
tested on CNG or biogas. In addition to the commonly used test cycles in Sweden, the 
CBD test cycle is also suggested to enable comparisons with US test results.  

In addition to the regulated emissions, several unregulated emissions are measured. Bio-
logical tests according to Ames are also proposed.  

Conclusions  
This study contains no new experimental data. From a literature search, some studies have 
been selected for specific investigation but the objective has not been to conduct a compre-
hensive literature survey. Evaluations and assessments of some of the most interesting pro-
jects have been carried out to elucidate some issues that should be considered in future 
studies. The following short conclusions can be drawn from the material collected and dis-
cussed in this study:  

• Further reductions of exhaust emissions from city buses are necessary. Alternative fu-
els, such as natural gas and biogas, can play an important role to fulfil this objective. 
However, currently available experimental data are not sufficient to assess the impact 
on environment and health from these fuel options.  
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• A literature survey and a collection of existing experience at AVL MTC have been car-
ried out with the objective to suggest a future project in this area.  

• Several test cycle candidates have been evaluated. The Braunschweig cycle, the Euro-
pean transient cycle (FIGE or ETC for chassis dynamometer testing), and the US CBD 
cycles have been found to be the main transient test cycle candidates. A steady-state 
test cycle, preferably the European steady-state test cycle (ESC), is also of interest. In 
addition to the time-based driving cycles, a distance-based route can be derived and 
used.  

• There are various combustion systems available for utilising methane in heavy-duty 
engines. Lean-burn engines seem to be the preferred option today. The use of three-
way catalyst (TWC) would most likely provide the lowest emissions but these engines 
have higher fuel consumption and are plagued by several other drawbacks, such as, e.g. 
thermal stress. Direct injection or dual fuel engines utilise the diesel cycle. These en-
gines have the lowest fuel consumption but have some drawbacks regarding NOX and 
particulate emissions.  

• Methane-fuelled engines tend to have higher emissions of total hydrocarbons (THC) 
than diesel engines. This observation is also often valid for non-methane hydrocarbons 
(NMHC). However, an oxidation catalyst has a great impact on the NMHC emissions 
from CNG engines. Although methane is environmentally benign, it is a potent green-
house gas emission and need to be controlled.  

• NOX emissions are mostly lower for methane-fuelled engines than for diesel engines. 
Only in one of the four cases investigated, the opposite was found. The use of exhaust 
gas recirculation (EGR), now in large-scale production in the USA, will reduce the 
NOX level for the diesel buses. There is also a scope for reducing the NOX emissions 
from CNG buses, e.g. by using the three-way catalyst concept. Particulate filters that 
rely on the use of NO2 for filter regeneration have higher levels of NO2 than conven-
tional diesel buses and methane-fuelled buses. This is an undesirable feature of some 
contemporary particulate filters.  

• CNG buses without aftertreatment have high emissions of formaldehyde, a possible 
human carcinogen. This level can be reduced with an oxidation catalyst but not to the 
low level of a diesel bus equipped with a catalytic particulate filter.  

• The emissions of 1,3-butadiene, a probable human carcinogen, were generally low or 
below the detection limit for the diesel buses. The level of 1,3-butadiene was often 
higher for CNG buses but the level can be reduced by using an oxidation catalyst.  

• Somewhat surprisingly for the layman, the emissions of PAH/PAC, of which some are 
considered human carcinogens, tend to be higher for CNG buses than for diesel buses. 
The origin of the PAH/PAC for methane-fuelled engines is not known.  

• Particulate filters have been found to significantly decrease particulate mass and num-
ber emissions from diesel buses. CNG usually has particulate emissions on an almost 
similarly low level as diesel buses with particulate filters. In some cases, high emis-
sions of nanoparticles have been found for CNG buses, but these results are still some-
what inconclusive. A particulate filter can reduce the emissions of metal compounds in 
the particulates significantly. If a similar reduction for methane-fuelled engines were 
desired, these engines would have to use particulate filters as well.  
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• The ozone formation potential is low for methane-fuelled engines on the condition that 
the NMHC emissions can be reduced to a low level with an oxidation catalyst. The best 
diesel-fuelled options also tend to have a low ozone formation potential.  

• The cancer potency is very dependant on the unit risk factors (URFs) used in the 
evaluation. This is an area where the variation is great. The impact of particulate matter 
is still not fully understood. As described before, the particulate emissions can be re-
duced to a very low level for diesel buses by the use of a particulate filter. The contri-
bution to the cancer risk from chemical species tends to be lower for the diesel-fuelled 
buses than for CNG. The level on CNG can be reduced by using an oxidation catalyst. 
However, it seems that the level of the best diesel buses with particulate filters is even 
lower. Formaldehyde and 1,3-butadiene generally contribute most to the total cancer 
potency for CNG when the unit risk factors developed by California EPA (and adopted 
by CARB) are used.  

• More results from tests on biological activity in the exhaust have to be generated before 
any firm conclusions in this area can be drawn.  

•  A study on the cost-effectiveness by the Harvard University has shown that the reduction
of “health damages” from CNG buses was found to be greater (in comparison to un-
controlled diesel buses) than from low-emission diesel buses. However, the cost per 
unit “saved” health damage was 6 to 9 times higher for CNG.  

• A tentative test programme has been suggested for future testing of CNG-fuelled buses 
and their diesel-fuelled counterparts. The access of test vehicles seems to be a problem 
of concern, since the bus operators generally have few available spare buses.  
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1 INTRODUCTION  
The development efforts to reduce the exhaust emissions from heavy-duty vehicles have 
now been going on for more than a decade in Europe. Significant progress has been made 
in this area but still this category of vehicles tends to lag behind the light-duty vehicles in 
terms of relative improvement3. Since city buses (or transit buses, as the preferred denota-
tion is in the USA) operate in densely populated areas, a reduction of the exhaust emissions 
from these vehicles would lead to a most welcome improvement of the air quality. There-
fore, the use of alternative fuels has been pursued and the retrofitting of aftertreatment de-
vices on diesel-fuelled buses has been developed in order to achieve this goal. In some 
countries, such as Sweden, the reduction of greenhouse gas emissions has also been a high 
priority.  

In urban areas, buses often compete with and replace passenger cars, as a means of utilis-
ing the infrastructure (roads and streets) more efficiently [1]4. However, exhaust emissions 
are also of great importance and in this case, buses do not always have an advantage over 
petrol-fuelled passenger cars. Comparing emissions and their impact on the health and the 
environment is a very difficult task since these vehicles are vastly different. It is also nec-
essary to compare the emissions per passenger km rather than per vehicle km. One of the 
authors of this report has conducted such an evaluation (in Swedish) and found several in-
teresting results [2]. A short summary of this study was included in the paper presented at 
DEER 2001 [6]. The previously cited report contains some comparisons as well [1]. In 
general, the NOX emissions seem to be a disadvantage for the buses, while CO2 is an ad-
vantage due to the lower fuel consumption per passenger kilometre [2]. Somewhat surpris-
ingly for the layman, several unregulated volatile emission components are lower for the 
buses on the condition that a catalytic exhaust aftertreatment technology is used. Another 
example is that the particulate emissions can be reduced by using particulate filters on die-
sel engines or by using alternative fuels to a level below the emissions from petrol-fuelled 
cars.  

Natural gas (NG) and biogas (BG) are two fuels of great interest for city buses today. On 
an international level, natural gas is the preferred fuel due to the significantly greater po-
tential. As natural gas is only available in certain regions in Sweden, biogas plays a signifi-
cantly greater role here. Regarding the exhaust emissions, both fuels are roughly equal. In 
the past, these gaseous fuels have generally been considered to have apparent advantages 
over diesel fuel regarding NOX, particulate emissions and several unregulated emission 
components. Recent development of exhaust aftertreatment devices for diesel engines has 
reduced these advantages considerably for the two latter categories. However, there has 
also been a continuous development of the gaseous-fuelled engines. Therefore, it is of in-
terest to generate new data in this field.  

In California, the Air Resources Board (CARB5), a state authority responsible for the air 
quality, has initiated a comprehensive emission test programme for diesel and compressed 

                                                 
3 It should be noted that this conclusion is valid for other sectors as well, as for, e.g. off-road vehicles and 
machinery, locomotives, ships and so on.  
4 Numbers in bracket designate references that are listed in the reference list at the end of the report.  
5 The California Air Resources Board prefers the abbreviation ARB but the more common abbreviation 
CARB has been used here.  
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natural gas (CNG6) buses. Although some of the findings in this study might be applicable 
for Sweden as well, it is of interest to investigate the possibilities for a Swedish study in 
this field. This has been one of the main objectives of the work reported here.  

                                                 
6 Natural gas can be used as compressed (CNG) or liquefied (LNG).  
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2 BACKGROUND  
In this chapter, an overview of the Swedish and International activities in the area of reduc-
ing the exhaust emissions from city (or transit) buses is provided. The period has been lim-
ited (mostly) to the recent years and the previous decade.  

2.1 Activities in Sweden 
In Sweden, the improvement of diesel-fuelled buses and the introduction of alternative-
fuelled buses have been the two most significant measures to reduce the exhaust emissions 
from this category of vehicles. An overview of the activities in this area is provided in this 
section.  

2.1.1 Environmental awareness spurred the development of emission control 
technology for diesel buses 

At the end of the 1980’s, the increasing environmental awareness prompted some actions 
to reduce the emissions from heavy-duty vehicles and, in particular, city buses, which are 
used in densely populated areas. As in many cases before, USA (and California, in particu-
lar) was the forerunner due to the introduction of emission limits for heavy-duty engines at 
the end of the decade, along with the transient heavy-duty engine test cycle. It could be 
noted that this test cycle was better suited for vehicles driving in city traffic than contem-
porary stationary cycles.  

In Sweden, municipalities in the larger cities requested that the manufacturers should re-
duce the emissions from city buses long before the Euro I regulation was passed. First, this 
demand was met by using cleaner diesel-fuelled engines and later, alternative fuels were 
introduced as complementary options. Although the main focus in this report is on the use 
of gaseous fuels, some development of cleaner diesel-fuelled engines must also be viewed 
in parallel. One of the early achievements in this field was the introduction in 1990 of city 
buses with engines having an emission level below Euro II. These engines were actually 
put into service well before the emission limits in the Euro II regulation were finalised. The 
introduction of cleaner diesel fuels corresponding to Swedish Environmental Class 1 (EC1) 
and Class 2 (EC2) was also an important contribution. These fuels had considerably re-
duced sulphur level (10 and 50 ppm respectively) but also reductions of (potentially) harm-
ful compounds, e.g. total aromatics and polycyclic aromatic hydrocarbons (PAH). Eco-
nomic incentives were the driving force for the rapid introduction of these fuels. Today, the 
EC1 fuel is more or less the sole diesel fuel used by on-road diesel vehicles in Sweden.  

In the beginning of the 1990’s, oxidation catalysts were also fitted to diesel engines in or-
der to reduce the emissions. After some relatively unsuccessful trials with early prototypes 
of particulate filters of various designs and principles, the continuously regenerating trap 
(CRT™) by Johnson Matthey was commercialised in mid 1990’s. The use of these filters 
was facilitated by the availability of low-sulphur fuel (EC1) on the Swedish market. As the 
CRT™ concept proved to be much more durable than the other early concepts − although 
maybe not yet fully up to the OEM standards for application on any heavy-duty vehicle − it 
was a commercial success on the Swedish market. As an example of the early market pene-
tration, it can be noted that when the total production of CRT systems reached 10 000 units 
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world-wide some years ago, about 50% of these units had been sold in Sweden alone. Sub-
sequently, other manufacturers have also introduced particulate filters as aftermarket and 
OEM solutions.  

The decree on environmental zones, first introduced by the three largest cities in Sweden in 
July 1996, was an important incentive for the introduction of exhaust aftertreatment de-
vices. Subsequent development of the decree has been made.  

Another milestone in the development of low-emission diesel engines was the application 
of a system for exhaust gas recirculation (EGR). An EGR system was introduced in 1999 
by the Swedish development company STT Emtec [3]. By mid-2002, some 1 200 units of 
this system had been sold worldwide. The system has also been used as an OEM solution 
by some manufacturers of heavy-duty engines. Typically, an aftermarket EGR system, at 
the current development stage, can reduce NOX emissions by about 40 − 50%. This re-
duces the emission level from Euro II to Euro IV. Continuous development of the system is 
expected to further reduce the emission level.  

2.1.2 Alternative fuels  
At the end of the 1980’s and the beginning of the 1990’s, alternative fuels were introduced 
in Sweden as a measure to reduce exhaust emissions. Most of the efforts have been con-
centrated on ethanol and CNG/biogas. Scania has supplied the lion’s share of the ethanol-
fuelled buses and Volvo has sold most of the gaseous-fuelled buses. Ethanol was first 
tested in the cities of Örnsköldsvik and Stockholm and later a couple of years later, CNG 
was introduced in Gothenburg. Following the successful use of the first ethanol fleets, this 
fuel was later also introduced in several other cities in Sweden. CNG has primarily been 
used in the southern part of Sweden and on the West Coast. Since Sweden does not have a 
large pipeline grid for natural gas, biogas produced via digestion of sewage sludge and 
waste provided a complement to natural gas in several cities. This enabled the use of gase-
ous-fuelled buses in municipalities outside of the area that is covered by the natural gas 
grid.  

The main purpose of using alternative fuels was initially to reduce exhaust emissions. 
Later, the focus has shifted somewhat towards emissions of greenhouse gases (GHG). It 
could be noted that the mentioned fuels have some problems today regarding GHG emis-
sions. The lifecycle assessment for ethanol produced from surplus wine is not very favour-
able and natural gas is a fossil fuel. Other feedstock options for ethanol production and the 
use of biogas instead of natural gas improves the GHG emissions considerably.  

According to the latest statistics (from September 2001) by the Swedish Public Transport 
Association (SLTF), there were some 360 ethanol buses and 340 methane-fuelled buses in 
operation in Sweden7. Most of the methane-fuelled buses run on CNG. In total, alternative 
fuels are used by about 10% of the city bus population in Sweden. The use of alternative 
fuels in city buses and the fuel production have been supported by Swedish Governmental 
Agencies through several research, development and deployment programmes. For exam-
ple, research in production of ethanol from cellulosic biomass has been supported by the 
Swedish Energy Agency. A pilot plant is now under construction. However, most of the 
ethanol used in city buses is imported. As in the ethanol case, biogas production has also 

                                                 
7 Some buses running on alternative fuels have been added since these data were collected.  
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received support from the Government in research and development as well as support for 
the investment in production facilities and refuelling infrastructure.  

In the autumn of 2002, the Swedish bus manufacturer Scania declared that they would dis-
continue the manufacture of ethanol buses. The probable reason was that the demand from 
the market has been too low to justify further investment in this area. This leaves 
CNG/biogas as more or less the only alternative fuel option for city buses. In contrast to 
the situation for the ethanol buses, new improved gaseous-fuelled bus engines were intro-
duced in 2001. In general, these engines are certified for the Euro III regulation but the 
certification data are usually below the Euro IV or V emission limits. Closed-loop air/fuel 
control and improved oxidation catalysts are two of the main improvements on these en-
gines.  

2.1.3 Emission tests and procurement of new buses  
Numerous emission tests on buses have been carried out in Sweden. Most of these projects 
have been sponsored by Government Authorities. During the period of 1989 to 1999, the 
Swedish EPA (SEPA) had a contract with the Swedish Motor Vehicle Inspection Co., by 
that time the owner of MTC8, for contract research in the field of vehicle and combustion 
engine emissions. MTC carried out the research in its laboratory in Haninge, south of 
Stockholm.  

Besides SEPA, other Swedish Governmental Authorities also have funded research in this 
field. The majority of the reports from these projects are publicly available. Most of these 
reports have been published by MTC [4] but there are also other publications.  

