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Abstract: Despite of a significant contribution of transpsettor in the global economy and society, it is ohe
the largest sources of global energy consumpticggrghouse gas emissions and environmental palkitié
complete look onto the whole life cycle environnariventory of this sector will be helpful to geate a
holistic understanding of contributory factors dagsemissions. Previous studies were mainly based o
segmental views which mostly compare environmeimiglacts of different modes of transport, but vesw f
consider impacts other than the operational phigg®ring the impacts of non-operational phases,, e.g
manufacture, construction, maintenance, may nairately reflect total contributions on emissionsorkbver

an integrated study for all motorized modes of rmadsport is also needed to achieve a holistimaesibn. The
objective of this study is to develop a componeasddl life cycle inventory model which considers aetp of
both operational and non-operational phases oivti@e life as well as different transport modespéuticular,

the whole life cycle of road transport has beemsmaged into vehicle, infrastructure, fuel and ofieral
components and inventories have been conductedach eomponent. The inventory model has been
demonstrated using the road transport of SingapResults show that total life cycle green houseagaissions
from the road transport sector of Singapore isriilion tons per year, among which operational ghasd
non-operational phases contribute about 55% anditah6%, respectively. Total amount of criteria air
pollutants are 46, 8.5, 33.6, 13.6 and 2.6 thousansl per year for carbon monoxide, sulfur dioxidigrogen
oxides, volatile organic compounds and particutagdter, respectively. From the findings, it candaeluced
that stringent government policies on emission mdnmeasures have a significant impact on reducing
environmental pollutions. In combating global wammiand environmental pollutions the promotion oblpu
transport over private modes is an effective snatade policy.
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1 Introduction

Global civil development is directly dependent dw tperformance of transport sector. Although
mobility is the key parameter of economic, socahall as human development, its adverse impact
on our ecological environment is also enormous.dRmsport is one of the largest sources of energy
consumption, green house gas emissions and enwrttaimpollutions (Mayeres, 1996). To clearly
understand and address the environmental impaats fhis sector, it is important to quantify the
impacts from the entire life cycle considering batperational and non-operational phases. An
integrated approach is more appropriate in ideingfisignificant contributors of emissions and thus
will be helpful in designing guidelines and polgi®d combat negative environmental impacts from
the road transport.

In the environmental inventory of transport sectogst of the studies focused on the operational
phase of either passenger transport (e.g., Sn@flh,IMacLean, 1998), public transport (e.g., Small,
1995) or freight transport (e.g., Stodolsky, 198)me studies have also been focused on individual
components of non-operational phases. For exar@pleen et al. (2003) have conducted inventory on
fuels used in transport and Lave (1977) has studiadsport infrastructures. However, non-

operational phases like manufacture, constructeord maintenance were not well addressed in
estimating environmental impacts. Moreover, cormsitiens on different modes of transport and
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different life-cycle phases in a same life cyclealgsis were also not given a fuller attention.
Therefore an integrated study considering differdses of life cycle as well as different modes of
transport is needed to achieve a holistic undedstgron the contributing factors of emissions.

The fast-emerging global environmental concerngl lde&e global leaders to employ alternative
technologies and options in reducing environmeintphcts from the road transport sector. Successful
evaluations of the alternatives require a holighak on the inventory of the whole life-cycle of
transport system. The objective of this study isléwelop a component based life cycle inventory
model for estimating emissions from the road transgector. To achieve this, the whole life cyde o
road transport has been segmented into vehiclesiméicture, fuel and operational components and
inventories have been conducted on each of thaspaments for different modes of transport. The
model has been demonstrated for the road transpotor of Singapore. Note that Singapore is a
densely populated (4.8 million) and city statengl@ountry with an area of about 707 sq. kilometers
and about 3,325 km of road.

2 Methodology
2.1 Approaches in Life Cycle Assessment

The whole life cycle of the road transport sectas been segmented into four phases: vehicle,
infrastructure, fuel, and operation. The vehiclelfand infrastructure phases are complex withyman
processes as well as many resource inputs ancbeméntal outputs. Lifeycle assessment (LCA) is
the most comprehensive tool for dealing with theseplexities and for quantifying environmental
effects of these phases. The basic framework (18@@, 1997) of the life cycle assessment and its
applications is shown in figure 1.

