Comparison of Emissions from
Light Rail Transit and Bus Rapid Transit
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Busrapidtransit (BRT) isan evolving and promisingtransit modethat has
emerged asalow-cost competitor tolight rail transit (LRT) in providing
medium-capacity semirapid transit. I n addition, recent advancesin diesel
and compr essed natur al gastechnology have caused thetruism “ electric
rail iscleaner than diesel bus” toberevisited. A partial fuel cyclecom-
parison of theregional or urban emissionsof car bon monoxide, oxides of
nitrogen, and volatileor ganic compoundsfrom BRT and L RT ispresented.
TheBRT analysisincludestailpipe exhaust emissionsand fuel transpor -
tation, storage, and distribution emissions. The LRT analysis contains
electric power plant emissionsand line-loss-induced emissions. Theanaly-
sisshowsthat whenever equal levels of technology are compared, LRT
consistently performs better than BRT despite recent advancesin the
BRT mode. Theanalysisalso showsthat both modesar e cleaner now than
in the past.

Air quality in the United States hasimproved dramatically over the
past 35 yearsasaresult of increasingly stiff regulation and advances
intechnology. Theseimprovements have occurred despiteincreases
ingrossdomestic product, vehicle milestraveled, and population. This
improvement inair quality isevident evenin Los Angeles, the proto-
typical smog city, where the mountains have becomevisible again
during summer months. Y et 146 million Americanswere exposed to
poor air quality at some point in 2002 (1). One strategy in reducing
emissionsisto shift travel to less polluting modes, such as a shift
from single-occupancy vehiclesto transit.

Busrapidtransit (BRT) isan evolving public transportation mode
consisting of rubber-tired vehicles running on dedicated rights-of-
way (ROWSs) for all or part of atransit route. The vehicles are typi-
cally diesel powered, although some aredual diesel and electric. BRT
evolved from standard bus service in North and South America as
an effort toimprove bustransit and make it more competitivewith the
private automobile (2). Elementsthat distinguish BRT from standard
bus service are upgraded ROW, fare prepayment, larger station spac-
ing, signal priority, and other intelligent transportation system ele-
ments. BRT iscurrently being advocated by many groups, including
the Federal Transit Administration.

BRT hasemerged asalow-cost contender against light rail transit
(LRT) in many situations. Therelative merits of both modes are often
debated generically and for specific applications. One area of com-
parison is energy use and pollution emissions. Electric rail vehicles
emit no propulsion system pollution at their point of operation. They
areresponsiblefor fuel cycle emissionsfrom electricity-generating
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plants, which tend to be located on the urban periphery, and other
upstream processes.

Diesel buses, however, havetypically been perceived asproducing
strongly negative pollution-related externalitiesdirectly into the high-
density areasthat they serve. Diesel buses are also responsible for
other emissions dueto refining and other processesin thefuel cycle.
Intheareaof energy consumption, rail, with itslow-friction steel-on-
steel support and guidance technology, has been assumed to be supe-
rior to rubber-tired buses. Because of thesefactors, electric LRT and
other rail transit modes have been considered superior to diesel BRT
and other bus modesin terms of emissions.

Diesel technology has improved dramatically in the past several
years because of high-pressureinjection systems, advanced after-
treatment systems, and other measures (3). Compressed natural gas
(CNG) combustion systems for heavy-duty vehicles have also con-
tinued to improve and have been advocated for decreasing oxides of
nitrogen (NO,) emissionsin particular. Advances have also occurred
in the generation of electricity. The changing technology landscape
requires the periodic reexamination of old paradigms. This paper
compares the emissions from two medium-capacity, semirapid transit
modes—L RT and BRT. A literature review is undertaken to exam-
inethe state of the art in comprehensivefuel cycleand vehiclecycle
emissions analysisand to provide additional motivation. Theterm
“fuel cycleemissions’ refersto acomplete accounting of emissions
and energy usefrom primary feedstock extraction though final energy
use. Similarly, vehicle cycle emissions are the compl ete emissions
caused by the manufacture, distribution, use, and disposal of avehi-
cle. Infrastructure emissions are the emissions caused by the con-
struction of infrastructure. A proper methodology and framework
for comparing emissionsfrom LRT and BRT isthen introduced. This
methodology is then applied and the results are discussed.