One of the authors of this report compiled a survey of these studies in order to summarise 
the findings (mainly from the 1990’s) and to evaluate collected data to assess the impact on 
environment and health. This study was published in a SAE Paper in 2000 [5] and a fol-
low-up paper on this subject was presented at the DEER Workshop in 2001 [6]. Some spe-
cific results related to cancer risk evaluation were also reported in a study for BP [7]. A 
technology-neutral approach was utilised in these investigations in order to be able to 
compare various engine/fuel options in an unbiased way.  

In order to aid the process of reducing emissions from public transportation, SLTF has 
compiled guidelines for the procurement of city buses [8]. These guidelines are based on a 
fuel-neutral and a technology-neutral approach. Emission limits have been established on a 
yearly basis for the whole bus fleet, within the timeframe of 2001 to 2010. A differentia-
tion of the limits is made based on where the buses are deployed (e.g. city or rural traffic).  

2.2 International activities  
In the USA, a great number of buses fuelled with natural gas are in operation; today ap-
proximately one 10th of all the buses in use are fuelled with this fuel. Numerous emission 
measurements have been carried out within the framework of several programmes and pro-
jects, using e.g. the mobile chassis dynamometer developed and operated by the University 
of West Virginia. However, until recently, most of these measurements have been concen-
trated on the regulated emission components. In order to assess the health impact of the 
                                                 
8 In July 2002, MTC previously wholly owned subsidiary of the Swedish Motor Vehicle Inspection Co. was 
sold to the Austrian-based engineering company AVL. Subsequently, the name was changed to AVL MTC.  
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exhaust, numerous unregulated emission components have to be measured and evaluated. 
This issue has been addressed in the most recent studies.  

Natural gas was for long considered as a very clean fuel, and possibly due to this reason, 
the unregulated emission components were not thoroughly examined for this fuel in previ-
ous US studies. Consequently, the basis for the mentioned classification as a “clean fuel” 
was relatively limited. As an example of the strong faith in the emission properties of natu-
ral gas, it could be mentioned that an area in Southern California does not allow any other 
fuel than natural gas for city buses. This was based on a rule passed by the local authority 
for air quality SCAQMD9. As indicated above, few data were available to support this de-
cision. Buses fuelled by natural gas can qualify according to this rule without any kind of 
exhaust aftertreatment, which is a quite remarkable condition.  

The scenario described above has recently been changed somewhat by the emission meas-
urements initiated and carried out by the California ARB, as well as a couple of other pro-
grammes. The first results from the CARB study were published in the spring of 2002 and, 
as the work is still going on, additional results are published continuously. The first publi-
cation from the programme found, as a surprise for much of the scientific community, that 
several emission components that are considered a health hazard were higher for CNG 
than for diesel buses. However, as pointed out by the authors of that report, the natural gas 
buses in the first publication were not equipped with any aftertreatment devices, as was the 
case for the diesel buses. Therefore, the study is being amended with new results on CNG 
buses with oxidation catalysts, and possibly, with particulate filter as well at a later stage. 
Consequently, considerable improvements of the emissions from CNG buses have been 
shown in recent work when oxidation catalysts have been used. This illustrates the crucial 
importance of the technology used for emission control.  

It could be mentioned that, besides the CARB project, there are also other studies of inter-
est from the USA. Several of them are still on-going projects. Studies by BP (several par-
ticipants), the city of New York, SwRI and several other studies are of interest to discuss.  

At the institute of VTT in Finland, a heavy-duty chassis dynamometer was installed in 
2002 and subsequently, results are now generated. A very ambitious programme on emis-
sions from buses fuelled with various fuels and aftertreatment devices has been initiated. 
Few results were available from this programme when this report was written.  

At the emission test laboratory of Millbrook in the United Kingdom, tests on several buses 
fuelled with different fuels and varying emission aftertreatment technology have been con-
ducted.  

Several other international activities could be mentioned but the overview of results is con-
centrated on a few of these programmes and projects. The selection of the studies that are 
discussed in more detail below have been made regarding both on the comprehensiveness 
of the work and if considerable new knowledge has been gained.  

                                                 
9 SCAQMD: South-Coast Air Quality Management District. In analogy with the case for CARB and ARB, 
AQMD is also used as an abbreviation.  
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2.3 Rationale for a Swedish programme in this area  
Two factors of particular importance have been considered when the project proposal for a 
Swedish measurement programme has been put forward. First, relatively few emission 
tests have been carried out in Sweden during the last few years. As technology is con-
stantly developed, the old results are not valid any more. The new gaseous-fuelled engines 
that have been introduced on the market since the enforcement of Euro III have been opti-
mised for a transient test cycle as well as for a stationary test cycle. Therefore, it is likely 
that the emission level should be lower for a driving pattern typical for city vehicles. Like-
wise, there are very few new emission results for diesel buses with new emission technol-
ogy. Second, the results generated by CARB and the other project in the USA has been an 
inspiration to initiate new activities in this area in Sweden.  

In addition to the two factors mentioned above, another factor of general importance is that 
the public domain database of unregulated emissions and biological tests is relatively 
small. In order to assess the impact of the exhaust emissions on health and environment, 
such data are crucial.  

As shown above, there are several reasons to propose a new Swedish programme with the 
objective of investigating the emissions from new gaseous-fuelled buses and their diesel-
fuelled counterparts. Although of great interest, the results from USA mentioned above, 
cannot be directly applied to Sweden. First, the engine technology used is sometimes dif-
ferent. Second, the driving cycles are often vastly different (e.g. USA vs. Europe). How-
ever, the development of the methodology and analyses methods can be applied in projects 
carried out in Sweden as well. Therefore, it is of interest to continuously follow the devel-
opment in this area and to make use of the knowledge gained in these projects.  
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3 METHODOLOGY  

3.1 Literature survey 
A literature search was carried out in the Global Mobility Database (GMD) of SAE10. This 
database contains more than 120 000 abstracts of publications made by SAE, its sister or-
ganisations outside the USA and other similar organisations. As the authors have carried 
out previous literature surveys in this area, and as the focus was on recent data, the search 
was limited to publications from 2000 and later. The last conference publications covered 
in this study were from the SAE Congress in March 2003.  

The search in GMD was supplemented by a search on the Internet at sites of companies 
and organisations that previously have been active in this area.  

The selection of literature cited and assessed in this report has been limited to the most re-
cent and most comprehensive studies. Therefore, only a limited number of the publications 
found in the literature search are discussed.  

3.2 Data collection  
Data regarding test cycles, test conditions, experimental methodology has been collected at 
AVL MTC based on the knowledge gained in previous work. Assessments of these data 
have been carried out and suggestions as well as recommendations are made based on 
these experiences.  

A special analysis is made on the possibilities of using a driving cycle based on driving 
distance, i.e. a route, instead of time (as most test cycles are today). An evaluation of the 
practical possibilities of running such a cycle on the heavy-duty chassis dynamometer is 
also carried out.  

 

                                                 
10 SAE: Society of Automotive Engineers.  
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4 TEST METHODS  

4.1 The heavy-duty chassis dynamometer test cell  
During the emission tests, the vehicle is driven on a chassis dynamometer. The test equip-
ment consists, basically of a chassis dynamometer and a dilution tunnel equipped with 
CVS (Constant Volume Sampler) system comprising a critical flow venturi, see Figure 1. 

Flywheels on the dynamometer are used to simulate the inertia (i.e. test mass) of the vehi-
cle and a DC engine simulates the road load during the transient test. The DC engine is 
used to create an engine load in the steady-state tests, as well.  

4.1.1 Sampling- and analysing equipment  
The dilution of exhaust in the test cell is based on a full-flow dilution system, where the 
total exhaust is diluted using the CVS concept. The total volume of the mixture of exhaust 
and dilution air is controlled by a CFV (Critical Flow Venturi) system. Through the CVS 
system, a proportional sampling is guaranteed. For the subsequent collection of particu-
lates, a partial flow of the dilute exhaust is passed to the particulate sampling system. The 
sample is subsequently diluted once more in the secondary dilution tunnel. 

According to the regulations for steady state tests, the raw exhaust gases are sampled for 
analysis of gaseous emissions before the dilution in the tunnel occurs (i.e. on “raw” ex-
haust). For transient tests, the diluted exhaust gases are both analysed by on-line instru-
ments and are bag sampled for immediate analysis after the test is completed. Some bag 
samples are sent to laboratories outside AVL MTC for further analysis.  

4.2 Driving cycles 
There are basically three main reasons for carrying out emission testing of motor vehicles 
in an emission laboratory. The first reason is to find out whether a motor vehicle fulfils 
emission legislation limits and fuel consumption declarations or not. The second reason is 
to find out whether a vehicle emission control system is performing according to certain 
expectations or to monitor its characteristics. The third reason is to get a picture of real-
world emissions including fuel consumption.  

Obviously, the three cases above are very different. That implies that driving cycles and 
the test procedures used may also be different. A driving cycle and test procedure for legis-
lative purposes have to be very well defined with regard to speed – time, setting of the dy-
namometer, temperature and humidity, preparation of the vehicle, test fuel etc. The driving 
cycle and test procedure for establishing data on the performance of emission control sys-
tem has to be adapted solely for the given purpose. Finally, the driving cycle and test pro-
cedure for measuring real-world emissions have to be created using data from real-world 
driving and real-world ambient conditions (e.g. cold climate).  

In other words, it is very important to identify the real reason for carrying out the emission 
measurements. On the other hand, it is also very important to pay attention as to how an 
emission test has been performed when interpreting the test data. 

AVL MTC & Ecotraffic ERD3  June 2003 
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During the last 10 to 15 years numerous different official driving cycles have been devel-
oped. Many of those emanate from data logging of traffic patterns in real traffic in different 
environments. Also the legislative driving cycles of US and Europe have been further de-
veloped and extended in order to be more representative for real traffic. There is a ten-
dency towards more and more “realistic” driving cycles. 

In the following, a couple of driving cycles are presented and their specific characteristics 
are discussed. In Table 1, a short description of the transient driving cycles is made, and 
the driving cycles are described in more detail in the following text. We will not, on the 
other hand, go into any detail on the technique of deriving driving cycles based on data 
from real life traffic.  

Table 1. Some of the transient driving cycles 

Driving Cycle 
Driving 
distance 

(km)  

Max 
speed 
(km/h) 

Average 
speed 
(km/h) 

Dura-
tion (s) Description 

Braunschweig 
city driving cy-
cle 

10,9 58,2 22,9 1740 A transient driving cycle for 
chassis dynamometer simu-
lating urban bus driving with 
frequent stops. 

European Tran-
sient Cycle 
(ETC), simu-
lated on chassis 
dyn., FIGE 

29,5 Urban: 50 Rural: 72 
Motor-
way: 88 

1800 Originally an engine dyna-
mometer test. The three dif-
ferent parts of the cycle in-
cludes urban, rural and mo-
torway driving.  

EPA Urban Dy-
namometer 
Driving Sched-
ule (UDDS-HD) 

8,9 93,3 30,4 1060 A chassis dynamometer driv-
ing cycle for heavy-duty ve-
hicles. The transient engine 
dynamometer cycle was de-
rived from this schedule 

Central Busi-
ness District 
(CBD) 

3,22 32,2 20,2 560 This driving cycle represents 
a so-called sawtooth driving 
pattern, composed of repeti-
tions with idle, acceleration, 
cruise and deceleration 
modes. 

New York Bus 
Cycle (NYBC)  

0,99 49,6 5,93 572 This driving cycle was statis-
tically derived from data 
collected from both trucks 
and buses in the 1970’s.  

City-suburban 
heavy vehicle 
route (CSHVR) 

10,8 70,5 21,9 1780 This driving cycle simulates 
heavy-duty delivery trucks in 
city-suburban traffic but it 
has also been used to repre-
sent school buses 
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4.2.1 Braunschweig city driving cycle  
The Braunschweig cycle was created at the Technical University of Braunschweig, Ger-
many. It is a transient driving cycle for a chassis dynamometer, which simulates city bus 
driving with frequent starts and stops (Figure 2). Some characteristics of the Braun-
schweig cycle are as follows: 

• duration: 1740 s  
• driving distance: 10,9 km  
• average speed: 22,9 km/h  
• maximum speed: 58,2 km/h  
• idling: about 22%  

The Braunschweig city driving cycle
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Figure 2. The Braunschweig city driving cycle 

The Braunschweig driving cycle has been extensively used in projects at AVL MTC, and 
therefore, it is very useful for comparisons. It represents tougher driving conditions com-
pared to, for instance, the European Transient Cycle, and therefore, it is more useful in a 
case where the harmful emission components in the exhausts are of interest.  

4.2.2 European Transient Cycle (ETC) 
The ETC test cycle for engine dynamometers has been in use since late 2000 (Euro III) and 
it is used for emission certification of heavy-duty engines in Europe. The FIGE11 Institute 

                                                 
11 FIGE GmbH: Forschungsinstitut Geräusche und Erschütterungen. This institute is now part of TÜV Auto-
motive in Germany.  
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(now part of TÜV Automotive) in Aachen, Germany developed this test cycle and it was 
based on real-world road measurements on heavy-duty vehicles.  

As the ETC cycle was derived from logged vehicle data, there is also a chassis dynamome-
ter version of this test cycle available. Sometimes, this cycle is called the “FIGE” cycle to 
distinguish it from the ETC cycle, which is used for type approvals of heavy-duty engines. 
In Figure 3, the chassis dynamometer version of the cycle is shown.  

The ETC/FIGE cycle is divided into three parts, comprising urban, rural and motorway 
driving with the following characteristics: 

Part one: city driving with a maximum speed of 50 km/h, frequent starts, stops, and idling. 

Part two: rural driving starting with a steep acceleration segment. The average speed is 
about 72 km/h. 

Part three: motorway driving, average speed about 88 km/h.  

The European Transient Cycle (ETC) for vehicle testing
on a chassis dynamometer
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Figure 3. The European transient cycle (for chassis dynamometer testing) 

4.2.3 EPA Urban Dynamometer Driving Schedule – UDDS-HD 
The EPA urban dynamometer driving schedule (UDDS-HD) was the basis for the FTP 
transient engine dynamometer driving cycle (see Figure 4). This test cycle is used for cer-
tification of heavy-duty vehicles and it should not be confused with the test cycle used for 
passenger cars. It could be noted that the most commonly used certification method for 
heavy-duty vehicles is to certify the engine only. Thus, this test cycle is not used very fre-
quently.  

The characteristics of the UDDS-HD driving cycle are the following: 

• duration: 1060 s 
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• driving distance: 8,9 km 
• average speed: 30,4 km/h 
• maximum speed: 93,3 km/h  

EPA Urban Dynamometer Driving Schedule (UDDS-HD)
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Figure 4. The UDDS driving cycle  

4.2.4 Central Business District (CBD) driving cycle  
The CBD driving cycle represents a so-called sawtooth pattern, including 14 repetitions of 
a basic cycle composed of idle, acceleration, cruise and deceleration modes. The character-
istics for the CBD cycle are the following: 

• duration: 560 s 
• driving distance: 3,22 km 
• average speed: 20,23 km/h 
• maximum speed: 32,18 km/h (20 mph) 
• average acceleration: 0,89 m/s2  
• maximum acceleration: 1,79 m/s2  

The CBD test cycle has been extensively used in emission tests in the USA in the past. Due 
to its driving pattern with few variations, it is not particularly well suited to characterise 
city driving. Other test cycles have been derived in the USA that should better represent 
this driving pattern. However, a sizeable database with emission results has been generated 
using the CBD test cycle. Therefore, it is difficult to avoid testing vehicles according to 
this test cycle if the results are to be compared with previous (and new) emission results 
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from the USA. Consequently, this test cycle is a strong candidate also for a Swedish test 
programme, if comparisons with US tests are of interest.  

