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Abstract

The environmental performance of public transport plays a » in 1mpr0V1 air lity in urban areas. An impor-
tant way of improving existing transit services is to use innQvd ropulsrve sytems; however, this needs considerable
financial resources that are not always available. Here we% ow the or nal form of the transit system may
impact the environment relying on a new methodolog rmits compa in terms of distance traveled between
a traditional fixed-route and a demand responsrve rvrce We an emission model to find the least polluting
transit system under a broad range of scenari rent roa %, service quality levels and demand densities.
Results indicate that demand responsive tra vices minimize for high quality service level and low demand
density scenarios. Furthermore, the possibilitySgf employing vans with lower emission factors guarantees addi-
tional substantial benefits in terms of a herlc pollu and responsive transit services, thereby giving them

a competitive advantage in V1rtua11}~V e.
© 2007 Elsevier Ltd. All rights reseffived.
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1. Introducti

The developiment of public traysport services is usually considered one of the key elements of any policy
aimed at a mort efficie @ energy resources and in reducing emissions of pollutants. As a consequence,

the environmental p
good indication

moving emissions from exhaust pipes to other sources of pollution; in many cases alternative

ener uch as electricity or hydrogen, are obtained from fossil fuels. Moreover, a technology-driven
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approach is normally expensive, and many local authorities (small and medium-sized cities, and even larger
metropolis in developing countries) do not have sufficient financial resources to pursue it.

Here we assess the alternative possibility of lowering pollutant emissions through a change of the organi-
zational form of the public transport mode itself, while keeping constant vehicle technology and the level of
service provided to customers. In particular, we examine how a demand responsive transit (DRT) service
would compare with traditional fixed-route (FIX) services in terms of emitting pollutants. We consider differ-
ent urban contexts, different service qualities and demand levels.

DRT systems offer ‘many-to-many’ types of services without predefined paths or schedules that can serve
requests between any origin/destination pair without vehicle changes, while allowing ride sharing. Customer
have to book their ride specifying the origin, the destination, the number of passengers and the prefe
pickup time. The operator then collects the reservations and schedules vehicle pathsjto serve the regugsts!

In the US, beyond the flourishing market niche of airport feeders, these systems a inly use tﬁ c

a mobility service to those that can not use traditional public transport lines, s thejphysic ed
It is however of interest to assess the environmental performance of these sys n using the

traditional fixed-route systems. A competitive environmental advantag J@ys ms is telr vehicles
may be considerably smaller than the regular fixed-route buses and,{therefore, with m er pollutant
emissions per distance traveled. This is because capacity constraigts ar s impor ime constraints
when performing the scheduling and smaller vans would perform _]M well as lar@ n most occasions.

@

2. Previous research in the field

The scarcity of published research on this topic has cher stinfulus for our analysis. Diana (2003)
developed a framework to understand how public SN emissiopslgvels would be affected if the evening
bus service in the city of Turin, Italy, were to be all substitute demand responsive transit service.
However, the results cannot be easily generalj cause they gefer 10 the specific situation of that city; its
service organization and the demand pagtg er the ye re have been other papers that, broadly
speaking, have drawn comparisons b i te services, although their focus is usually
more on the economic aspects (Daganzo$ -, 2004; Chang and Yu, 1996).!

The earlier studies offer useful ing#®@ht but they dg nngfera straightforward methodology to systematically
compare emission levels. An int %y framecerning the evaluation of the environmental perfor-
mances of different forms of ré@d transit syste &Vided by Diana and Pronello (2004), who develop an
experimental plan to deter best systefiNin $¢rms of vehicle runs and emissions in a large set of scenar-
10s. A new and moregri ethodolo%’ ackling the problem of comparing distance traveled of per-
formance-equivale%ute ang vices is described in Diana et al. (2006). We build on those

results and evaluat:t ironms¢ rfdrmance of the competing transit systems, thus determining which

lace of

system minimize§exRaust gasgemis
employed.

3. Methodologtcal stepO

We consider an structures, each with its road network and demand distribution, to cover various
plausible operatioRal contexts and to measure their influences. The details of the simulation framework is
reported i @ a et dl. (2006) and here only the main elements are laid out. Case G assumes an evenly spaced

grid covet Square area; in case R the road network consists in evenly spaced radial roads over a circular
area iMeas€ RR circular lines are added to the R network. All these areas are of 25 km?. Stops are located
at ¢ ssing in the road network for cases G and RR, whereas they are evenly distributed along the radial
roads ase R.

' A paper by Dessouky et al. (2003) is also of relevant interest; it shows how it is possible to consider environmental impact in the
decision-making processes concerning fleet systems.
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Concerning the demand, its temporal distribution is modeled as a Poisson process and it is assumed that all
the demand is known in advance. Hence we only consider demand responsive static services, that allow for an
efficient scheduling process, thus representing a benchmark for the more realistic dynamic systems (Diana,
2006). For case G, the demand is uniformly distributed across the whole service area. For cases R and RR,
the demand distribution is linearly decreasing from a maximum in the centre to 0 on the outer edge.