REVIEW AND CRITIQUE OF LITERATURE

Many of the studies on emissionsfrom transportation are either auto-
centric or, if transit is analyzed, have alimited treatment of system
effects. One exampleis a paper by Shapiro et al., sponsored by the
American Public Transportation Association, in which emissions,
petroleum use, and greenhouse gases are cal culated for transit and then
compared to similar quantities for automobile-based transportation
(4). The study found that travel by transit is deaner and consumes
lessenergy than travel by automobile. Argonne National Laboratory
has developed GREET, acomprehensive fuel cycle model incorpo-
rating many fuel and propulsion technologies (5). Thismodel cal-
culates changesin emissions, energy consumption, and greenhouse
gas emissions from technology changes relative to a normal spark-
ignited, conventional gasoline-powered automobile. Louis also con-
ducted asimilar, although much lesscomprehensive, “well-to-wheels’
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evaluation of advanced technologies (6). Louis found that hybrid-
electric compression ignition technology hasthe fewest greenhouse
gas emissions when compared with all near-term and medium-term
technologies.

Levinson et al. conducted an early study of emissionsfrom various
modes using asystems perspective (7). Thispaper presentsavehicle—
infrastructure cycle analysis that compares life-cycle energy con-
sumption of various modes, including automobiletravel on freeway,
arteria, and two-laneroads; diesel urban bustransit; and variousmodes
of rall transit. Theanalysisdoes not include any fuel cycleeffectsand
shows that infrastructure cycle effects can be a significant factor in
subway systems.

A very comprehensive analysis of emissionsand greenhouse gases
from public transportation modeswas conducted by Delucchi et al. (8).
This report has a very comprehensive literature review that will
not be repeated here. The present analysis uses a similar methodol-
ogy but with a different focus and with changes resulting from the
analysisof the BRT mode with advanced propulsion systemsversus
conventional buses.

Themost pertinent publication to the present analysisisapaper by
Vincent and Walsh (9). Vincent and Walsh analyze emissions and
greenhouse gases from BRT, LRT, and heavy rail-metro-type sys-
tems. The authors attempt to perform a systems analysis by including
power plant emissions and line losses when calculating electric rail
emissions. Theauthorsconcludethat BRT systemsutilizing advance
propulsion technology outperform electric rail systemsin the areas
of particulate matter (PM), NO,, and CO, emissions per passenger
mile. But the analysis has several severeflawsthat invalidateitscon-
clusions. Two of the most serious flaws are worth mentioning here.
Vincent and Walsh make somewhat poor choices when choosing
examples of each mode for comparison. Very clean buseswith high
occupancy rates are compared to moderate rail systems with power
derived from relatively dirty sources. Very good examples of BRT
technology are compared to average or poor examplesof electricrall
technology. The other major flaw is the inclusion of power plant
emission and line-loss-induced emissions, while refinery emissions
and emission from the trangportation, storage, and delivery (T& S& D)
of diesel fuel or CNG are not included, even though they might rea-
sonably occur in the region of interest. The flawsin this study area
major motivation for the present analysis.

METHODOLOGY

This paper presentsacomparative anaysisof the pollution impacts of
LRT and BRT. An attempt is made to conduct a correct comparison
of the two modes for a subset of important emissions.