/[ Life cycle assessment framework]\ f[ Direct applications ]\
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Figure 1 Framework and application of life cyclesassment

N

There are three approaches of LCA analysis: 1)ga®ic2) input-output, and 3) hybrid. The 'process'
LCA approach identifies and quantifies resourcaiiamand environmental outputs at each-dijele
stage based on unit process modeling and massckalzlculations (Curran, 1996). Although
‘process' LCA enables specific analyses more vidualusually time and cost intensive due to lyeav
data requirements, especially when primary, seagndartiary or higher level tiers of inputs are
attempted to be included in the model. To overctimse limitations, an alternative LCA model has
been emanated which is economic input-output ba&d (Leontief, 1936). The 'input-output' based
LCA incorporates environmental impact data to ecaodlow databases. These databases are usually
maintained by the statistical bodies of any natipeconomy. This weléstablished econometric LCA
model quantifies interdependencies among the diffiesectors by effectively mapping the economic
interactions along the supply chain of any prodarcservice in that particular economy. Emissions
and associated impacts are then assigned to diffeeetors. In this study, the EIO-LCA software
(EIO-LCA, 2008) has been used to calculate the envirotehénventory of different products and
processes. A hybrid LCA model combines the advastagf both process LCA and economic
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inputoutput LCA. In this study, the inventory from velei@and fuel component is conducted using
'input-output’ LCA approach whereas inventoriesrfroperation and infrastructure (except lighting)
components have been computed following 'process"laybrid' LCA approach, respectively. The
inventory of the lighting sub-component in the a&sfiructure component is obtained by using 'process'
approach. The estimation approaches will be briafigressed in subsequent sections.

2.2 Proposed Model for Life Cycle Analysis of Ro@rhnsport

In order to assess the total environmental impach froad transport, the total transport life cylues
been divided into four phases: vehicle (which cbmsts vehicle manufacture, tire production, vedicl
maintenance and insurance), infrastructure (whithudes construction and maintenance of road
infrastructures, parking facilities, associatedeotimfrastructure facilities and lighting operatipfuel
(which includes fuel production) and operation (@thincludes the environmental inventory during
the operational phase of vehicular travels). Dueutzertainties in the after-use dumping and
recycling of vehicles, the end-use phase is nosidened in this study. In addition, only operation
phase of lighting has been considered due to ifigignt contribution from non-operational phases of
lighting facilities. The emission types considenedhe inventory include both green house gases and
criteria air pollutants. According to Land Trangpdwuthority (LTA), vehicles are classified as
motorcycles and scooters (MC), car and taxis, lggads vehicles (LGV)< 3.5 ton), heavy goods
vehicles (HGV) (> 3.5 ton) and buses (LTA, 2008heTscope of the analysis in terms of object
boundaries of LCA in road transport has been ptegein figure 2. The phases for the inventory are
presented in the dashed border.
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Figure 2 Component based LCA framework of roadspemt
2.3 Mathematical Equations for Estimating Emissions

To illustrate computation methodology of the totaarly inventory, lets,be the emission factor per
VKT (vehicle kilometers travelled) of travel (sumtioa of inventory from all life cycle components,
obtained using methodologies described in sectidhfar emission type from vehicle typev. The
total yearly amount of emission of emission typfom all vehicle types can be obtained from the
following relationship:

X=FT Q)
whereX is the(Ex1) emission impact matrix, artelis the number of emission types given by
X = \‘XI’EJ (2)

The elementsy, of X matrix represent the total yearly amount of eroisdiypee generated from

road transport- is the(ExV) emission factor matrix; whefeandV are the number of emission types
and number of vehicle types, respectively. The el@mofF matrix f, denote the per VKT emission
factor in g/km of the emission tygefrom vehicle typer. T is the(Vx1) VKT matrix, whose elements
£, denote the total annual VKT for vehicle typd- andT are given by
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F= [ o ] andT = { LJ (Bp-
The matrixT is obtained from the following relationship:
T=PK 4

whereP is a diagonal matrix with diagongbs representing the population of vehicle typandK is
the (Vx1) average annual kilometers matrix with elemektsepresenting the average annual
kilometers travelled by vehicle categary

2.4 Estimating Emission Factors for Life Cycle Compents

The whole environmental inventory has been perfdrifioe data and economic year 2008. Emission
factors have been obtained from the inventory ahdie cycle component for all modes of road

transport. Finally, these emission factors haventseenmed up to obtain the life cycle emission facto
(fey). The subsequent sections discuss estimation iss&m factors from vehicle, infrastructure, fuel,

and operational components respectively.