Central business district (CBD) driving cycle

0

5

10

15

20

25

30

35

40

0 100 200 300 400 500 600

Time (s)

Sp
ee

d 
(k

m
/h

)

0

5

10

15

20

25

30

35

40

D
is

ta
nc

e 
(k

m
)

Speed
Distance

 

Figure 5. The CBD driving cycle  

4.2.5 The New York bus (NYB) cycle 
The New York bus (NYB) cycle was statistically derived from data collected on both city 
buses and trucks in the 1970’s (see Figure 6). The New York Bus Cycle was developed 
with the intention to simulate very low average speed operation, such as in dense city traf-
fic. Due to its greater variations of accelerations and decelerations and the low average 
speed, it should better represent driving in inner cities than the CBD cycle. However, the 
average speed, at 6,2 km/h is very low compared to the driving pattern in Swedish cities.  

Recent in-use data from New York has showed that although the NYB cycle better repre-
sents actual driving patterns than the CBD cycle, the average speed was lower than the in-
use data [9].  

The characteristics for the New York bus cycle are the following:  

• duration: 600 s 
• driving distance: 0,99 km 
• average speed: 6,22 km/h 
• maximum speed: 49,6 km/h  
• maximum acceleration: 2,77 m/s2  
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The New York bus (NYB) cycle
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Figure 6. The New York bus cycle  

4.2.6 The European Steady-state cycle (ESC) 
The ESC is a steady-state driving cycle originally designed as an engine bench test cycle. 
A simulated form of this test cycle can be performed on a chassis dynamometer. The cycle 
consists of 13 steps, with different weighting factors for each step, see Figure 7, where the 
sizes of the “bubbles” are proportional to the corresponding weighting factors.  

The ESC test is characterised by high average load and consequently, it gives very high 
exhaust gas temperatures, as well. This should be particularly taken into account when data 
on aftertreatment devices generated in this test cycle are assessed.  

The engine speeds are defined as follows:  

The high speed nhi is determined by calculating 70% of the speed for the rated maximum 
net power. The highest engine speed where this power value occurs (i.e. above the rated 
speed) on the power curve is defined as nhi.  

The low speed nlo is determined by calculating 50% of the speed for the rated maximum 
net power. The lowest engine speed where this power value occurs (i.e. below the rated 
speed) on the power curve is defined as nlo.  

The engine speeds A, B, and C to be used during the test are then calculated from the fol-
lowing formulas:  

A = nlo + 0.25(nhi - nlo)  

B = nlo + 0.50(nhi - nlo)  

C = nlo + 0.75(nhi - nlo)  
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Figure 7. The ESC driving cycle  

4.2.7 The City-Suburban Heavy Vehicle route (CSHVR) and corresponding 
cycle (CSHVC)  

One example of a test schedule where the speed is a function of distance instead of time is 
the City-Suburban Heavy Vehicle Route (CSHVR). This schedule was developed by the 
West Virginia University as a simulation for heavy delivery trucks [10]. It has also been 
considered representative for the driving pattern of school buses. The CSHVR is based on 
driving distance and hence, it should be denoted a route, not a cycle. A time-based version 
of the route is also available, which should be called CSHVC.  

In the emission measurement programme within a clean diesel fuel and particulate trap 
retrofit study, which was initiated by ARCO (now a BP company), the CSHVR driving 
route was considered representative for school buses. In addition, the emission laboratory 
of SwRI has used the CSHVC driving cycle.  

Some data for the CSHVR driving route are shown in Table 2.  

Table 2. Some data for the CSHVR route  

Distance 
(miles) 

Average 
velocity 
(mph) 

Idle 
time 

Decel-
eration 
time 

Average de-
celeration 
(mph/s) 

Cruise 
time 

Accelera-
tion time 

Average ac-
celeration 
(mph/s) 

6,68 14,15 19,82% 23,94% -1,183 22,06% 34,18% 0,851 
 
The CSHVR route was developed through the recording of speed and distance data on two 
heavy delivery trucks. A videotape record was also collected so that the speed and distance 
database could be separated into microtrips. A microtrip was defined as a burst of driving 
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activity, typically due to driving from one delivery site to another. Free accelerations were 
exhibited in the test schedule and on the driver’s aid by converting an acceleration ramp 
into an instantaneous speed jump to the desired speed. Since the accelerations are free, the 
scheduled route speed is now a function of distance travelled and not a function of time 
[10].  

For the sake of comparison, showing the driving pattern of the CSHVR route in a similar 
way as a conventional driving cycle, i.e. by speed vs. time, as for all the previous figures, 
is of interest. By applying the previous nomenclature, this cycle should be denoted 
CSHVC. However, it should be noted that the cycle would look different for a vehicle with 
a different performance. Some of the accelerations in the test cycle are not limited. Thus, 
vehicle power to weight ratio has an impact on the accelerations. In Figure 8, the CSHVC 
cycle is shown without the mentioned limitations.  

The maximum acceleration is limited for practical vehicles. In Figure 9, the CSHVC driv-
ing cycle is shown for a vehicle imposing such limitations. This graph is perhaps easier to 
compare with the graphs for previously shown driving cycles.  

 

Figure 8. The city-suburban heavy vehicle (CSHVC) driving cycle without limitations 

In practical testing in the laboratory, the driver’s aid shows a speed vs. time trace. To en-
able testing according to a route, the time axis on the driver’s aid can be expanded or con-
tracted. Where the acceleration is not limited by the speed trace, the speed is allowed to 
increase as fast as possible.  
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Figure 9. The city-suburban heavy vehicle (CSHVC) driving cycle with limitations 

4.2.8 Implementation of a route as a driving schedule  
In chassis dynamometer tests, the emissions, presented in mass per distance driven, are 
influenced by the driving cycle used, since the cycle variation will cause various engine 
technologies to influence the emissions in different ways. It has been considered interest-
ing to estimate, in a more realistic way, the emissions from a certain vehicle driven from 
point A to point B, irrespective of the engine power of the vehicle. For this reason, there is 
a need for a test protocol that has the possibility to represent vehicle behaviour in actual 
use.  

In the case of a fixed distance, the time and speed can vary depending on for instance the 
engine power of the bus. For example, buses on a route have bus stops at certain fixed 
points. When the bus is leaving a bus stop, the maximum acceleration capacity is mostly 
used, irrespective of the engine power of the bus. In other words, the acceleration capacity 
of the bus will be reflected in a more realistic way for a distance-dependent driving pattern 
(i.e. a route) than for conventional driving cycles.  

A distance-dependent driving route can be developed either with an existing time-
dependent transient cycle as a base, or with a certain recorded pattern, such as a bus route, 
as a base. An investigation has been carried out at AVL MTC concerning the possibilities 
of performing tests in such driving patterns. The conclusion is that it should, be possible to 
implement these types of driving routes on the heavy-duty chassis dynamometer. Some 
development work might be necessary to implement the modifications in the driver’s aid.  
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4.2.9 Selection of driving cycles  
In a project, the driving cycles are selected according to special criteria. These criteria can 
be due to, for instance, the environment where a specific type of vehicle is used in. It can 
also be due to comparability reasons.  

It is essential to be able to compare the results from a Swedish study with studies per-
formed in the USA, and the study carried out by the California ARB, in particular. There-
fore, the selection of driving cycles is crucial. It is also very interesting to be able to com-
pare the results with results from other chassis dynamometer tests performed at AVL 
MTC. For instance, in the Californian study the CBD driving cycle were used (among oth-
ers), and at AVL MTC the Braunschweig driving cycle and the FIGE driving cycle has 
been used to a great extent. For the mentioned reasons, these driving cycles are recom-
mended in the proposed Swedish study.  

In addition to the driving cycles mentioned, a distance-based route could be used. This 
route could be derived from some of the driving cycles mentioned, or else from logged 
data on in-use vehicles.  

As a complement to the transient driving patterns mentioned above, a steady-state chassis 
dynamometer simulation of the 13-mode cycle is also recommended. The new ESC driving 
cycle is preferred over the old ECE R49 driving cycle. By using the ESC driving cycle, the 
emission performance of the vehicles (i.e. engines) can be compared with certification 
data.  

4.3 Methods of analyses 

4.3.1 Regulated emissions 
The regulated compounds are measured according to the following principles: 

Table 3. Measurement principles for regulated emissions  

Emission component Measurement principle 

Total hydrocarbons (HC) HFID (heated flame ionisation detector) 

Carbon monoxide (CO) NDIR (non-dispersive infrared analyser) 

Carbon dioxide (CO2) NDIR (non-dispersive infrared analyser) 

Nitrogen oxides (NOX) Chemiluminescence (CLA) 

Fuel consumption (FC) Gravimetric and carbon balance of HC, 
CO and CO2  

Particulate emissions (PM) Gravimetric 

 

4.3.2 Particle size distribution 
To measure the particle size distribution and the number of particles for each size, an Elec-
trical Low Pressure Impactor, ELPI, manufactured by Dekati Ltd. in Finland, is used. The 
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instrument is connected to the dilution tunnel, and the exhaust is further diluted by the use 
of a mini dilutor connected to the ELPI. When the particles pass through the instrument, 
they are charged by a unipolar positive polarity charger, and they are thereafter collected at 
substrates on 13 different levels according to their different sizes (down to 7 nm of size for 
the lowest stage, an absolute filter).  

Recent data from an independent investigation suggest that oil-soaked sintered substrates 
should be used with the ELPI instead of the conventional aluminium substrates greased 
with vacuum oil [11]. The problems of particle bounce and overloading are largely mini-
mised by using the new substrates.  

4.3.3 Nitrogen oxides 
The compounds NO and NOX are measured simultaneously (chemiluminescence) through 
a construction of two chambers where the sample gas is divided into two equal streams. 
One stream flows into a NOX reaction chamber via a converter (NOX-channel), and the 
second gas stream flows directly into the NO reaction chamber (NO-channel). 

NO: Sample gas is drawn into the analyser and mixed with internally produced ozone. The 
NO reacts with the ozone creating radiation of a specific wavelength. The concentration of 
NO can be measured by detecting this radiation. 

NO2: In order to measure NO2 in the sample gas, it has first to be converted into NO. To 
accomplish this a reducing agent, such as carbon, is used.  

4.3.4 Alkenes and light aromatics 
A mass spectrometry (MS) instrument is used for the analysis of alkenes and light aromat-
ics, such as ethene, propene, 1,3-butadiene, benzene and toluene.  

4.3.5 Aldehydes 
For the analysis of aldehydes, the samples are collected on filters coated with a reacting 
agent, dinitrophenylhydrazine (DNPH). The filters are analysed with a high-pressure liquid 
chromatography (HPLC).  

4.3.6 Polycyclic aromatic hydrocarbons (PAH)  
Many of the polycyclic aromatic hydrocarbons (PAH) and their derivatives, i.e. polycyclic 
aromatic compounds (PAC), pose health hazards.  

The particles in the gaseous phase are collected on glass fibre filters, and the particles in 
the semivolatile phase are collected on so-called PUF plugs (Polyurethane foam). Thereaf-
ter, the compounds on the filters and PUFs are analysed (after extraction) with a GC-MS 
instrument.  

4.3.7 Biological tests 
The biological tests are used as indicators of long-term risks for human health. The most 
commonly used bioassay test is the Ames’ test where Salmonella typhimurium bacteria’s 
ability to remutate is analysed. There are several different well-established strains designed 
to detect various types of genetic change. The strains can also be combined with a meta-
bolic system, which is based on a substrate from rat liver.  
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Some of the mutagenic compounds (e.g. PAHs), which are not directly mutagenic, can be 
changed by a metabolic system (as for example in our livers) and thereafter cause a muta-
genic reaction.  

Another biological test that could be used as a complement to the Ames test is the TCDD 
receptor affinity test. This test responds to “dioxin like” compounds using 2,3,7,8-
tetrachloro dibenzo-p-dioxin (TCDD) in the analysis.  
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5 EMISSION CONTROL TECHNOLOGY  
In this chapter, an introduction to the various emission control technologies used for meth-
ane and diesel fuelled heavy-duty engines is given first and then some selected results from 
recent emission tests are discussed.  

5.1 Methane-fuelled engines  
Methane is not a “natural” diesel fuel due to its high octane and low cetane number. Based 
on these properties, it is conceivable that methane is ideal for the use in spark ignition en-
gines. Thus, conversion of an engine from diesel cycle (compression ignition) to otto cycle 
(spark ignition) is an obvious option. However, there are also possibilities to use the diesel 
cycle for methane-fuelled engines. In this section, a brief overview of the various options is 
provided.  

Natural gas, biogas and pure methane could be treated as relatively similar fuels from 
combustion viewpoint, although it should be noted that the composition is different. Blend-
ing methane with hydrogen is yet another option that has been discussed but in this case, 
the combustion properties are altered significantly [12]. As relatively few studies are still 
available in this area, it is too early to assess the potential improvement by blending meth-
ane with hydrogen.  

The various engine technology options for using methane in internal combustion engines 
can be grouped into the following three main groups:  

• Spark ignition natural gas (SING), otto cycle  
• Direct injection natural gas (DING), diesel cycle  
• Dual fuel natural gas (DFNG), diesel cycle  

An overview of the technology used in natural gas engines has been provided by Nylund 
and Lawson [13] in 2000 and more recently, by Nylund et al. in 2002 [14]. The latter re-
port is mostly focused on light-duty vehicles and advanced drivetrains, such as fuel cells. 
An overview of the worldwide use of natural gas fuelled buses is provided in another re-
port by IANGV [15].  

The Dutch institute TNO has shown that natural gas fuelled engines has a favourable po-
tential to meet the European EEV (Environmentally friendly vehicles) regulation [16]. A 
technical and economical assessment was made on various technology options and fuels. 
Given time all the engine concepts studied by the authors were found able to comply with 
the EEV limits. Without taxation of the fuels, the variable cost was largely found to deter-
mine the concept that was the most economically viable. Some of the direct injection gas 
alternatives – and to a lesser extent – lean-burn technology had the lowest total cost (sum 
of fixed and variable cost). This cost was lower than for the corresponding diesel options 
investigated. However, it was also noted that the introduction of direct injection for the gas 
engines is hampered by the research and development efforts necessary to introduce the 
technology.  

In the USA, a programme called “Next Generation Natural Gas Vehicle” (NGNGV) has 
been initiated [17]. Target emissions for NOX emissions in the first and second phase are 
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0,5 g/bhp-hr and 0,2 g/bhp-hr respectively. The target for PM emissions is 0,01 g/bhp-hr. 
Vehicles meeting the phase II target are expected to be commercially introduced before 
2007. Not much is yet known about the outcome from this programme. News releases from 
the project participants indicate that the phase I target has been met on laboratory engines. 
It is likely that technologies based on DING/DFNG or TWC will be developed to meet the 
targets. In the former case, EGR, particulate filters and NOX adsorbing catalysts are likely 
to be used, i.e. similar technology that is envisioned for diesel engines for the 2007 − 2010 
timeframe. TWC engines are likely to be able to meet the targets without particulate filters.  

Utilisation of methane could be either in compressed form (CNG and CBG) or in liquefied 
form (often referred to as LNG12 if natural gas is the fuel). The difference regarding engine 
performance and emissions between these options is relatively small. Injection of liquid 
cryogenic fuel is theoretically possible in the latter case.  

5.1.1 Otto cycle (SING)  
SING engines could be of lean-burn or stoichiometric types. The latter can utilise the 
three-way catalyst (TWC) emission technology and therefore, it provides the greatest emis-
sion potential. Problems with thermal stresses and low power density have favoured the 
use of the lean-burn combustion system over TWC in heavy-duty engines. The use of 
cooled EGR provides a potential to increase the engine output and, at the same time, it de-
creases the NOX emissions [18]. It could be mentioned that most light-duty SING engines 
are stoichiometric as their petrol-fuelled counterparts.  