Scope of Model

The present study isfocused on policy makers considering the effect
of anew semirapid, medium-capacity transit line on regional air
quality. Assuch, the pollutants of interest in the present analysiswill
be urban or regional (synonymousin thispaper) emissions of carbon
monoxide, volatile organic compounds (VOCs), and NO,. The urban
caculation of sulfur dioxide (SO,), PM, and mercury (Hg) emissions
will be left for another study. The concept of urban emissions ver-
susemissionson agreater global or national scaleisused in Shapiro
etal. (4). Someemissions, such as CO,, arerelevant only on aglobal
scale. Such agasdoes not have stronger impactsintheareainwhich
the emission occurs versus itsimpact globally. Emissions of CO,
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between different modes can only be meaningfully compared onthe
basisof acompletefuel cycle (well-to-wheels) analysis. Furthermore,
transit officialsand policy makersat the metropolitan planning orga-
nization level and local government level, while perhaps concerned
with the issues of global warming and pollution in areas outside of
their region, havelittleincentive or power to control such emissions.
Therefore, even though the global warming impact of thesetwo modes
isimportant, it is out of the scope of this paper.

Analysis of emissionson aregional level versusalocal level is
discussed in arecent report for the Edmonton Transit System (10).
Ananalysisof street-level emissionswould betrivial becausealL RV
emits no localized (tailpipe) emissions. The importance of street-
level emissions should not be underemphasized. Transient levels of
certain pollutants can be up to 10 times higher than ambient levels at
distances of up to 10 metersfrom abus stop (10). For alinetraveling
though ahigh-density areawith pedestrian traffic, sidewalk cafes, and
soforth, aLRT system might be chosen over aBRT systemwith lower
regional level emissionsbecausethe effect of the BRT system’semis-
sion on the populace might be greater than that of the LRT system.
For certain pollutants, the location of the emissions and the corre-
sponding exposure of the population to pollution arejust asimportant
astheoverall emissionslevel withinacertainlocale. Whileemissions
of pollutants such as VOC might have regional (ozone formation)
or global (global warming) impacts, they also have street-level impacts
on the population (carcinogen).

The regional model for the analysis can be seen in Figure 1a. A
diametrical semirapid transit line, either BRT or LRT, can be seen
traversing though a central business district (CBD). The analysisis
thesamefor aradia line, circumferentia line, and so forth. For LRT,
the power plantisassumedto beintheregion. Therefore, all LRV and
line loss electricity consumption must be considered. All upstream
processes in the fuel cycle, such as coal or natural gas extraction,
transportation, and processing are considered to take place outside
the region and are therefore neglected. For BRT, all tailpipe omis-
sions occur inside the region, as do all emissions from bus fueling
processes. All upstream processes, especially the diesel refinery, nat-
ural gas compression, and so forth, are considered to be outside of
theregion and therefore neglected. The effect of the regional model
on what elements of the fuel cycle are included/excluded from the
emissions model can be seenin Figure 1b.

Technology Selection

Technically correct comparisons must be made when examining the
relative strengths of different modes. That is, one must not compare
the most technol ogically advanced example of one modeto an obso-
lete example of adifferent mode. This paper makestwo comparisons
when evaluating emissionsfrom BRT and LRT systems: an average
versusaverage analysis, which compares current representative sam-
ples, and a best versus best analysis, which uses the best examples
of each technology that are reasonably availablefor current use. The
technol ogiesin the average comparison can be thought of astypical
of current operations. Thetechnologiesin the best comparison can be
thought of astypical for new startstoday or in the very near future.
Because this paper iswritten from the prospective of policy makers
and planners making decisions on new medium-capacity modes, the
inclusion of theaverage system (i.e., typical of current installations)
is designed to point out the range of values possible and the results
of recent improvementsin technology. Comparisonsusing theworst
examples of each mode will not be made. Neither will comparisons
be made of the theoretical best of each mode [e.g., a solar-powered-
derived hydrogen fuel cell bus versus awind-powered electric light
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rail vehicle (LRV)] because neither iseconomically feasible now and
possibly will not be feasible even in the future.