2.4.1 Vehicle Component

For each category of vehicle the life cycle inventoas been performed by dividing it into four sub-
components: manufacture, tire production, mainteeand insurance. Environmental inventory has
been conducted for whole vehicle life. Afterwardséd on life period of the vehicle the inventories
have been normalized to per vehicle year. In otdeeflect the vehicle usage policy of Singapore
(VQS-CoE), the lifetime of each of motor cycle, ,ceGV and HGV have been assumed to be 10
years and 12 years lifetime has been assumed fir leas. The vehicles used in Singapore are
imported from different economies of the world. Téfere computation of the manufacturing
inventory should be based on the economy where¢heele was manufactured. The global market
share for the motor vehicle production of differenbnomies (OICA, 2009) shows that China shares
the maximum of twenty three percent of global matehicle production followed by Japan, USA,
Germany and other economies. Due to poor avaifglfithe Japanese environmental data, the EIO-
LCA database currently does not include Japaneseoety. Therefore, China, USA and Germany
have been considered in this study for the lifezyavironmental inventory of vehicle manufacture
and weighted based on their respective global \elpioduction share. In the EIO-LCA model, the
accuracy of inventory from a particular economyréases with increase in number of sectors in
input-output table. Therefore, the combined weitfatsed on global production share and number of
sectors in EIO-LCA) of economies is used in compmtinventory from vehicle manufacture. For
each category of vehicle the economic cost of ‘elmmanufacture, tire production, maintenance and
insurance based on economic year 2008 has beettedputo the EIO-LCA and the associated
environmental inventories have been obtained. Adtegaining the total life cycle (manufacture, tire
production, maintenance and insurance) inventoryagparticular vehicle types, the emission
factor, b per VKT (from vehicle component) for emission tygand vehicle type is computed

as.:
Towlifo
Jevwe = (5)

Lifoyxi,
wherex ., ;7 = total amount of emission tygefrom whole life of a vehicle type, Life, = life of
vehicle typev in years.

2.4.2 Infrastructure Component

Road transport infrastructure component has beeidedi into three sub-components: (1) road
construction and maintenance, (2) constructionraathtenance of parking and other facilities and (3)
lighting operation.

2.4.2.1 Road Construction and Maintenance

The roads in Singapore are classified as expressarggrial, collector and local. The length and
width of each type of roads are obtained from Ldina@nsport Authority (LTA, 2008). The life of
pavement has been assumed as 45 years with maiogeimerval after initial construction (years) as
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15-10-10 (AASHTO, 1993; Huang, 2004). The flexilpavement has two layers: sub base layers
(compacted soil and aggregate) and wearing cowrger I(asphalt). In the inventory analysis,
maintenance represents the replacement of weaomge. The thickness of layers is obtained from
AASHTO specifications for roadway design. The ldgcle assessment tool for flexible pavement
PaLATE (PaLATE, 2004) has been used in this aralysiwhich total inventory is a function of
length, width and thickness of wearing course anutzase layers and materials. Inventory per year
from road construction and maintenance is obtainawh life cycle inventory for construction and
maintenance of roads by dividing with their liferipd.

2.4.2.2 Construction and Maintenance of Parking af@ther Facilities

An indirect approach has been undertaken to edtineg area of parking and other infrastructural
facilities (other than roads) for the road transpdrhis approach divides parking and other
infrastructural facilities (other than roads) int@o sub-categories: (1) Sub-categoryChnstruction

of parking buildings, passenger facilities at bugerchanges, pedestrian overhead bridges and
underpasses, and refueling stations; and (2) Sidgagy 2: Construction of surface lots for parking,
bus and truck terminals, bus interchanges, bustdepas stops, taxi stands and pedestrian covered
link ways. Infrastructures of sub-category 1 areuazed as similar to typical concrete structure
buildings and life cycle environmental inventoryshaeen performed on account of total floor area of
these concrete buildings. Infrastructures of subgmy 2 are assumed to be similar to road
pavements and life cycle environmental inventorypésformed on account of total area of these
facilities. At first, net vehicle footprints of eacovehicle typev have been computed from its net
dimensions. An increase of 80% has been made owvehétle footprint (based on AASHTO, 2004):
30% increase to get the parking footprint from tie¢ vehicle footprint and another 50% increase to
facilitate vehicle maneuvering for parking. Assugithat, every motorcycle and private car will
consume double parking daily (a night-time origarking and a day-time trip destination parking),
their parking area have been doubled. A further 3@&ease for each category of vehicles has been
assumed since the available parking area or apar&ing capacity is 30% more than the current
usage. Assumed parking location by vehicle typMistorcycles (surface lots), cars and taxis (50% at
multi-storied car parks and 50% at surface lotspds vehicles (surface lots and truck terminals),
buses (bus terminals, bus interchanges and bustsjefmtal area of bus stops, taxi stands and
pedestrian covered link ways and total area ofgrags facilities at the bus interchanges, pedestria
overhead bridges and underpasses is obtained frog (LTA, 2008). Thus, total pavement
equivalent area and total multi-storied car-parkding floor equivalent area is estimated. Life of
multi-storied car-park buildings has been assunoeliet 50 years (Guggemos, 2005) and assumed
reconstruction interval of surface lots or paveneupiivalent areas is 15 years (Huang, 2004). LCA
of the multi-storied car-park building equivalenéas are computed as the concrete structure based o
floor area estimates (Guggemaos, 2005) using 'hyapproach and LCA of pavement equivalent areas
of surface lots are calculated by PaLATE usingcpss' approach. Finally, the life cycle inventofy o
these parking areas is normalized to per year toveiby dividing by their respective life.