The transit systems under investigation are a traditional FIX and a DRT with both services serving the
same stops. FIX services are organized in several lines, each line running back and forth along one street
of the networks. Each FIX service is characterized by a headway #; the longer the headway, the worse the
quality of service, but less vehicles would circulate and emissions would be lower, at least until the capa01ty
limit of the buses is reached. DRT services operate in the same area and serve the same demand. The trip @
gin and destination can be any stop on the road network. Parameters MT and MW refresent the maxj

ride and wait times at the pick-up point. They are embedded in a scheduling algorlth jana and, D
2004) and control the quality of the service: tightening them ensures a higher qua seryices to
ers, but decreases the probabilities of sharing a ride, thus increasing both the f Vehlcles
ters driven, and, ultimately, emissions.

To make a meaningful comparisons, the two systems provide an an ogou serv1ce toc to , so that a
potential improvement in air quality would not come at a cost in tegms o Verall ser; lity level the

performance of the system — for which computation is analytically trdgblesome and n the headway &
in the FIX case and on MT and MW for the DRT system. Dian ciral %20006) o very scenario the
virtual ride time, a weighed multi-term sum that includes th n-vehi ¢, the wait time at the
pick-up stop, and possibly at the transfer stop, and the incon e of havm ocC ange vehicle, if necessary,

for the FIX case. Weights are determined on the basis o@ cent stu dman, 2004; Guo and Wil-
son, 2004). The two competing systems are thus cons@ have t performance in terms of overall
quality of the service offered to customers if thel 1de time d}@mons across all the passengers are
comparable.

The goal is to determine the least pollwi 51t Servi uration among a fairly broad range of
cases. Hence, beyond the three road net both the ensity and the service quality are varied.
These factors are set to two different level§giving a tot cenarios.

The demand density is expressed the P01sson A of customers requesting the service. We con-
sider 4 = 2 requests/min for the e and lev 50 requests/min for the high demand level. The
quality of the services is express&g in terms of h ay h for FIX, with lower headways indicating better
service quality. We consider about 30 low quality service level and an / of about 5 min for the
high quality service legel e servse s ec1ded the MT and MW parameters for the DRT system
are adjusted until t tion 1 ride time is comparable to the corresponding FIX case to
ensure comparabili syste

The 12 scenariédehnea d us e followmg notation. The initial letters indicate the considered case
(G, R or RR “q” iggdded for low service quality scenarios and a ““Q”’ is added for high service qual-
ity scenarios. Rinally, the demand\density of each scenario will be indicated with either a “L”’ for low or a “H”
for high. Table®l show ‘\ tor 1evel combinations for the scenarlos

It seems unlikely that the results would dramatically change if another emission model were
e compare two competing systems rather than considering the absolute quantities of emitted

polfutants that we monitored are: carbon dioxide (CO»), carbon monoxide (CO), oxides of nitrogen
(NO,), volatile organic compounds (VOC) and particulate matter (PM). For each of these, the first step is
to compute the corresponding emission factor, i.e., the grams of pollutant emitted per kilometer of traveled
distance, which is dependent upon the mean speed and the type of vehicle used. We observe that one of
the advantages of DRT services is the possibility of using smaller vehicles, since it is seldom possible to share
a ride among a large number of passengers; even more so if the time windows for visiting points are tight and
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Table 1
Scenarios definition
Scenario Road network (-) h (min) /. (req/min)
Ggql G 27.0 2
G qH G 27.0 50
GQL G 6.7 2
G QH G 6.7 50
R gl R 30.8 2
R qH R 30.8 50
R QL R 6.1 2
R QH R 6.1 50
RR q L RR 27.0 2 O
RR_g H RR 27.0 50
RR Q L RR 6.5 2
RR Q H RR 6.5 50
Table 2 Q K
EURO III emission factors for buses and eight-seat vans (g/km)
CO, CO NO, PM
Buses 1139.31 6.592 7. 0.1682
Eight-seat vans 215.44 0.471 '& 0.0379

the spatial and temporal demand density is not too %; those ca@&e is an important benefit concern-
e

ing fuel consumption and emissions, whereas distﬁ vered are a the same or slightly increase (Diana
and Pronello, 2004).

It is assumed initially that the DRT 'c@ploys th pe of vehicle used by the FIX service to
allow exclusively an analysis of the eff the organizati rm of the transit system, without any influ-
ence from other factors. We then assess t otential b@f using smaller vehicles to operate the demand
responsive service. Table 2 presqt mission a@ s for larger buses and for smaller eight-seat vans.
In both cases the EURO III emgissioas€lass has sidered in computations.