A specific advantage of SING engines (lean-burn or TWC) is the inherently low particulate 
emissions in comparison to diesel engines without particulate filters. An additional advan-
tage concerns the NOX emissions, which are generally lower (lean-burn) or significantly 
lower (TWC) than from conventional diesel engines.  

Emission potential of TWC engines 
As mentioned above, the TWC system is superior in its emission performance for most 
emission components as previously shown in several studies, e.g. [19] and [20]. No results 
from in-use vehicles are included in the section on emissions below but a few comments 
on the potential of this technology might be of interest.  

Pidello et al. showed the potential for a stoichiometric CNG engine with three-way catalyst 
to meet the EEV limits [20]. The importance of engine calibration and the mixture control 
in order to achieve low emissions has been pointed out by the authors. This is particularly 
important in transient operation as in the ETC cycle. An example is that a static calibration 
that gave excellent emission results in the ECE R49 test cycle (NOX: 0,11 and THC: 0,02 
g/kWh), showed a remarkable increase in the ETC cycle (NOX: 3,3 and THC: 0,15 
g/kWh). It was concluded that the difference was mainly attributable to the transients. With 
an improved calibration, the results listed in Table 4 were achieved (in comparison to the 
limits in ETC and ESC respectively).  

As can be seen in Table 4, the tested engine fulfilled the EEV limits both in the ETC cycle 
and in the ESC cycle. The margins to the limits in the ETC cycle are considerable.  

                                                 
12 LNG: liquefied natural gas.  
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Table 4: Final results for the CNG engine with TWC (in g/kWh) 

Cycle – fuel – limit CO NMHC CH4 NOX PM BSFC CO2 
ETC Cycle 

ETC limits for EEV 3,0 0,40 0,65 2,0 0,020 - - - - - - 
ETC – G20 fuel 1,1 0,04 0,15 0,57 0,008 255 691 
ETC – G25 fuel 0,7 0,02 0,06 0,64 0,007 324 693 

ESC Cycle 
ESC limits for EEV 1,5 0,25 2,0 0,020 - - - - - - 
ESC 13-mode – G20 fuel 1,2 0,17 0,77 0,004 235 669 

 
The only remark the authors of this report would like to add is that the relative margins to 
the limits probably have to be much greater than what is generally considered necessary for 
diesel-fuelled engines. The reason is that a TWC engine is to a great extent dependant on 
very high conversion efficiency in the catalyst, since the engine-out emissions generally 
are relatively high for an otto-cycle engine. Therefore, these engines are prone to a signifi-
cantly higher deterioration over time compared to diesel-cycle engines. A safety factor of 
about 2 or more could be necessary to fulfil future in-use limits. Consequently, the margin 
for CO emissions in the ESC cycle is somewhat small.  

Future development of lean-burn engines  
Using stoichiometric (λ=1) or slightly lean (i.e. λ in the order of 1,2 to 1,3) combustion 
results in high (stoichiometric) or very high (slightly lean) NOX emissions. NOX emission 
levels as high as 25 g/kWh have been reported. However, by increasing the air excess fur-
ther than corresponding to maximum NOX formation, the NOX emissions decrease again. 
This is the rationale behind using the lean-burn combustion system. Continuous work is 
going on to improve the lean-burn combustion system. This is exemplified by a study by 
the consultant company FEV in Germany [21]. Increasing the specific power and torque of 
a lean-burn engine to the same level as for its diesel counterpart is an important issue. Ex-
tending the lean limit of the combustion system is essential to reduce NOX and THC emis-
sions. Steady-state tests showed that, in a wide area of the load and speed map, the NOX 
level was between 1 and 2 g/kWh. This implies that the NOX limit in the Euro V and EEV 
regulations could be met, although no transient tests were carried out by FEV that could 
prove this hypothesis.  

The use of EGR does not provide much real emission benefit for lean-burn engines, con-
trary to the cases for diesel engines and gaseous-fuelled engines with TWC. Increasing 
EGR on lean-burn engines necessitates a reduction of the excess air in order to avoid mis-
fire, thus limiting the potential NOX reduction. One of the authors of this report has tried to 
re-evaluate data from a previously published paper [22] to assess this impact but found 
only a negligible benefit of using EGR. Hence, the practical limits for NOX emissions from 
contemporary lean-burn technology might be in the order of 1 g/kWh. Some benefit of 
EGR might be expected during transient operation when the engine has to revert to low 
excess air or stoichiometric operation, provided that the intricate transient control of the 
EGR flow could be managed.  
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A practical limitation for the engine power from spark ignited engines is that a high boost 
level (and high compression ratio) increases the cylinder pressure, thus limiting the maxi-
mum gap for the spark plug, unless very high voltage is used [23]. A higher cylinder pres-
sure increases the resistance of the air in the cylinder and necessitates some countermea-
sures to improve the spark. Decreasing the gap and/or increasing the voltage reduces the 
life of the spark plug, a considerable maintenance issue in comparison to diesel engines.  

5.1.2 Direct injection diesel cycle (DING) and dual fuel (DFNG)  
DING and DFNG engines use late-cycle direct injection and therefore, they are character-
ised as engines utilising the Diesel cycle. Both engine types need some kind of ignition 
source, as methane has a very low cetane number. Furthermore, engine knock has to be 
avoided in one way or another if premixing of air and methane is used.  

The DING engine uses a small quantity of diesel fuel (“pilot” injection) or a glow plug as 
ignition sources. Since the injection system for the diesel fuel does not have the capability 
of greater injection quantities, this option has no dual-fuel properties. On the other hand, an 
optimisation of the pilot injection can be made to achieve lower emissions. An injection 
system combining the injection of both diesel fuel and natural gas has been developed by 
Westport Inc. [24, 25, 26]. Another example is the so-called “micro-pilot” injection, which 
has been developed by FEV [23]. Using a glow plug for ignition of the fuel is another pos-
sibility. This idea has been pursued by the development company GVH in Germany, now 
part of Westport Inc. [27].  

A DFNG engine mixes natural gas before induction to the cylinder and use diesel fuel as 
ignition source. Since the conventional diesel injection is used in this case, this engine has 
dual-fuel properties. A kind of “hybrid” version of both the mentioned systems − often re-
ferred to as PING − uses pilot injection of diesel fuel and premixing of natural gas. It is 
anticipated here that the diesel fuel injection for PING engines is optimised for low fuel 
flows to improve emissions with CNG. Therefore, these engines cannot be run in diesel 
fuel mode as the DFNG can. Since the combustion in DING and DFNG (and PING) en-
gines is not completely premixed combustion, soot formation can occur. Thus, future very 
stringent particulate emissions may necessitate the use of a particulate filter.  

Emission potential of DING and DFNG  
Relatively little information about the “true” emis-
sion potential of DING and DFNG engines is known. 
No results from in-use vehicles are included in the 
section on emissions below but a few comments and 
some results might be of interest to add here anyway.  

Table 5. Certification data for a 
Cummins Westport ISX 
engine 

CO NMHC NOX  PM 
Emissions in g/bhp-hr 

n.r.a 0,19 2,19 0,029 
Emissions in g/kWh 

n.r.a 0,25 2,94 0,039 

Note: 
a n.r.: not reported 

To illustrate the contemporary emission potential for 
a DING engine, the certification data for a 15-liter 
Cummins Westport ISX engine is shown in Table 5 
[24]. The NOX emissions are below the EPA 2004 
limit (enforced from October 2002) of 2,5 g/bhp-hr. 
The same conclusion can be drawn for the PM level. 
The PM limit is 0,05 g/bhp-hr for city bus engines 
and 0,10 for g/bhp-hr in 2002/2004. Meeting the PM 
limit of 0,01 g/bhp-hr for 2007 seems very difficult 
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without a particulate filter and additional measures are needed to meet the NOX limit of 0,2 
g/bhp-hr for 2007 − 2010.  
Exhaust emissions from trucks and buses using the DFNG combustion system has been 
investigated in a project [28, 29]. The certification data for a 10-liter Caterpillar engine and 

its diesel-fuelled counterpart are 
shown in Table 6.  

The CO and THC/NMHC emissions 
(Table 6) were higher for the DFNG 
engine but NOX and PM emissions 
were lower. However, the difference 
in PM emissions was relatively small 
and the absolute level was quite high 
as well. Therefore, it seems impossi-
ble to meet future PM limits with this 
concept without a particulate filter. 
Recently, Clean Air Partners (CAP), 
the manufacturer of the OEM con-
version of the Caterpillar engines, 
has certified an engine with a parti-

culate filter [30]. The PM level is claimed by CAP to be 0,006 g/bhp-hr (0,008 g/kWh), i.e. 
some 40% below the PM limit for 2007 in the USA.  

Table 6. Engine-out certified EPA/CARB emis-
sions for 1997 Caterpillar engines 

 Emissions in g/bhp-hr 
Fuel CO THC/NMHC NOX  PM 
Diesel  1,3 0,2 4,4 0,09 
Dual-fuel 8,2 1,1 2,4 0,07 
 Emissions in g/kWh 
Diesel  1,7 0,3 5,9 0,12 
Dual-fuel 11,0 1,5 3,2 0,09 

Emission tests on a heavy-duty chassis dynamometer were also performed in the study 
mentioned above. Results on regulated emissions in the CBD test cycle for the buses are 
shown in Figure 10.  

Regulated emissions for DFNG and diesel buses (Caterpillar)
CBD driving cycle
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Figure 10. Regulated emissions for the DFNG and diesel buses  
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As expected from the certification data shown above, CO and NMHC emissions were 
higher for the DFNG buses (average for two buses) in dual-fuel mode than for the diesel 
bus (Figure 10). In diesel fuel mode, the emission levels for these emission components 
were similar to the diesel-fuelled bus.  

The relative difference (−30%) for NOX was somewhat less than the corresponding level 
for the certification (−40%). A variation in the NOX reduction level depending on vehicle 
type and test cycle was noted for the other tests.  

Contrary to the trend for NOX emissions, the PM emissions were somewhat lower than 
expected (based on certification data) for the DFNG bus in dual-fuel mode. However, the 
PM level was also lower for the DFNG bus in diesel fuel mode in comparison to the diesel 
baseline, indicating some difference between the two samples of engines.  

The penalty in fuel economy for the DFNG bus, as calculated from in-use service data, was 
determined to be up to 20% relative to the diesel engine, depending on the share of opera-
tion in dual-fuel mode and the driving conditions. This indicates that diesel-cycle effi-
ciency was not quite reached for this DFNG bus.  

5.1.3 Combustion system used on methane-fuelled buses in Sweden  
The bus engines used in city buses in Sweden are solely spark-ignited engines. Further-
more, the lean-burn system totally dominates over the stoichiometric system with TWC. 
Therefore, it is logical to choose the former version for emission testing. The emission sur-
vey has also been concentrated on this version.  

As most of the methane-fuelled buses in Sweden have been supplied by Volvo, it is also 
conceivable to choose buses from this manufacturer for future emission tests. In 2002 
Volvo introduced and engine that fulfils the Euro III regulation. In fact, at a NOX level of 
below 2 g/kWh cited by Volvo, its emission level is said to be significantly below the limit 
in the mentioned regulation [31]. The aim of the proposed emission test project is to test 
engines with low emission level. In that respect, TWC engines could be chosen. However, 
as the Swedish market is totally dominated by lean-burn engines, very good reasons would 
have to be provided to choose another option. Currently, lean-burn engines also dominate 
the market in the USA but as the activities mentioned above indicate; direct injection 
seems to be an interesting option for the future.  

5.2 Diesel-fuelled engines  
Since diesel fuel is mostly used in heavy-duty vehicles, it is conceivable that the options 
for emission reduction for these engines are relatively well known. Nevertheless, to make 
the survey complete a brief overview of the diesel options is provided as well.  

Direct injection of diesel fuel is the solely used combustion system for heavy-duty engines 
today. The transition from indirect injection (prechamber) systems started more than 50 
years ago with the aim of reducing fuel consumption. In the 1980’s, the reduction of the 
exhaust emissions became more important. Refinement of the direct injection system pro-
vided the opportunity to reduce the NOX emissions by more than a factor of three (from 
over 15 g/kWh to 5 g/kWh) within a timeframe of approximately 15 years. During this pe-
riod, the particulate emissions were reduced by about one order of magnitude, an even 
more remarkable improvement.  
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Particulate filters have been used as an aftermarket solution (and OEM solution in some 
cases) since mid 1990’s to reduce the particulate emissions further. Some experience on 
the emission performance and durability of CRT™ particulate filters used in Sweden has 
been summarised in a SAE paper by Johnson Matthey [32]. It is expected that particulate 
filters will be commercialised on a larger scale for heavy-duty vehicles within the next few 
years. However, it is also conceivable that the PM limits of Euro IV and V could be met 
without a particulate filter for advanced engines13. Further reductions of the particulate 
limit will necessitate the use of particulate filters.  

Since the PM emissions seem possible to control in the future, NOX emissions remain as a 
big hurdle. To be able to reduce the NOX emission level further, i.e. to meet US 2002/2004 
as well as Euro IV and V, EGR is one option that can be utilised. The EGR potential has 
previously been shown by many researchers, e.g. in a study by the Dutch institute TNO 
[33]. An EGR system was introduced in Sweden by the Swedish consultant company STT 
Emtec for the aftermarket and as an OEM option (Volvo). The system, called DNOX™ by 
STT Emtec, incorporates a particulate filter to enable the use of a long-route (low-pressure) 
EGR system14. The system also has an EGR cooler. An overview of the system and its im-
pact on emissions is described in a report from STT Emtec [34]. Some data on the calibra-
tion of this system [35] and emission test results [36] have also been published.  

The use of selective catalysis (SCR) with ammonia or urea as a reducing agent is a tech-
nology that could significantly reduce NOX emissions. Using a SCR catalyst in combina-
tion with a particulate filter are promising, as some recent studies, e.g. [37, 38], have 
shown. In order to use SCR, a whole new infrastructure has to be built for distributing the 
reducing agent, e.g. urea. This is a great hurdle, although activities in this area are going on 
in Europe. One of the main advantages of using SCR is that the fuel consumption can be 
reduced in comparison to other means of reducing the NOX emissions. This is of particular 
importance in Europe where the diesel fuel is highly taxed − in comparison to the situation 
in the USA where fuel taxation is generally low. As there is no tax on urea, this provides 
an apparent customer advantage for SCR over other solutions in Europe.  

In the USA, NOX adsorbing catalysts, NAC (or NOX traps), appear to be the preferred so-
lution, although some work on SCR is also going on. EPA has foreseen the use of such 
catalysts to meet the 2007 – 2010 regulations. The progress on NAC technology seems to 
have been very rapid during the last two years. This has been noted in an evaluation by 
EPA [39] and in the report by an independent review committee [40]. However, there is 
still much work to be done before this technology could be commercialised. Sulphur-free 
fuel (<15 ppm but preferably even less) must also be available on the market before a 
large-scale introduction. Desulphurisation schemes and durability are two important areas. 
It is likely that the NAC technology could be applied to many other fuels, e.g. natural gas, 
besides diesel fuel. Sulphur-free fuels have inherent advantages in this respect.  

                                                 
13 An oxidation catalyst would probably have to be used and this technology has recently been further devel-
oped to improve the activity on particulate matter.  
14 In a long-route (or low-pressure) EGR system, filtered and cooled EGR is fed to the inlet duct of the com-
pressor in the turbocharger.  
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6 EMISSIONS CHARACTERISATION OF SOME IN-USE 
BUSES  

In this section, some of the recent results on in-use buses are highlighted and discussed.  