2.4.2.3 Lighting Operation (Street, Traffic, Parkgnand Others)

Road transport lighting has been classified intedltlasses: (1) street lighting, (2) traffic sigrend
pedestrian crossing lighting and (3) lighting faarking and other facilities. The street lighting
pattern, spacing and bulb type, total number dfitraand pedestrian crossing lights and parking
lighting data is obtained from LTA (LTA, 2008). 8&t and parking lights are assumed to operate 12
hours daily whereas traffic and pedestrian croskgigs operate for 24 hours. Based on bulb wattage
used in each lighting type, total yearly electyicdonsumption has been computed for each lighting
type and then summed up. The yearly inventory flighting is computed by multiplying total yearly
electricity consumed (KWh) by lighting by the ambuofiinventory per KWh of electricity production
(Deru, 2007).

2.4.2.4 Summary on Infrastructure Component

Total yearly inventory from infrastructure compohes obtained by summing up the yearly
inventories from all of its sub-components (roadrking and other facilities, lighting). In order to
estimate the infrastructure inventory by vehicleegary, (1) the inventory from road construction an
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maintenance have been distributed to vehicle caegby their respective damage shares, which is
the cumulative effect of damage factors (Huang420tal numbers of vehicles and average annual
VKT by vehicle type; and (2) the inventory from dodighting, parking and other infrastructure
facilities have been distributed to vehicle catezgpby their respective cumulative effect of vehicl
footprint area, total numbers of vehicles and ayerannual VKT. Finally, emission fact(f,,.;. per

VKT (from infrastructure component) for emissiop&e and vehicle type is computed as:

Tep ¥ic
fﬂz‘_.!ﬂ 'F:'rx;"‘l,‘ ( )
where x .,y;c = total amount of emission type per year from infrastructure component for all

vehicles of vehicle type.
2.4.3 Fuel Component

The life cycle inventory from fuel component hasebecomputed using input-output LCA. In
Singapore, petrol is used as the primary fuel fotarcycles and cars and diesel is the primary fuel
for LGV, HGV and buses. The production cost (EIA]1Q) of each fuel type is taken as input into the
EIO-LCA model and corresponding environmental irteey has been obtained. Yearly inventory
from fuel component by vehicle typeausing fuel typd is calculated as:

Xy fo = FEyup X Py X Cpp X Xgp (7)

where x,.;--. = total amount of emission typeper year from fuel component for all vehicles of
vehicle typev using fuel typd; FE,; = fuel efficiency of vehicle typg using fuel type (liter/km);
Puy = population of vehicle type using fuel typef; k. = average annual kilometers travelled by
each of vehicle type& using fuel typd; . = amount of emission typeper liter of production of

fuel typef andf = fuel type (petrol and diesel). Emission facter KT (from fuel component) for
emission types and vehicle type is calculated as:

Feri.fr _ ’
fﬂ;',f: = ':J~?Xk{f_f - FE;'J' X Lap (8)

2.4.4 Operation Component
The regulations on vehicle emission control in 8pye are tabulated in table 1.

Table 1 Vehicle emission control regulations ingaipore

Emission control regulations Effective from
Mandatory periodic inspection na

Unleaded petrol and diesel 1 July, 1998
Sulfur contenk 0.05% or 500 ppm 1 March, 1999