The emissions of each pol %can then ifed by multiplying the total distance traveled by the emis-
sion factors. The computa the tota%

traveled by FIX services are straightforward and depend
only on the geometr

ice ared, he headways seen in Table 1. On the other hand, the distances
traveled for the DR& afe depgsc % the particular demand patterns and scheduling processes, and

have been comp% e basis @ simulation results.
4. Results v
Table 3 shows total @ pns when both systems use the same kind of vehicle, namely a standard EURO
III bus. The last co bdWws the variations in percentages of the DRT service compared to the FIX one.
For each scen weptified by a geometry and a quality level and regardless of the demand level (i.e., G_Q
scenarios) the emisSigns of the FIX fleets are between those of the DRT services in the same scenario for low
(ie., G_Q Ad high (i.e., G_Q_H) demand density levels, except for the RR_Q scenarios, where the DRT
service is 3 @ ess polluting.” Therefore, a DRT service would be justified in terms of pollutant emissions for
ad*S€enarios (L), especially for high quality service level (Q) and particularly for the RR case.
1 service quality (Q) scenarios allow for a better performance of the DRT service. For example, the
improvéfment of the DRT service compared to the corresponding FIX in the R_Q_L scenario (—79%) is much
more significant than in R_q L (—18%). The same pattern can be noted for the other scenarios.

2 This is consistent with the results in Diana and Pronello (2004), where DRT services were found to be relatively more effective
compared to FIX services in monocentric road networks.
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Table 3

Emission When using the same vehicle kind in both transit services

Scenario CO, (kg) CO (g) NO;, (g) VOC (g) PM (g) A%

Ggql FIX 911 5274 5885 1383 135 —43
DRT 523 3026 3376 793 77

G qH FIX 911 5274 5885 1383 135 +311
DRT 3748 21688 24201 5687 553

G QL FIX 3646 21094 23539 5532 538 =79
DRT 759 4390 4899 1151 112

GQH FIX 3646 21094 23539 5532 538 +62
DRT 5907 34180 38141 8963 872

R gl FIX 729 4219 4708 1106 —18 0
DRT 602 3481 3884 913

R qgH FIX 729 4219 4708 1106 +
DRT 5469 31642 35309 8298

R QL FIX 3646 21094 23539 5532 538 &79
DRT 760 4399 4909 54 112

R QH FIX 3646 21094 23539 53 +135
DRT 8550 49471 55204 6

RR q L FIX 1185 6856 7650 1798 1 =173
DRT 318 1842 20 483 47

RR g H FIX 1185 6856 179 K 175 +140
DRT 2850 16490 43 421

RR QL FIX 5013 29005 &2 366 7606 740 -91
DRT 86 193 25 15

RR Q H FIX 5013 32366 \ 7606 740 —18
DRT 4089 %02 26 4% 6205 604

best in terms of distances travel8d, and hence x missions, when the demand density is low and good

In more general terms, the fin @ in line &i@/@ll known observation that DRT services perform
tQ e

service quality is sought.

Examining existin

at most of them use small vehicles for their operations —

often eight-seat van auSe vehic constraints are much less tight compared to time constraints
and it is very impro at a DR e would be able to carry more than eight people at any time during
a journey. Basically tle extra capacity nnecessary. In fact, as shown in Diana and Pronello (2004), using

Table 4

Emission reductions com; when using eight-seat vans for DRT services

Scenario CO (%) NO, (%) VOC (%) PM (%)
Ggql — -96 -96 —98 —87
G gqH -22 -71 =73 -85 =7
G QL -96 -99 -99 -99 -95
G Q] —69 —88 -89 —94 —63
R _q | —84 —94 —95 -97 —81
R qgH +42 —46 =51 -73 +69
R QL —96 -99 -99 -99 -95
R QH —56 —83 -85 -91 —47
RR g L -95 —98 —98 -99 —94
RR g H -55 —83 —84 -91 —46
RR QL —98 -99 -99 —100 —98
RR_QH -85 —94 -95 -97 —82
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eight-seat vans instead of the conventional larger buses does not change the results significantly in terms of
distance traveled for the DRT system. However the effect in terms of pollutants emissions is substantial
because of the much lower emission factors values for the eight-seat vans. In Table 4 the emissions percent
variations is shown for a DRT service using eight-seat vans compared to the FIX service.

Comparing these figures with those in the last column of Table 3, one can see that further improvement in
terms of pollutant emissions is expected and noticeable in almost every scenario. The DRT system performs
better than FIX for every pollutant considered in every scenario, except the emissions of CO, and PM in
R_gq H.

5. Conclusions @

How the organizational form of a public transport service can affect pollutant enfisgi@ns in differgnt
contexts and for different levels of service quality and demand has been examlne respopsi nsit
(DRT) services appear more effective than the fixed-route services in Il’llnln’ll sions when emand
density is not excessive and a good level of service is sought. In particul re onsrve es perform
better in a ring-radial network and the possibility of using smaller velficles fllows them t form fixed-
route services in almost all the scenarios examined. Q
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