6.1 Criteria for emission comparisons  
Comparing exhaust emissions and the impact of emissions on health and environment is 
not an easy task. First, the conditions for the comparisons must be established. Some of the 
options for such comparisons are: 

• Comparison between “average” fleets  
• Technology-neutral comparisons  
• Comparisons based on cost-effectiveness  

The first alternative necessitates numerous emission measurements on fleets that are repre-
sentative for each fuel and in many cases, economical constraints limit the number of pos-
sible measurements. This is even more pronounced if measurements of unregulated emis-
sions and tests of biological activity in the exhaust is of interest. 

A technology-neutral comparison is attractive but sometimes it is not possible to carry out 
such comparisons. For example, in the past, it was often common to compare alternative 
fuels with exhaust gas aftertreatment with diesel fuel without any aftertreatment. It is diffi-
cult to distinguish the impact of the fuel from the technology influence in such cases. 

Ideally, the cost-effectiveness should be considered in some way in the comparisons. A 
certain incremental cost - compared to the baseline - could be kept constant for all en-
gine/fuel combinations investigated. The problem is that the incremental cost for some op-
tions (e.g. gaseous fuels) is often so high that it is impossible to find an equal level for the 
comparison. Another way would be to compare the cost-effectiveness of decreasing the 
emissions of a specific emission component.  

6.2 Selected studies  
The discussion here is limited to a few projects on the emissions from heavy-duty vehicles 
fuelled by CNG/biogas and diesel fuel. These projects and programmes are: 

• Emission tests in Sweden during the 1990’s on CNG/biogas, ethanol and diesel fuel 
with various emission control devices  

• The fleet test of low-sulphur diesel fuel and aftertreatment on heavy-duty vehicles in 
California organised by BP (initiated by Arco before the merger with BP) 

• An on-going study by California ARB on CNG and diesel buses 
• A study by SwRI on CNG and a diesel bus with and without a particulate filter 

Some details of each of the studies are discussed below. An overview of the results is 
shown for each study in a couple of figures. Most of the figures below on regulated emis-
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sions are structured in a similar way. All results are reported in g/km. However, it should 
be noted that, as different driving cycles and technology are used in the selected studies, a 
direct comparison of the results should not be made. In most cases, THC is shown for the 
diesel buses, while NMHC is shown for the CNG (and biogas) buses to better reflect how 
these emission compounds are treated in current emission regulations.  

6.3 Regulated emissions  

6.3.1 Swedish test results  
During the 1990’s, many emission measurements on transit buses fuelled with diesel fuel 
and alternative fuels were carried out in Sweden at the research facilities of MTC near 
Stockholm. The majority of the reports from these projects are publicly available [4]. A 
summary and assessment of results from these tests was published in an SAE Paper in 
2000 [5] and at the DEER Workshop in 2001 [6]. A technology-neutral approach was util-
ised in the comparisons of the engine/fuel options.  

One of the problems encountered in the evaluation of the Swedish results was that the scat-
ter in emissions for the methane-fuelled buses was considerable. This was probably due to 
the lack of closed-loop air/fuel control used on the engines during the 1990’s. In order to 
show the potential of an improved technology, the test results were grouped into two dif-
ferent categories. The “BAT” (Best Available Technology) case represented an average of 
the four best test results. The “av.” (average) case was the average of all data except ex-
treme outliers (with very high emissions). By using this procedure, the emission potential 
of gaseous-fuelled buses is demonstrated but, at the same time, the importance of improv-
ing the durability is highlighted. 

In contrast to many of the tests carried out in the USA, the Swedish buses fuelled by 
CNG/biogas were equipped with oxidation catalysts. In fact, most of these buses in opera-
tion in Sweden use catalyst so it was an obvious decision to test the buses in this configura-
tion. However, since no tests with and without oxidation catalysts are available, the impact 
of the catalyst is largely unknown.  

As “sulphur-free” diesel fuel (<10 ppm S), corresponding to environmental class 1 (EC1) 
according to the Swedish classification of fuels, is used solely for buses in Sweden, this 
fuel was used in all the results evaluated here. Most of the tests on methane-fuelled buses 
have been conducted on CNG.  

In Figure 11, the regulated emissions for buses tested in Sweden are shown. The results 
emanate from the latest evaluation reported at the DEER Workshop in 2001 [6]. The en-
gine/fuel configurations chosen for comparison in Figure 11 are:  

• Diesel bus without any aftertreatment devices (emission level corresponding to Euro II) 
• Diesel bus with a catalytic particulate filter (CRT™ from Johnson Matthey)  
• Diesel bus with a catalytic particulate filter (CRT™ from Johnson Matthey) and an 

aftermarket EGR system (DNOx from STT Emtec)  
• Methane-fuelled engine with oxidation catalyst, average emission results  
• Methane-fuelled engine with oxidation catalyst, average of the best emission results, 

hence the denotation “BAT” (Best Available Technology)  
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Regulated emissions for methane (CNG/CBG) and diesel buses
tested in Sweden at MTC - Braunschweig driving cycle
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Figure 11. Regulated emissions for city buses tested at MTC in Sweden  

As seen in Figure 11, the use of oxidation catalysts or catalytic particulate filters reduce 
the CO and THC/NMHC emissions to very low levels for both fuels. Since CO and NMHC 
emissions both are affected by air/fuel ration and catalyst efficiency, it is difficult to de-
termine the cause of the higher emissions for the “average” group of tests in comparison to 
the “best” results. It could be noted that, since most of the THC emissions for CNG/biogas 
consist of methane, the THC emissions (not shown) would be significantly higher than the 
NMHC level.  

As expected, NOX emissions are highest for the conventional diesel bus and the use of a 
DPF does not reduce the NOX emissions significantly. By using an EGR system, the NOX 
emissions can be reduced by almost 50%. Methane can have the lowest NOX emissions of 
all engine/fuel options shown here, but the variability raise some concern about the long-
term stability of the air/fuel control system. For example, it could be noted that the low 
NOX level shown for the “BAT” configuration was measured on two relatively new buses. 
The level reached on these buses has not been recorded on any in-use bus tested later. 
However, it is expected that the newest CNG buses certified to Euro III − with an actual 
emission level far below this limit − would give a very low NOX level, as well.  

The level of particulate emissions from a diesel bus can be significantly reduced by using a 
particulate filter. A certain failure rate of these systems has been foreseen in the calculation 
of the particulate level for the options using DPF in Figure 11 [5]. Actual tests show a 
lower level but the importance of a high durability should be noted. Gaseous-fuelled buses 
show an inherent low level of particulate emissions. Besides the impact of catalytic after-
treatment devices, the deterioration is expected to be low in this case.  
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6.3.2 Low-sulphur diesel fuel validation programme by BP  
The purpose of the ongoing BP project (initiated by Arco, now part of BP) is to validate 
ultra-low sulphur diesel fuel and exhaust aftertreatment devices [41 − 47]. Tests have been 
carried out with and without aftertreatment devices as well as with various diesel fuel 
specifications. Particulate filters from Johnson Matthey and Engelhard have been used. 
Two CNG buses without aftertreatment has also been tested enabling comparisons with 
this configuration and the diesel options. Actually one of the CNG buses was the same bus 
as in the California ARB study described below, enabling the comparison between the two 
projects as well.  

In Figure 12, the regulated emissions from the BP programme are shown. Since the cited 
papers published did not provide data on NMHC emissions, THC emissions are shown for 
CNG buses in this case. The first CNG bus (denoted “1”) was the same bus that has been 
tested by CARB (before and after the tests by BP).  

Regulated emissions for the buses tested by BP
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Figure 12. Regulated emissions for city buses tested in the programme by BP (CBD) 

The CO emissions were higher for the two CNG buses than for a diesel bus without after-
treatment. This is conceivable, as a feature of otto engines is a higher level of CO and HC 
emissions. By using the catalytic DPF, the CO emissions can be reduced to a very low 
level. The THC emissions were also higher for the two CNG buses than both the diesel 
configurations. However, most of the THC from CNG vehicles is methane. Again, the DPF 
reduces the THC emissions to a very low level. It could be noted that the use of oxidation 
catalysts for the CNG buses would probably have reduced the CO and NMHC emissions to 
very low levels.  

As expected, the NOX emissions were highest for the two diesel configurations, showing 
only a small impact of the DPF. The NOX level for the two CNG buses was more than 50% 
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lower. If EGR would have been used on the diesel buses (as is generally applied from Oc-
tober 2002), it could be expected that the difference in NOX emissions between diesel and 
CNG would be small.  

The results for PM emissions, as previously discussed, show the considerable impact of a 
DPF on these emissions. The two CNG buses had approximately the same level of particu-
late emissions as diesel with DPF.  

6.3.3 CNG and diesel comparison by CARB  
California ARB is currently conducting a study on exhaust emissions from CNG and diesel 
buses with various exhaust gas aftertreatment devices [48, 49]. In the first round of the test 
series, the CNG bus was not equipped with any aftertreatment devices. The diesel bus was 
tested in two configurations: the first with an OEM catalyst (Nelson) and the second with a 
catalytic particulate filter (CRT™ from Johnson Matthey). The study is continuing and 
more results are expected in the future. For example, a paper was presented at the 
JSAE/SAE Fuel & Lubricants conference, May 19-22, 2003. This paper focus on the im-
pact of oxidation catalysts on CNG buses but has not been included in the assessment here, 
since it was published after the draft of this report was finalised (March/April).  

A number of preliminary results and slides from presentations are available on the Internet 
site of California ARB [50]. However, the authors of this report have been somewhat hesi-
tant to use these data, since they are preliminary and very little discussion is provided so 
far in these presentations. When the present report was finalised, no paper had yet been 
published with the new data.  

In Figure 13, the regulated emissions for the first round of emission results reported are 
shown [48]. In this figure, the CNG bus was tested without any aftertreatment devices at 
two occasions. The diesel bus was tested with an OEM catalyst and a particulate filter.  

As in previous tests, higher CO and NMHC emission level is seen for the CNG bus in 
comparison to the diesel bus. It can also be noted that the levels were higher in the second 
test on the CNG bus. The impact of the DPF on these emission components is greater than 
that of the OEM catalyst for the diesel bus. The THC level is on or below the detection 
limit for the DPF.  

NOX emissions were lower for the CNG bus than for the two diesel bus configurations. 
This result was expected, since the CNG engine was certified at a lower level than the die-
sel engine. However, there was a significant difference between the first and the second 
test on the CNG bus, i.e. the level had risen more than 40% in the second test. Thus, the 
advantage of CNG over diesel was considerably reduced. However, the latest test results, 
as indicated by the preliminary results available on the Internet [50], achieve the lower 
level yet again for CNG.  

The general picture for particulate emissions, as previously shown above in the other pro-
grammes, is evident also in this case. CNG and diesel with DPF show a significantly lower 
level than diesel without a particulate filter. In this case, the relative difference between 
CNG and diesel without particulate filter was lower than it was in the tests by BP. One rea-
son could be that the diesel bus tested by CARB was equipped with an oxidation catalyst, 
which was not the case for BP. A DPF reduces the particulate level from the diesel bus to a 
level approximately 50% lower than in the two tests on the CNG bus.  
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Regulated emissions for the buses tested by CARB
CBD driving cycle
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Figure 13. Regulated emissions for the city buses tested by CARB (CBD)  

6.3.4 CNG and diesel buses tested by SwRI  
SwRI has carried out a study on a CNG bus and a diesel bus in two configurations [51, 52]. 
As many as 41 compounds listed by the ARB as “toxic air contaminants” were analysed.  

The CNG bus (MY´2000) was not equipped with any kind of aftertreatment devices. It was 
compared with a diesel bus (MY´1998) with and without a particulate filter (Engelhard 
DPX™). No catalyst was used on diesel configuration without DPF although OEM cata-
lysts are common on buses. Conventional diesel fuel (US D-2) and ultra-low sulphur fuel 
(from ConocoPhillips) was used for the two diesel configurations respectively. Two elec-
tronic control strategies, i.e. conventional diesel bus (without aftertreatment) and low-
emitting diesel bus (with particulate filter), were used. Using the same bus in two configu-
rations minimises the vehicle-to-vehicle scatter. The combination of best fuel, engine cali-
bration and DPF in one configuration and vice versa for the other configuration enabled 
“worst” and “best” case comparisons.  

This study was commissioned by International Truck and Engine Co., which is a known 
advocate of the “clean diesel” option. However, mentioning this is no attempt to insinuate 
that the study was biased. The good reputation of the independent institute SwRI should 
guarantee that this was not the case for the measurements and the analysis of the data. The 
authors have explained the reasons for the selection of vehicles and technology and this 
could always be a subject for discussion.  

The engine certification data for engines are shown in Table 7. The new engine calibration 
for the diesel engine reduced the NOX level from 3,9 g/bhp-hr (4,0 was the limit in the 
regulation for 1998) to 3,0 g/bhp-hr. However, the certified NOX level for the CNG engine 
(2,6 g/bhp-hr) was even lower. The PM level for the low-emitting diesel engine with a 
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DPF was very low − actually below the limit in the regulation for 2007. The PM level for 
the CNG engine was lower than for the diesel engine without DPF but significantly higher 
than for the diesel engine with the DPF. An explanation for the relatively high level for the 
CNG engine could be that it was not equipped with an oxidation catalyst. The contribution 
from engine oil is presumably dominating the PM emissions from this engine.  

Table 7. EPA engine certification data for the buses tested by SwRI 

Engine configuration Conventional diesel Low emitting diesel CNG 
NOX (g/bhp-hr / g/kWh)a 3,9 / 5,2 3,0 / 4,0 2,6 / 3,5 
PM (g/bhp-hr / g/kWh)a 0,09 / 0,12 0,01 / 0,013 0,05 / 0,067 

Note: 
a Deterioration factors are included in all figures  
 
In Figure 14, the results for the regulated emissions are shown. Note that the CSHVC test 
cycle was used in this case in contrast to the CBD cycle in the two previous studies. A 
school bus is different from a city bus and that should also be taken into account in a com-
parison between the levels.  

Regulated emissions for the buses tested at SwRI
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Figure 14. Regulated emissions for the school buses tested at SwRI (CSHVC)  

As in the studies before, higher CO and NMHC emissions are seen for the CNG bus in 
comparison to the level for the diesel bus (Figure 14). The use of a DPF on the diesel bus 
reduced the level for these two emission components below the detection level.  

In this study, the CNG bus had the highest emission level for NOX emissions of all tested 
configurations. Consequently, the low-emission diesel calibration had the lowest level of 
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NOX emissions. The relative reduction of the NOX level (-29%) in the CBD cycle was 
somewhat greater for the low-emission diesel calibration than the relative reduction in the 
certification test (-23%). The reasons for the relatively high NOX level for the CNG bus is 
not clear. It has been seen earlier that CNG engines are sensitive to the driving cycle and 
this could be one explanation.  

The PM level was lowest for the diesel bus with DPF. The relative difference between the 
diesel bus with DPF and the CNG bus was greater in these tests than for any of the previ-
ously shown results.  

6.3.5 Comparison of regulated emissions  
Bearing in mind that the engine/vehicle, emission technology and driving cycles often dif-
fer, it is very difficult to compare the results previously shown. Only a few general conclu-
sions can be drawn.  

The trend for CO emissions seems to be relatively consistent. An oxidation catalyst and/or 
a catalytic particulate filter are very efficient in oxidising CO emissions. This is also evi-
dent for CNG buses, as the most recent (yet unpublished) results from CARB indicate, but 
the impact depends on the driving cycle.  

A catalytic DPF also seems to be very efficient in reducing HC emissions, often reducing 
these emissions to a level below the detection level (at the background level). Only in one 
case, i.e. in the Swedish tests, the HC level was significantly higher than the detection 
level. Two contributing factors to this observation can be mentioned. First, this engine 
(presumably) had higher engine-out HC emissions than the other engines. Second, the spe-
cific power was low, which also gives a low exhaust temperature. In general, higher HC 
levels could result in higher emissions of unregulated organic compounds.  