Smoke emission test: Chassis dynamometer smoke
test (CDST) instead of free acceleration smoke tg%tgeptember, 2000
Euro I (1996) emission standard for all new vedscll January, 2001
ULSD: Sulfur content 0.005% or 50 ppm 1 December, 2005
Eurp IV (2005) emission standard for all n%WSeptember, 2006
vehicles
Based on the emission standard followed in Singgpitre vehicle operational emission inventory
model COPERT 4 (EEA, 2009) is considered as the suitable and accurate model for Singapore
context and therefore has been used in this stutgivmestimates vehicle operational inventory based
on vehicle emission standard, fuel standard, velspeed and weather data. The model inputs are: (1)
weather data: minimum and maximum temperature: @ffd 90°F respectively; specific humidity:
160 grains/Ib (for average temperature of 85°F ama@verage relative humidity of 80%); (2) vehicle
speed: average; (3) vehicle population by vehighe tfuel type used, average annual VKT by vehicle
type; (4) vehicle emission standard: Euro Il; aByl getrol and diesel standard: Euro II; fuel sulfur
content: 50 ppm. Total yearly emission by vehiald amission types is obtained as output. Emission
factor 44,0 per VKT (from operation component) for emissiopéy and vehicle type is calculated

as:
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Jovoe = -;r:;:':l: )
wherex o, v .o = total amount of emission tymeper year from operation component of all vehidés
vehicle typev.

2.4.5 Summary on Emission Factors

Total emission facto;%,. per VKT (from all life cycle phases) for emissigipé e and vehicle type is
calculated as:

for = M Jows (10)

where [, .= emission factor per VKT for emission tymeand vehicle typev from life cycle

component andc = life cycle components (i.e., vehicle, infrastuwre, fuel and operation). Finally,

the total yearly amount of emission for each eroissypee from all vehicle types is obtained from
equation (1).

3 Results and Discussion

Figure 3 presents the emission factor per VKT aket for different vehicle types. Here carbon
dioxide equivalent (C&), which is obtained from weighted global warmirgtbr of carbon dioxide
(CO,), methane (ClJ, ozone (@) and nitrous oxide (D) is representative of all green house gases
and carbon monoxide (CO), sulfur dioxide gnitrogen oxides (N, volatile organic compounds
(VOC) and particulate matter (R are criteria air pollutants. For a particular ioéh typev, the
emission factor of emission tyjgds presented separately for different life cyaenponents, the sum

of which determines the total life cycle emissiantbr per VKT {,). For example, in year 2008, each
kilometer of car travel was associated with 287 @fnCO,. emission, of which 168 gm was from

operational phase and 52, 8 and 59 gm were fronicleehinfrastructure and fuel components,
respectively.
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Figure 3 Pollutant emissions (by mode and LCA plusead transport) per VKT

The vehicle component of the emission factor ieeined by the amount of emission generating
materials and processes involved in manufacturenter@ance etc. As noticed from figure 3,
emissions from heavy vehicles are higher as mom@uate of materials and processes are involved in
their manufacture, tire production, maintenance arsdirance. Green house gas (@mission
factors for vehicle component of MC, car, LGV, H@Wd bus are 23, 52, 51, 379 and 305 gm,
respectively. The emissions of air pollutants @&gbibit variations in a similar fashion.

The emissions associated with infrastructure corapbiare primarily led by damages of different
vehicles on road infrastructures. Hence it is nopssing that heavy vehicles lead higher emission
factors (figure 3). The CQemission factors for this component are 2, 8,11@3 and 103 gm for MC,
car, LGV, HGV and bus, respectively. RPMemissions are higher for this component as more
particulate matter in the form of dusts is assedawith the construction and maintenance of roads
and other infrastructure facilities.

For fuel component, the amount of emission is lgdtwo factors: fuel type and vehicle fuel
efficiency. In this component the emissions areegated in the processes and materials involved in
the production of fuelsThe CQ., emission factors for this component for MC, cag\M, HGV and
bus are 24, 59, 54, 169 and 208 gm, respectively.

The emissions from the operational component isribst significant, as it is directly associatedwit
the road environment. The principal factors affegtthe emission from this component are vehicle
fuel efficiency, fuel type and standard, vehicleission standard, and emission control measures
(e.g., inspection and maintenance, use of catatginverters etc.). The GOemission factors for the
operational phase are 65, 167, 215, 567 and 73¥gMC, car, LGV, HGV and bus, respectively.
The CQ, emission factors are mainly determined by fueétggarbon content of the fuel) and vehicle
fuel efficiency. For example, hybrid cars and thoses fuelled by natural gas produce£@p to
25% less than cars running on petrol. Howeverpgage of alternative fuels in all modes of transpor
in Singapore is still at the initial stage. Recgntinly 0.005% of buses are CNG-driven; about 1% of
cars use alternative fuels (hybrid and bi-fuel CNigQwever about 8% of taxis are now driven by bi-
fuel CNG. Due to less hauling capacity, the usdglease alternative fuels in heavy goods vehides i
almost negligible. Singapore is looking forwarditgplement more energy efficient fuel and vehicle
technologies in near future.

The use of catalytic converters significantly deses the CO, NCand other hydrocarbon emissions.
These emission factors were about 40% - 70% highleen catalytic converters were not in place.
Due to dimensional inconvenience, its usage on ropttes is limited. This may lead in higher
operational emission factors for CO, N@nd VOC in case of motorcycles (figure 3). The
improvement of vehicle emission standards has algaificantly reduced the emissions from
vehicles. For example, adoption of Euro Il from &urstandard has resulted in 70% and 40%
reduction respective in CO and RMmissions and further stringent standard, i.exp B standard
results in 50% and 60% reductions on those gases.

SO, emissions have drastically reduced due to stringelfur content regulations in both petrol and
diesel fuels. For example, currently a bus using®® standard ULSD (ultra low sulfur diesel) emits
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only 0.02 gm S@per km, while it was emitting approximately 10 ¢éisnSQ when the fuel it used
followed 500 ppm sulfur standard (before 2005).

Results imply that incorporation of continuousrgjent emission control policies lead Singapore to
reduce the emissions from the operational composignificantly over past few years. The gradual
implementation of stricter vehicle standards (sdset1) has reduced the operational emission factor

The average car occupancy in Singapore is 1.7 vanilaverage bus accommodates passengers in the
range of 85 to 143 (Menon and Kuang, 2008), whech( to 85 times higher than that for an average
car. An average bus emits only 4, 3, 4 and 5 tilmgher CQ,, CO, SQ and VOC emissions,
respectively, than that of an average car in tteratmnal phase and these multipliers are 5, ib a
6, respectively when the whole life cycle emissiaare considered (figure 3). However when
emission per passenger km is considered, emissiamfuses are approximately 10 times lower than
that of a private car. For a city state countryeli®ingapore, good public transport is the most
promising solution not only to combat the incregsiproblems of traffic congestion, but also
contribute in lowering global green house gasesemdronmental pollution. Management policies
are looking forward to a more sustainable transgggtem mainly by further promoting public
transport usage in Singapore (Haque et al., 2010).
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Figure 4 GHG and air pollutant emissions for ye@03

The total life cycle emissions from the road tramsmf Singapore in year 2008 are presented in
figure 4. For year 2008, the total life cycle E£®missions from the road transport sector of Siogap

is 7.8 million tons, among which operational phasd non-operational phases contribute about 55%
and about 45%, respectively. Total amount of datair pollutants are 46, 8.5, 33.6, 13.6 and 2.6
thousand tons for CO, SONQ,, VOC and PM,, respectively. In almost every emission type (exce
SO, and PMg) the operational component is the dominating doutor in emissions. The drastic
reduction in the operational $@mission (figure 4) has been obtained by stringeitfur content
regulation in fuels. It is notable that, althoudie twhole life cycle inventory for road transport of
Singapore has been conducted in this study, dlifanits and gases are not emitted in Singapore. The
operational inventory is fully emitted from the doanvironment, whereas part of emissions from
other non-operational life-cycles components isdimgctly emitted from this road environment. For
example, for the road construction and maintengheee are both on-site emissions and off-site
emissions, which is associated with the productind processes associated with materials used in
road construction and maintenance.
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4 Conclusions

This study has been aimed to develop an integrifiectycle inventory of road transport which
considers both operational and non-operationalgshas well as takes into account different modes of
transport. The model has been demonstrated forode transport sector of Singapore. It has been
found that total life cycle green house gas emisfiom the road transport sector of Singapore8s 7.
million tons per year. Importantly non-operatiorgiases contribute a significant 45% of those
emissions. While CO, NQOand VOC criteria air pollutants represent morelytmin during
operational phase, the corresponding proportionS@® and PM, are higher during non-operational
phases. Stringent government policies and reguisiton fuel and vehicle technologies and standards
have been found to yield significant lower emissiérom vehicles. The utilization and promotion of
public transport modes is an effective policy imb@ting negative environmental impacts and will be
helpful to achieve a sustainable transport system.
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