The greatest relative difference in NOX emissions between diesel and CNG was seen in the 
Swedish tests (diesel vs. methane BAT). However, it has to be mentioned that the level on 
these buses was most likely achieved with engine calibrations just on the edge of misfire. 
The diesel with EGR was about equal to the average results for methane. A considerable 
variation in the NOX level for CNG in the tests by BP and CARB was seen. Nevertheless, 
the level was always lower for CNG. The tests by SwRI were the only tests that showed a 
higher NOX level for CNG in comparison to diesel. It should be noted that one of the diesel 
configurations in that study was calibrated for a lower emission level than the baseline en-
gine, which was meeting the emission limit in the 1998 EPA regulation. It is also likely 
that new engine and aftertreatment technology for both diesel and CNG could change this 
picture in the future. For example, the application of a retrofitted EGR system has resulted 
in a NOX reduction of about 50% in the CBD cycle on a city bus [36]. External EGR has 
recently been introduced on the US market by all major engine manufacturers but Caterpil-
lar. The ultimate emission potential for CNG − considering primarily the NOX emissions − 
would be a TWC system with EGR.  

Although the variation in PM emissions is great, the general trend is clear. The PM emis-
sions for both fuels can be reduced to a very low level with a particulate filter on diesel-
fuelled buses and an oxidation catalyst on CNG buses. The mass emissions of particulate 
matter do not seem to necessitate the use of a particulate filter on CNG engines (but parti-
cle number may do so, as discussed below).  
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6.4 Fuel consumption, efficiency and CO2 emissions  
As discussed previously, the diesel cycle is more efficient than the otto cycle so the differ-
ences in fuel consumption and efficiency are always in favour of diesel buses in compari-
sons with CNG buses if the latter use the otto cycle. Lean-burn CNG engines are more ef-
ficient than TWC engines. However, there is a tendency to a diminishing difference be-
tween these options if very low NOX emissions are targeted for the lean-burn engine. Fur-
thermore, the use of EGR can increase the efficiency of the TWC engine. The highest effi-
ciency can be obtained by using a diesel cycle for CNG engines. In this case, the efficiency 
on diesel fuel is almost reached.  

The driving cycle has a decisive impact on the average efficiency of an engine. Therefore, 
the difference between various engine/fuel options also varies depending on the driving 
cycle used. Engine technology is also an important factor to consider. Ideally, the compari-
son should be made on a technology-neutral level but that is sometimes difficult. Occa-
sionally, the basic engine platform for a CNG conversion could originate from a com-
pletely different engine family than the actual diesel engine that the comparison is made 
with. The vehicle is an equally important factor to consider. Logically, the same vehicle 
platform should be used in comparisons. In spite of this precaution, there often are consid-
erable differences between the vehicles, e.g. the higher weight of a CNG bus due to the 
heavier fuel tanks. However, tests are sometimes carried out at similar inertia and road 
load, regardless of fuel used.  

Comparing the emissions of CO2 and greenhouse gases (GHG) is at least as difficult as 
comparisons of fuel consumption and efficiency. GHG emissions are closely linked to CO2 
and efficiency but other GHG emissions than CO2 are often of importance. Besides the 
emissions from the vehicle, fuel and vehicle production, in-use repair and maintenance etc. 
can also be of importance. As there is not enough information in the studies mentioned 
above for a comprehensive analysis of all climate gases, the discussion here is limited to 
the CO2 emissions from the vehicle. Natural gas has an inherent advantage over diesel fuel 
in this respect, since it contains less carbon per energy unit. On the other hand, the higher 
efficiency of the diesel engine counteracts the difference in carbon content of the fuels. 
The following comments can be made for the CO2 emissions in the four studies:  

• Sweden: CNG had higher CO2 emissions than diesel  
• BP: CNG had lower CO2 emissions than diesel 
• CARB: CNG had lower CO2 emissions than diesel in all test cycles. However, the rela-

tive difference was marginal in the NYBC cycle.  
• SwRI: CNG had lower CO2 emissions than both the conventional diesel and the low-

emitting diesel  

In all cases but one, the lower carbon content of natural gas just outweigh the decrease in 
efficiency when moving from diesel cycle to otto cycle. Therefore, CNG has lower CO2 
emissions in three of the four studies. The higher CO2 level seen in the Swedish results is 
no rare occasion either, since similar results were recently presented by Scania at a confer-
ence in Sweden [53]. In typical city driving, a distribution truck running on diesel fuel had 
CO2 emissions of 715 g/km, while the methane-fuelled truck had levels of 771 g/km (with-
out catalyst) and 775 (with oxidation catalyst).  
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Needless to say, the efficiency and (diesel-equivalent) fuel consumption was always fa-
vourable for the diesel buses in all the tests mentioned above.  

6.5 Unregulated emissions  
A short overview of some unregulated emissions is made in this section. It should be noted 
that there are several uncertainties about the data and the measurement methodology in this 
field. Therefore, it is difficult to draw any firm general conclusions.  

6.5.1 Nitrogen dioxide  
When using certain types of DPFs, NO is 
converted to NO2, which is used to reduce 
the soot regeneration temperature in the 
filter. The NO2 production is a feature of 
the catalyst used in some of the particulate 
filters but it is rarely seen for conventional 
oxidation catalysts. In the urban environ-
ment, NO is converted to NO2 relatively 
fast but it is also diluted with ambient air. 
NO2 is more harmful than NO and there-
fore, this conversion in the catalyst is not 
desirable due to the possible increase of 
health impact on the local level.  

An example of a high share of NO2 is 
shown in Figure 15 (tests at SwRI). Evi-
dently, both the relative share and the abso-
lute level of NO2 were significantly higher 
for the low-emitting diesel bus with DPF 
than for the two other bus configurations.  

As mentioned above, a high share of NO2 in 
the tailpipe should be avoided. This is an 
important area to note for future develop-
ment of particulate filters. However, it 
should also be noted that conversion of NO to NO2 is not necessarily a feature of the par-
ticulate filter itself. If addressed, the conversion might be avoided in future particulate fil-
ters.  

Emissions of oxides of nitrogen
for the buses tested at SwRI
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Figure 15. Oxides of nitrogen in the tests at 
SwRI  

6.5.2 Speciation of volatile organic compounds (VOC) 
Methane comprises most of the THC emissions from CNG engines. As methane does not 
pose any health hazards to man, NMHC emissions are often shown in comparisons in addi-
tion to THC. It could be speculated that also the NMHC emissions from CNG engines are 
less harmful than the corresponding NMHC emissions from diesel engines. However, rela-
tively little evidence is available to confirm this hypothesis. Therefore, “full” speciation of 
the NMHC emissions is recommended in future studies.  
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In this section, only a few of the most important volatile organic compounds are discussed. 
In many cases, the levels have been below the detection levels for conventional measure-
ment methods for the cleanest engine/fuel options. In other cases, the need for further de-
velopment of the measurement methodology has been identified.  

NMHC emissions  
In Figure 16, it can be seen that the NMHC 
emissions in the tests by SwRI are higher for 
the CNG bus than for the diesel bus without 
DPF [51, 52]. Using a DPF reduces the THC 
and NMHC emissions to the detection level. 
Likewise, it could be anticipated that the 
NMHC emissions could be significantly re-
duced by using an oxidation catalyst on a 
CNG engine.  

BTEX emissions  
Light aromatics, such as benzene, toluene, 
ethylbenzene and xylenes, are usually rela-
tively low from diesel and CNG vehicles − 
e.g. in contrast to uncatalysed petrol vehi-
cles. This is plausible since diesel fuel and 
natural gas contain very little or no light 
aromatics.  

In the Swedish tests, a roughly similar ben-
zene level of 0,6 mg/km was found for the 
best methane buses and for diesel buses with 
catalytic aftertreatment. Average methane 
and diesel without aftertreatment had a 

higher level.  

Emissions NMHC, CH4 & THC
for the buses tested at SwRI
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Figure 16. NMHC and methane 

In the tests on city buses by BP, CNG and the CARB diesel fuel (without aftertreatment) 
had the highest total BTEX emissions. The BTEX level was lower with the ECD-1 diesel 
fuel. By using a particulate filter, the level was reduced to the concentration of the tunnel 
background air. The results for benzene emissions were roughly similar as in the BTEX 
case, except that the level for the CARB diesel fuel was higher than for the two CNG 
buses.  

The two first publications from the CARB project contained no data on BTEX emissions 
[48, 49]. Preliminary data indicate a great variation of the tunnel background level for 
BTEX so it was difficult to quantify the impact of the oxidation catalyst on the CNG buses. 
The results for benzene were more convincing. The oxidation catalyst reduced the level 
from 3 mg/mile to 0,6 mg/mile.  

In the tests at SwRI, a roughly similar benzene level was found for conventional diesel 
(CD) and CNG. The benzene emissions for the LED were below the detection level. Tolu-
ene was lowest for LED and highest for CD with CNG in between. Ethylbenzene and xy-
lenes were not detected for any fuel/engine configuration.  
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Carbonyl emissions  
Considerably higher carbonyl emissions (i.e. aldehydes and ketones) have been detected on 
CNG buses without aftertreatment in comparison to diesel fuel both with and without after-
treatment. The carbonyl emissions in CNG exhaust comprise mostly of formaldehyde, a 
possible human carcinogen. It is conceivable that formaldehyde dominates the carbonyl 
emissions since formaldehyde is an intermediate product from the oxidation of methane.  

Formaldehyde emissions have previously been considered a major (even fundamental) 
drawback for diesel-fuelled engines. However, the formaldehyde levels seem to be low for 
modern diesel engines and the level can be further reduced by using a catalyst. In view of 
this development, CNG without an oxidation catalyst now appears to have a disadvantage 
regarding this emission component. However, an oxidation catalyst also has a considerable 
impact (over 95% reduction) on the carbonyl emissions from CNG buses, as seen in the 
preliminary results from the CARB study. However, reaching the low level of diesel buses 
with effective catalytic aftertreatment seems to be difficult.  

Emissions of 1,3-butadiene  
The results on 1,3-butadiene emissions are somewhat inconclusive, due to problems with 
measurement accuracy. In most cases, the highest level has been found for CNG without 
aftertreatment. The level of 1,3-butadiene has generally been low or below the detection 
level for diesel buses. 1,3-butadiene has been considered a probable human carcinogen by 
the International Agency for Research on Cancer (IARC).  

6.5.3 Emissions of PAH and PAC  
Several polycyclic aromatic hydrocarbons (PAH) and polycyclic aromatic compounds 
(PAC) are mutagenic, carcinogenic, or suspected carcinogens. Since diesel fuel contains 
PAH, it is not surprising that both PAH and PAC can be found in diesel exhaust. In gen-
eral, PAH/PAC can also be formed in the engine. However, studies on the origin of diesel 
PAH emissions have found that tailpipe emissions are totally dominated by PAH in the 
fuel [54, 55]. Interestingly, PAH and PAC compounds have been also found in the exhaust 
from CNG engines. In this case, the origin of these compounds has not been properly ex-
plained. 

In general, diesel fuel with a high content of PAH and an engine without any aftertreatment 
has the highest PAH/PAC level. Tests in Sweden showed lower levels of tri+ PAC for die-
sel fuel with catalytic aftertreatment devices (catalysts or particulate filters) than for 
CNG/biogas with oxidation catalyst. Most of the other studies cited have shown a lower or 
approximately similar level for diesel fuel in comparison to CNG. However, it should be 
noted that many of the U.S. tests on CNG have been performed without an oxidation cata-
lyst and this has to be considered in the assessment of the results. 

Heavy PAH species are generally considered to have higher cancer potency than lighter 
PAHs do. As the level of diaromatic PAH can be relatively high in diesel fuel, the exhaust 
emissions of these emissions components are higher than for heavier (tri+) PAH. This can 
be a confounder in the interpretation of the results. Ideally, weighting of the individual 
PAH/PAC should be made according to their relative cancer risk potency. However, this is 
not yet possible due to lack of reliable data on unit risk factors. Selective comparison of 
groups of PAH emissions is another, simpler option.  
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Some results for twelve tri+ PAH species from the study at SwRI and some selected results 
from MTC are compared in Figure 17. In the results from MTC, the impact of a cleaner 
diesel fuel (EC1 vs. EPEFE) and aftertreatment devices (catalyst and particulate filter) can 
be compared with the results on CNG and biogas (CBG). The tests at SwRI compare con-
ventional diesel without aftertreatment (CD) with low-emission diesel (LED) and CNG. 

Comparison of some results on PAH emissions from MTC and SwRI
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Figure 17. Comparison of some PAH emission results (12 PAH compounds)  

The results from MTC show a great impact of a cleaner diesel fuel and exhaust aftertreat-
ment. With aftertreatment, the level for diesel fuel is lower than for CNG and biogas. The 
comparison between conventional diesel and low-emission diesel is even more dramatic in 
the SwRI case. The level for the low-emission diesel bus is also considerably lower than 
for CNG, although it should be noted that the CNG bus did not have an oxidation catalyst.  

In general, the tests at SwRI show a lower level than at MTC. One reason is probably that 
all engines are from a newer generation but the different test cycles could also have an in-
fluence on the results.  

6.5.4 Particle composition and particle number emissions  
Today, only the particulate mass emissions are regulated. Particle number and particle size 
distribution has been debated during the last years but so far, no limits have been set. One 
reason is that the methodology for such measurements has not been fully developed yet. 
The composition of the particles and the possible related health effects are also of concern.  

Particle composition  
Diesel particles from engines without a particulate filter comprise mostly of soot, whereas 
the particle composition for CNG is completely different. It has also been shown that the 
soot emissions can be almost eliminated by using a DPF. Analyses show that the particles 
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from CNG and diesel with particulate filter comprise mostly of organic carbon (i.e., of 
volatile material). Emissions of metal compounds on the particles can be significantly re-
duced with a particulate filter. If these emissions are to be reduced on CNG engines, a par-
ticulate filter has to be used on these engines as well.  

Particle number emissions  
Diesel fuel without particulate filter has a significantly higher level of particulate number 
emissions and emissions of nanoparticles than CNG or diesel fuel with a particulate filter. 
In general, CNG and diesel with DPF are at a similar level. In some cases, e.g. at idle for 
CNG, the high emissions of nanoparticles are of some concern. However, measurement of 
particle number emissions is a very difficult task and more development is needed in this 
area before any firm conclusions can be drawn. Recent and ongoing work should provide 
more insight into these phenomena [56]. 

Maybe the most important finding regarding the emissions of ultrafine particles and nano-
particles is that these emissions can be reduced dramatically with a particulate filter. It 
should be noted that some combustion concepts for gaseous fuels − based on relatively few 
data so far − are likely to generate significantly higher particulate (mass and number) emis-
sions than the concepts tested until now. Consequently, the question whether particulate 
filter may have to be used on CNG engines in the future remains an open issue.  

6.6 Impact of emissions  
Previously, some results on both regulated and some unregulated emission components 
have been shown and discussed. There are various impacts of these emissions on health 
and the environment. In addition to the issues discussed above, some results on ozone for-
mation potential and cancer risk are included below.  

6.6.1 Local ozone formation potential  
In general, heavy-duty vehicles contribute less to the local ozone formation than petrol-
fuelled light-duty vehicles do, due to the lower total emissions of reactive organic com-
pounds. However, a comparison of the relative impact for buses is still of interest. Rela-
tively few data on ozone formation for buses are available in the literature.  
The calculation of the ozone forming potential is relatively straightforward on the condi-
tion that the reactivity adjustment factor (RAF) for the VOC emissions in the exhaust from 
each fuel is known. This is on the condition that the ozone formation is limited by VOC 
concentration in the air; which generally is the case on a local level. The ozone forming 
potential for the engine/fuel options from the latest evaluation of the Swedish tests [6] is 
shown in Figure 18.  

The ozone forming potential from the conventional diesel engine without aftertreatment is 
significantly higher than from all other options. There are two reasons for this result. First, 
the RAF level for the HC emissions (as well as for NMHC) in diesel exhaust are higher 
than from any other fuel investigated. Second, the absence of catalytic aftertreatment re-
sults in relatively high HC emissions.  
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Ozone formation potential (diesel=100)
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Figure 18. Ozone formation potential  

The diesel fuel options with aftertreatment has significantly lower ozone forming potential 
(about one order of magnitude) in comparison to the baseline diesel bus. Although most of 
the THC emission is composed of methane for CNG and biogas, the NMHC emissions also 
tend to increase if the THC emissions increase. Due to the great variation of the air-fuel 
ratio, from test to test and from vehicle to vehicle, for the gaseous-fuelled engines, there is 
also a great variation of the NMHC emissions. The results for methane should be inter-
preted so that it is obvious that this fuel has a great potential for low ozone formation but 
this potential cannot be fully exploited unless the air-fuel control is improved. Provided 
that biogas has lower NMHC emissions than CNG (and possibly also a lower RAF), the 
ozone forming potential should be somewhat lower for this fuel than for CNG.  

6.6.2 Cancer risk  
Assessing the cancer risk index is probably one of the most difficult tasks. It should be 
stressed that the unit risk factors (URFs) for the individual emission components vary from 
source to source and therefore the results for this effect is less accurate than the other in-
vestigated effects.  

Evaluation of the Swedish tests  
Some results from the previously mentioned latest evaluation of the Swedish tests [7] have 
been included below15. Four of the six cases from that report are shown below. The se-
lected cases are:  

• URFs by Törnqvist and Ehrenberg  
• URFs by EPA, 1990  
                                                 
15 Ethanol was included in the mentioned study but these results have been excluded here.  
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• URFs by OEHHA16 at Cal. EPA, 1999. Only the URF for diesel particulate was used 
for diesel fuel (other components were excluded). All factors but PM was used for the 
alternative fuels. 

• Same as OEHHA case above with the exception that only impact from chemical spe-
cies has been evaluated (all engine/fuel options).  

The first set of URFs has been used extensively in Sweden. The second set was established 
by US EPA in 1990. There are some more recent evaluations available from EPA but the 
latest list of URFs is not complete enough to be utilised. The third set of URFs emanates 
from OEHHA at the Californian EPA. These factors have also been used extensively by 
CARB and state authorities responsible for local air quality in the USA (e.g. SCAQMD in 
California). It should be noted that the interpretation used here for the URFs by OEHHA is 
that only particulate matter from diesel is considered a carcinogen; particulates from other 
fuels are regarded as benign. The URF for diesel particulate should cover all other emis-
sion components as well; i.e. the URFs for other components are not used. This methodol-
ogy and the URFs by OEHHA should give the most favourable results for alternative fuels 
in relation to diesel fuel. The second set of URFs by OEHHA only take the chemical spe-
cies into account. In this approach, particulate emissions are neglected for all fuels.  

In Figure 19, the results for cancer risk using the unit risk factors derived from a paper by 
Törnqvist and Ehrenberg [57] are shown.  

Relative cancer risk for buses operating on various engine/fuel options
Unit risk factors derived from Törnqvist/Ehrenberg, 1994
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Figure 19. Cancer risk index, URFs by Törnqvist and Ehrenberg  

As expected, the total cancer risk index is highest for diesel fuel without any aftertreatment 
Figure 19. The particulate emissions comprise more than 50 % of the total cancer risk in-

                                                 
16 OEHHA: Office of Environmental Health Hazard Assessment.  
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dex in this case. 1,3-butadiene accounts for the greatest share of the contribution from the 
alkenes. Using an oxidation catalyst significantly reduces the volatile components and the 
catalyst has a small effect on the particulate emissions as well. The most significant reduc-
tion of the cancer risk from diesel fuel is obtained by using the DPF. The reason for the 
small differences in the PAC emissions between the two options with DPF is only due to 
the fact that two different engines have been used in the two cases. The impact of the cata-
lyst formulation is also important and a DPF without catalyst cannot give as favourable 
results for the volatile emission components.  

The cancer risk index is lower for methane than for diesel fuel without aftertreatment and 
diesel with an oxidation catalyst. Particulate and aldehyde emissions are lower from meth-
ane but, on the other hand, 1,3-butadiene and PAC emissions are higher. Probably PAC 
formed from the engine lubrication oil could be one source of the PAC emissions. The 
pyrene emission is the PAC compound that is highest of all these components. This also 
explains the relatively high emissions of 1-nitropyrene, a very potent carcinogen.  

Figure 20 shows the same results as above but with the URFs that were derived by EPA in 
1990.  

Relative cancer risk for buses operating on various engine/fuel options
Unit risk factors according to EPA 1990
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Figure 20. Cancer risk index, URFs by URFs by EPA –90  

The results in Figure 20 (using the URFs from 1990 by EPA) show very similar results for 
most of the fuel/engine options in comparison to the previous case. However, it should be 
noted that the contribution of the individual compounds is different in both cases. The 
greatest relative difference is for diesel with a catalyst and for the two methane cases. The 
index for diesel with catalyst is 69 with the EPA factors vs. 62 with the factors by Törn-
qvist and Ehrenberg. Methane “av.” drops from 47 to 38 and methane “BAT” drops from 
27 to 22.  
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In the first OEHHA case (Figure 21), the URF for diesel PM has been used for all diesel 
fuel options. Furthermore, the volatile organic compounds have been neglected using an 
assumption that the URF for diesel particulate actually incorporates the risk from the other 
non-particulate components. The URF for the particulate emissions from the alternative 
fuels has been set to zero, although a risk assessment of these combustion particles has not 
been carried out.  

Relative cancer risk for buses operating on various engine/fuel options
Unit risk factors according to OEHHA 1999, diesel PM only, alt. fuels w/o PM
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Figure 21. Cancer risk index, URFs according to OEHHA  

The relative cancer risk for all the diesel fuel options in Figure 21 is higher than for the 
alternative fuels. As expected, the relative impact of the DPF is greater than in the previous 
figures. Still the cancer risk index is 2 to 3 times higher for the diesel options using DPF 
than the alternative fuels. Methane with the best technology has the lowest cancer risk. The 
question of how the particulate emissions from the alternative fuels should be treated re-
mains to be taken into account.  

The results from the calculations with different URFs clearly show the significant impor-
tance of the unit risk factors. If the whole range of uncertainties for all the individual URFs 
is taken into account, it is somewhat difficult to determine which option is the best option 
of all the engine/fuel alternatives investigated. 

Figure 22 shows the relative cancer risk for the engine/fuel options without the contribu-
tion from the particulate matter (in all cases). The OEHHA URFs has been used for chemi-
cal species only.  

The total cancer risk index in Figure 22 is dominated by the 1,3-butadiene emissions for 
all engine/fuel options. In this case, the best diesel-fuelled options are somewhat better 
than the best methane option. The primary reason for this outcome is the lower emissions 
of 1,3-butadiene for the best diesel options. However, the other volatile components are 
also lower for the diesel-fuelled options. This appears to follow a general trend implying 
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that the 1,3-butadiene emissions are lower for compression ignition (CI, or Diesel-cycle) 
engines than for spark ignition (SI, or Otto-cycle). The lower engine-out emissions of total 
HC and NMHC for the CI engine in comparison to the SI engine is most likely one con-
tributing factor to this trend. Similar results were also noted in the comparison of the health 
effects from light-duty vehicles by one of the authors of this report [58]. Consequently, this 
outcome could be an effect that is related to the engine type (CI vs. SI) and not that much 
attributable to the fuel composition. However, it should be noted that certain compounds in 
the fuel, such as e.g. di-olefines, could have an impact on the 1,3-butadiene emissions. If 
the URF for 1,3-butadiene would be assigned a significantly lower level17, it would have a 
significant impact on the results.  

Relative cancer risk for buses operating on various engine/fuel options
Unit risk factors according to OEHHA 1999, w/o PM for all fuels
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Figure 22. Cancer risk index, URFs according to OEHHA, PM excluded  

Recent evaluation of cancer potency for the US test results  
Just at the time when this report was finished, a presentation at a CRC Workshop came to 
our attention [59]. In this work, the cancer potency from the exhaust in the tests by SwRI 
has been evaluated. The presentation was made by Wright of ConocoPhillips; one of the 
participating companies in the study carried out at SwRI. We are somewhat hesitant to 
draw too many conclusions from these results, as there is yet no report available from this 
work. Therefore, the comments below are mostly our own and might have to be changed 
once a complete report is available.  

In Figure 23, the results for the cancer risk potency are shown. In this evaluation, only the 
impact of the chemical species has been assessed. In this respect, the approach is similar to 
that in the previous case (Figure 22). In comparison to the URFs used in Figure 22, some 
additional components have been used by ConocoPhillips. PAH components have been 

                                                 
17 A lower URF for 1,3-butadiene has been indicated by recent data from US EPA. 
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evaluated as separate components (but reported as BAP18 equivalents). Note that the col-
ours for the bars from the original graph have been retained. Therefore, they are different 
than in the previous graphs.  

Relative cancer potency weighted emissions
Chemical species approach
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Figure 23. Relative cancer potency in the results from the study carried out at SwRI, 
chemical species approach (adapted from Wright [59])  

In Figure 23, CNG has far higher cancer risk than any of the diesel options investigated. 
The cancer risk potency in the CNG case is totally dominated by formaldehyde but there is 
also a significant contribution from 1,3-butadiene. As discussed above, an oxidation cata-
lyst would have a significant impact on this emission component. Regarding the result for 
the low emitting diesel option, 1,3-butadiene dominates. In the study carried out at SwRI, 
only one of the three consecutive measurements showed a detectable level of 1,3-
butadiene. In the conventional diesel case, no 1,3-butadiene could be detected. In view of 
these circumstances, the risk that the single measurement on the low emitting diesel with a 
level higher than the detection level is an outlier is obvious. If that would be the case, the 
cancer risk would be far lower for this option than the conventional diesel.  

In many ways, the general results in Figure 23 corroborate the Swedish results in Figure 
22, although it should be noted that there are small differences in the URFs used (e.g. BAP 
eq. and additional compounds).  

The presentation at the CEC conference also included an assessment of the cancer risk po-
tency for the other recent US emission tests. These results are shown in Figure 24. The 
adaptation made by the authors of this report in comparison to original data from Conoco-
Phillips has been to set an index to 100 for the CNG school bus tested by SwRI. The only 
difference for the URFs in comparison to the URFs used for the Swedish results (Figure 

                                                 
18 BAP: benzo(a)pyrene.  
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22) is that no factor for PAC/PAH has been used by ConocoPhillips. In comparison to 
Figure 23, DHEP, BAP eq and TCDD19 eq have been neglected. However, the impact 
from these compounds was negligible in the previous case.  

The results in Figure 24 show a very low level for the diesel buses with particulate filter, 
except for the school bus tested by SwRI, where the contribution from 1,3-butadiene is 
noticeable. However, the negligible level of 1,3-butadiene for all other tests on diesel 
buses further stress the hypothesis mentioned above that the one and only measurement 
with a high 1,3-butadiene level was an outlier.  

The results for CNG buses without aftertreatment implies that this option should not be 
considered environmentally benign (as, by e.g. SCAQMD). An oxidation catalyst on CNG 
reduces the cancer potency considerably. However, the level is still significantly higher 
that for the diesel buses with particulate filter.  

Recalling that the results in the graphs above does not take particulate matter into account, 
further stresses the importance of investigating the impact of this emission component. 
Having noted that the proposed URFs for diesel particulate matter are in question, this fur-
ther stresses the significance of the issue. It is also important to investigate the impact of 
particulate matter from other fuels but diesel fuel.  

6.6.3 Biological activity  
In the relatively low number of tests performed in Sweden on the cleanest configurations 
(i.e. gaseous fuels and diesel with aftertreatment) very low levels of biological activity − as 
determined by the Ames and TCDD tests − were measured. Therefore, it has been difficult 
to distinguish between the various fuel options. A general conclusion is that the biological 
activity can be greatly reduced compared to an old diesel baseline. 

Preliminary results on the California ARB website show a similar or lower level of bio-
logical activity for diesel with particulate filter in the comparison with CNG with an oxida-
tion catalyst [50]. CNG without an oxidation catalyst had the highest level. Also in this 
area more results are necessary before any firm conclusions can be drawn. 

6.6.4 Daily mortality and morbidity  
It has been shown by many researchers that there is a correlation between particulate levels 
in the ambient air and daily mortality and morbidity. The emissions of particulate matter 
have been discussed previously but it is of importance to mention this impact. Fine parti-
cles appear to have more impact than coarse particles but more research is needed to quan-
tify the impact of the smallest particles.  

Other compounds besides particulate emissions, such as e.g. ozone and sulphates, could 
also have an impact on the daily mortality and morbidity.  

 

 

                                                 
19 Sum of dioxins and dibenzofurans.  
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6.6.5 Analysis of the cost-effectiveness  
Just at the time this report was almost finalised, an interesting study on cost-effectiveness 
of emission control was published in the journal Environmental Science & Technology 
[60]. The study has been carried out by Harvard Center for Risk Analysis at the Harvard 
University. It is interesting to note that this study corresponds to the third criterion “Com-
parisons based on cost-effectiveness” in the section “Criteria for emission comparisons” 
above (see section 6.1, page 30).  

In the Harvard study, CNG buses have been compared with “clean diesel” buses; i.e. emis-
sion controlled diesel buses with aftertreatment devices (but no EGR). Since the work is 
very comprehensive and uses a newly developed methodology, only some brief comments 
are included below.  

In the Harvard study, the “health damages” in units of quality adjusted life years (QUALY) 
was evaluated. The emission controlled diesel buses reduced the health damages by 40% 
compared to conventional uncontrolled diesel buses. The corresponding reduction for CNG 
buses was 55%; i.e. an advantage over emission controlled diesel buses concerning relative 
health improvement. It can be specifically noted that the impact of cancer was small com-
pared to the estimated mortality from fine particles.  

Although some advantages in health damages could be seen for CNG in comparison to 
“clean diesel”, the cost-effectiveness was considerably worse for CNG. The cost per 
QUALY saved by using CNG would be 6 to 9 times greater than for emission controlled 
diesel. The higher cost for acquiring and maintaining CNG vehicles and installing and 
maintaining fuel infrastructure as well as the higher fuel cost was the cause for this out-
come.  

The analysis, as the authors of the paper also have pointed out, is based on assumptions 
about many uncertain factors. However, the study is of great interest, as it seems to be the 
first of its kind. The study was funded by the International Truck and Engine Corporation. 
An advisory panel of 18 academic, industry and government experts have been allocated to 
the project.  
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7 ACCESS OF TEST VEHICLES  
The bus companies are commissioned by the assignors to fulfil their engagements. Among 
these engagements is customer service, such as to keep a time schedule. If this engagement 
is not fulfilled, the company can face a claim indemnification.  

It is not possible for bus companies to have a number of extra buses in possession, which 
means that the companies only have a few extra buses that can be used in case of repara-
tions etc. Due to the severe economic constraints faced by this branch, most bus companies 
are in a similar situation. Therefore, the possibility to borrow buses for emission testing is 
very limited. During the wintertime, the schedule is very intense, and the bus companies 
have a need for all the extra buses they have. During the summertime, the schedule is not 
as intense as during the winter, and the chance to get access to buses is much better.  

We have, as a part of this project, contacted a number of bus companies to investigate the 
access of vehicles of interest. The contacts were made during the autumn of 2002. Many 
bus companies were expecting new buses before the end of the year (2002), especially 
buses fuelled by CNG. Due to this circumstance, it was difficult for the companies to esti-
mate their exact access of vehicles during this year.  

One limitation is that many of the gas buses are articulated buses. This causes a problem, 
since it is not possible to test such a long vehicle in the chassis dynamometer test cell of 
AVL MTC. 
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8 DISCUSSION AND CONCLUSIONS  
There are several lessons learned from the literature survey carried out in this study. Some 
of these lessons are discussed below.  

8.1 Comparisons of engine/fuel concepts  
Summarising the various approaches taken by the studies cited it seems very difficult to 
find a non-biased way of comparing engine/fuel options. Comparing all options on a tech-
nology neutral level would be a desirable methodology but it is sometimes difficult to ap-
ply. Therefore, it might be advisable to test each fuel in several engine and aftertreatment 
configurations to provide a better overview. Sampling and analysis of emission compo-
nents before (engine-out) and after the aftertreatment devices is one method of accomplish-
ing this task.  

The great impact of aftertreatment devices on the emissions clearly elucidates the impor-
tance of considering these devices. The fact that most CNG-fuelled buses in Sweden use an 
oxidation catalyst, whereas the buses in the USA until now have seldom been equipped 
with catalysts is striking. A similar situation can be noted for particulate filters for diesel 
buses, where such devices have been introduced on the US market relatively late. How-
ever, recently introduced EGR systems are also important. For example, by the fall of Oc-
tober 2002, the EPA 2004 emission limits were enforced, reducing the NOX level by 40%. 
Most of the diesel engine manufacturers have used EGR to meet the NOX limit. Repeating 
the US tests on latest model engines might change the picture on NOX emissions.  

8.2 Impact of driving cycles  
It is clear that the driving cycle is of great importance. However, relatively little data is still 
available to support a decision to choose the “best” test cycle candidate. Furthermore, sev-
eral test cycles are used around the world. It is also of importance to be able to compare 
new test data with old results. Consequently, several test cycles have to be used in the fore-
seeable future.  

8.3 Fuel quality  
Previously it has been observed that the fuel quality has a significant impact on the unregu-
lated emissions. Cleaner diesel fuels are available on the market today and in Sweden the 
very clean EC1 diesel fuel is the only on-road fuel used. However, it can also be noted that 
Fischer-Tropsch diesel fuel (FTD) would probably be even cleaner, as has been shown re-
cently by e.g. the previously cited study by BP, or researchers at the Technical University 
of Luleå in Sweden [61]. Likewise, it could be hypothesised that pure methane, as e.g. bio-
gas20, could be cleaner than CNG.  

It is advisable to carry out some tests with FTD and biogas in addition to diesel fuel and 
CNG to assess the impact of “ultimate” fuel specifications for each of the two fuel candi-

                                                 
20 Biogas comprises mostly of methane.  
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dates discussed in this report. However, it should also be noted that the already low level of 
some emission components would make such studies very difficult.  

8.4 Sampling and analysis  
Very low concentrations have been seen for many emission components for several of the 
“clean” engine/fuel options. The dilution of exhaust is in itself a problem since that lowers 
the concentrations. Furthermore, the background level in the dilution tunnel can sometimes 
be high. Sampling of tunnel blanks is essential. Methods to measure some emission com-
ponents in raw exhaust might be one way to go for several emission components.  

8.4.1 Speciation of volatile organic compounds  
Better instruments and measurement methodology is necessary for several emission com-
ponents. This is of particular importance for example for 1,3-butadiene. Analysis of bag 
samples by GC-FID tends to give a great scatter and most likely, a lower level than other 
methods. At AVL MTC, an on-line FTIR instrument has been preferred over analysis of 
bag samples. It seems, as the levels of 1,3-butadiene measured at AVL MTC have been 
higher than that measured by other laboratories. Presumably, a higher level is more correct 
but the basis for such conclusions is insufficient. Possibly, an on-line mass spectrometer 
will give an improvement of accuracy and repeatability over the FTIR instrument.  

8.4.2 Particulate emissions  
Measurement of particulate emissions is a difficult task for low-emitting engine/fuel op-
tions. This conclusion is valid both for gravimetric measurements and for particle size and 
number measurements. The use of a high-efficiency particulate air filter (HEPA) reduces 
the background particulate level but it might not be enough. Cleaning of the CVS tunnel 
and sampling apparatus prior to testing of low-emission options is always advisable. The 
“cross-contamination” by other vehicles must be avoided. These conclusions are also valid 
for several volatile organic components. A recent study by Kasper at Matter Engineering 
showed the great importance of dilution air for a diesel car with particulate filter [62]. 
Since the exhaust from the car was significantly cleaner than the background air (a factor 
of 43) and the filtered air (a factor of 18) to the dilution tunnel, measurements on exhaust 
from the CVS tunnel will give erroneous results. It is likely that several of the tests cited 
here have been subjected to the same problem.  

8.4.3 PAH/PAC emissions  
In the past, PAH/PAC emissions have been considered very important, since the cancer 
potency of several emission components in these groups has been considered or suspected 
to be high. Maybe the recent results from the USA tend to reduce the importance some-
what but still these emission components cannot be neglected.  

In order to reduce the cost of analysing PAH emissions, the extracts from the particulate 
and semivolatile and volatile phases can be “pooled” together in one sample. The weight-
ing is made according to the sampled mass on each phase. The health hazard from the PAH 
in the particulate, semivolatile and volatile phases may not be equivalent. This could be a 
motive for separating each of the phases. However, the sampling conditions and dilution 
used today may not accurately reflect the conditions for real-life use, thereby shifting the 
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distribution significantly. Therefore, such information as the distribution of PAH on each 
of the phases in the tailpipe, may not be relevant at all. Consequently, it could be argued 
that pooling of the samples would be the most reasonable way to analyse and assess the 
results anyway. It has been estimated that the cost saving by pooling tests would be in the 
order of 30% (the number of test is reduced by 50%). The mentioned methodology could 
also be used for the biological tests.  

The contribution to exhaust PAH from engine oil and fuel, as well as the PAH transport in 
the engine has previously been investigated by Schramm et al. [54, 55]. The researchers 
found a strong contribution from PAH in the fuel to the PAH in the exhaust. Furthermore, 
PAH transport in the engine was found of great importance. This is especially valid for 
low-emission engines and clean fuels. The risk for contamination effects is obvious. In 
previous tests at AVL MTC, care has been taken to test the “cleanest” option first. How-
ever, the contribution from previously “stored” PAH in engine oil is also of importance if 
“dirtier” fuels have been used in the engine. For example, this might have been the case 
where FTD has been tested in engines that have been previously run on conventional diesel 
fuel. Recall that e.g. the reformulated ultra-low sulphur diesel fuel in the USA does not 
have particularly low PAH levels in comparison to the Swedish standards (e.g. EC1). Con-
tamination of the dilution tunnel might be another issue.  

8.5 Conclusions  
This study contains no new experimental data. From a literature search, some studies have 
been selected for special investigation but the objective has not been to provide a compre-
hensive literature survey. Evaluations and assessments of some of the most interesting pro-
jects have been carried out to elucidate some issues that should be considered in future 
studies. The following short conclusions can be drawn from the material collected and dis-
cussed in this study:  

• Further reductions of exhaust emissions from city buses are necessary. Alternative fu-
els, such as natural gas and biogas, can play an important role to fulfil this objective. 
However, currently available experimental data are not sufficient to assess the impact 
on environment and health from these fuel options.  

• A literature survey and a collection of existing experience at AVL MTC have been car-
ried out with the objective to suggest a future project in this area.  

• Several test cycle candidates have been evaluated. The Braunschweig cycle, the Euro-
pean transient cycle (FIGE or ETC for chassis dynamometer testing), and the US CBD 
cycles have been found to be the main transient test cycle candidates. A steady-state 
test cycle, preferably the European steady-state test cycle (ESC), is also of interest. In 
addition to the time-based driving cycles, a distance-based route can be derived and 
used. 

• There are various combustion systems available for utilising methane in heavy-duty 
engines. Lean-burn engines seem to be the preferred option today. The use of three-
way catalyst (TWC) would most likely provide the lowest emissions but these engines 
have higher fuel consumption and are plagued by several other drawbacks, such as, e.g. 
thermal stress. Direct injection or dual fuel engines utilise the diesel cycle. These en-
gines have the lowest fuel consumption but have some drawbacks regarding NOX and 
particulate emissions.  
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• Methane-fuelled engines tend to have higher emissions of total hydrocarbons (THC) 
than diesel engines. This observation is also often valid for non-methane hydrocarbons 
(NMHC). However, an oxidation catalyst has a great impact on the NMHC emissions 
from CNG engines. Although methane is environmentally benign, it is a potent green-
house gas emission and need to be controlled.  

• NOX emissions are mostly lower for methane-fuelled engines than for diesel engines. 
Only in one of the four cases investigated, the opposite was found. The use of exhaust 
gas recirculation (EGR), now in large-scale production in the USA, will reduce the 
NOX level for the diesel buses. There is also a scope for reducing the NOX emissions 
from CNG buses, e.g. by using the three-way catalyst concept. Particulate filters that 
rely on the use of NO2 for filter regeneration have higher levels of NO2 than conven-
tional diesel buses and methane-fuelled buses. This is an undesirable feature of some 
contemporary particulate filters.  

• CNG buses without aftertreatment have high emissions of formaldehyde, a possible 
human carcinogen. This level can be reduced with an oxidation catalyst but not to the 
low level of a diesel bus equipped with a catalytic particulate filter.  

• The emissions of 1,3-butadiene, a probable human carcinogen, were generally low or 
below the detection limit for the diesel buses. The level of 1,3-butadiene was often 
higher for CNG buses but the level can be reduced by using an oxidation catalyst.  

• Somewhat surprisingly for the layman, the emissions of PAH/PAC, of which some are 
considered human carcinogens, tend to be higher for CNG buses than for diesel buses. 
The origin of the PAH/PAC for methane-fuelled engines is not known.  

• Particulate filters have been found to significantly decrease particulate mass and num-
ber emissions from diesel buses. CNG usually has particulate emissions on an almost 
similarly low level as diesel buses with particulate filters. In some cases, high emis-
sions of nanoparticles have been found for CNG buses, but these results are still some-
what inconclusive. A particulate filter can reduce the emissions of metal compounds in 
the particulates significantly. If a similar reduction for methane-fuelled engines were 
desired, these engines would have to use particulate filters as well.  

• The ozone formation potential is low for methane-fuelled engines on the condition that 
the NMHC emissions can be reduced to a low level with an oxidation catalyst. The best 
diesel-fuelled options also tend to have a low ozone formation potential.  

• The cancer potency is very dependant on the unit risk factors (URFs) used in the 
evaluation. This is an area where the variation is great. The impact of particulate matter 
is still not fully understood. As described before, the particulate emissions can be re-
duced to a very low level for diesel buses by the use of a particulate filter. The contri-
bution to the cancer risk from chemical species tends to be lower for the diesel-fuelled 
buses than for CNG. The level on CNG can be reduced by using an oxidation catalyst. 
However, it seems that the level of the best diesel buses with particulate filters is even 
lower.  

• More results from tests on biological activity in the exhaust have to be generated before 
any firm conclusions in this area can be drawn.  

• A study on the cost-effectiveness has shown that although the impact on “health dam-
ages” from CNG was found to be greater (in comparison to uncontrolled diesel buses) 
than from low-emission diesel buses, the cost per unit “saved” was 6 to 9 times higher.  
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• A tentative test programme has been suggested for future testing of CNG-fuelled buses 
and their diesel-fuelled counterparts. The access of test vehicles seems to be a problem 
of concern, since the bus operators generally have few available spare buses.  
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9 PROPOSAL FOR A TEST PROGRAMME  
As mentioned earlier, California ARB is at present running a CNG bus test programme. 
Certain results have been published and the interpretations vary with the interest groups. 
The CNG proponents emphasises data giving support for their opinion while the diesel 
proponents underlines the data supporting the diesel concept. Awaiting the final results and 
analyses, we can summarise the present findings by stating that both alternatives have the 
potential to reach very low exhaust emission levels of regulated and unregulated pollutants.  

Swedish experiences from laboratory testing are still very limited. Some indications sug-
gest that methane oxidising catalytic converters have a limited lifetime and that air/fuel 
mixing systems of CNG engines have a restricted stability leading to a sharp increase of 
THC emissions (mainly methane) or NOx emissions.  

Bearing in mind the Swedish effort to extend the use of biogas in the public transport sys-
tem, financed by for example the LIP programme, it is essential to secure that this effort 
leads to real improvement of people’s and animals’ health and the environment. That can 
only be achieved by a well-balanced follow-up program.  

A proposal for a follow-up program is presented below. It is important to take into account 
corresponding programs in other countries to avoid double work and especially open up for 
comparisons between test results. Thus, this proposal takes the California investigations 
into account. 

9.1 Testing programme  

Vehicles:  One Euro III or Euro IV diesel bus with particulate filter 
  Three Euro IV CNG buses (not articulated buses) 
 
   
Driving cycles: Steady state: Simulated ESC or full load points 
  Transient: Braunschweig 
  CBD (Central Business District Cycle) 
   FIGE (1st part) 
 
Fuels:  Diesel EC1 and Eurodiesel 
  CNG and biogas  
 
Analyses:  Regulated components, NO2/NO, NMHC, aldehydes, al-

kenes (ethene, propene, 1-3 butadiene), akrylamide, benzene, parti-
cles (number, size distribution), Ames (TA98±S9, TA100±S9, 
TA98NR) particulate phase and gas phase separated, PAH particu-
late phase and gas phase mixed together, Fuel analysis.  

 
Remarks:  1) The choice of CBD cycle makes it possible to make comparisons 

with the corresponding studies of buses in California. 
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2) The option to mix (“pool”) the particulate and gas phases for the 
Ames tests could reduce the analysis cost for PAH analysis and 
Ames tests by approximately 30%. 

 

Table 8. Overview of the proposed emission test programme  

Vehicle Fuel Driving Cycle Remarks 
one Simulated ESC or 

full load points 
three Braunschweig 
three CBD (Central 

Business District 
Cycle) 

Diesel bus EC1 

three FIGE (1st part) 

Sampling for Ames och PAH on all 
transient tests. Analyses are per-
formed on one of the transient driving 
(2*3 Ames och 1*3 PAH). 
 
Background test on gaseous compo-
nents if required.

one Simulated ESC or 
full load points 

three Braunschweig 
three CBD (Central 

Business District 
Cycle) 

Diesel bus Eurodiesel 

three FIGE (1st part) 

Particulate filter dismounted.  
 
Sampling for Ames och PAH on all 
transient tests. Analyses are per-
formed on one of the transient driving 
(2*3 Ames och 1*3 PAH). 
 
Background test on gaseous compo-
nents if required.

one Simulated ESC or 
full load points 

three Braunschweig 
three CBD (Central 

Business District 
Cycle) 

CNG bus 1-3 CNG 

three FIGE (1st part) 

Sampling for Ames och PAH on all 
transient tests. Analyses are per-
formed on one of the transient driving 
(2*3 Ames och 1*3 PAH). 
 
Background test on gaseous compo-
nents if required. 

one Simulated ESC or 
full load points 

three Braunschweig 
three CBD (Central 

Business District 
Cycle) 

CNG bus 1-3 Biogas 

three FIGE (1st part) 

Sampling for Ames och PAH on all 
transient tests. Analyses are per-
formed on one of the transient driving 
(2*3 Ames och 1*3 PAH). 
 
Background test on gaseous compo-
nents if required. 

Duration: About four working days per bus and fuel 
 
The programme may be somewhat changed due to results and experiences from other on-
going programmes. In addition to the California CNG bus programme, the programmes run 
by BP and SwRI could be mentioned.  
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