Comparing emissions (or other data such as cost) acrossmodesin
terms of vehiclemilescan be mideading because vastly different types
of vehiclesmight be under consideration. Thetotal emissionsproduced
therefore need appropriate normalizing factors. Comparisons will
be made on a per-passenger mile basis for both technology levels. A
comparison using per-offered space (capacity) asanormalizing fac-
tor will also be madefor the best versus best level. Comparisonswil|
not be made on a per-offered capacity basisfor the average category
because of the difficulty in disaggregating the LRT data, which come
from many different LRVs.

Rail Emissions Calculation

For the average LRT system, the U.S. averagesfor electricity con-
sumption per passenger milewere used. These were cal culated using
total rail electricity consumption divided by total passenger milesfrom
the National Transit Database (NTD) (11). The energy consumption
datawerethen multiplied by average U.S. electricity emission factors
(EF) (12) to get pollution in terms of mass per passenger km. The
datafor the average LRT system are highly aggregated and include
some systems that are closer to traditional streetcar systems than
modern LRT systems.

For the superior analysis, the LRT system with the best energy
consumption, Denver, Colorado, was chosen. Although Denver’s
LRT system hasthe best electricity performance for its particular
mode, it isnot drastically better than its peers. The choice of emis-
sion factorswastrickier. One could have chosen the very best state
CO emission factor, the very best VOC emission factor, and so forth.
But this approach would have ignored trade-offs between different
emissionsimplicit in the technol ogies used in the various states. The
approach that was used was to choose a state with very good emis-
sion factorsin each of the three pollutants considered. Perhapsthe
best choice would have been Oregon. But Oregon relies heavily on
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hydroelectric power, which is not readily available in every region
of thecountry. In order to facilitate areasonable comparison, Rhode
Island was chosen. It has very low emission factors but also has a
considerable amount of relatively clean fossil-fuel-derived power in
itsmix.

The choice of what emission factorsto usein the analysis addresses
the concept of margina electricity. New LRT systemswill, especially
over time, facilitate the need for additional generating capacity. This
new electricity isthemarginal electricity over that already being pro-
duced. The marginal electricity used to power anew systemisnot
likely to comefrom thedirtiest of current power plants, because they
areonly allowed to continue to pollute as aresult of being grand-
fathered into new regulations. Neither isthe electricity likely to come
from the cleanest, and possibly most expensive, wind or solar instil-
lations. The use of average U.S. emissions factorsfor the average
analysis might be conservative, but is used to maintain parity with
the average bus analysis. The use of Rhode Island emission factors,
instead of emission factors from the newest natural gas cogenera-
tion plant, isalso slightly conservative, but these factors are used to
maintain adegree of real-world feasibility.

Emissions performance on the basis of per offered capacity (per
offered space) was measured by taking capacity datafor the Siemens
SD-100 (used in Denver). Thisfigurewas adjusted in order to match
with the busesin terms of space per standee. Becausethe SD-100is
an articulated vehicle, the capacity for asingle car was used instead
of thetotal vehicle capacity. The LRV capacity was not adjusted to
harmonize with the busesin terms of seat—standeeratio for the given
seating arrangement. The SD-100 had a capacity of 63 per car and
a seat—standeeratio of 1.0.

A linelossof 3% wasused inthecalculations(10). Thisissomewhat
lessthan thelinelossestypical for residential electricity use, which
were used in the Vincent and Walsh analysis (9). After generation
at apower plant, electricity istypically stepped up to several hundred
kilovolts for transmission and distribution. The electricity is then
stepped down to the medium voltagerange, 10to 20kV (much higher
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than for residential use), for delivery to transit company rectifying
substations (13, p. 329). The electricity consumption reported in the
NTD isthe consumption for which thetransit company paysthe util-
ities at these substations. Any additional losses though rectification
to 750 volts DC (typical) and transmission are already accounted for
inthe data. Thelineloss factor is 100% plusthe line loss.

Equations representing the cal cul ations for emissions per passen-
ger mile and emissions per offered space capacity can be seenin
Equations 1 and 2, respectively:

EF(g/kWh) = total electricity
emissions _ consumption [kWh] M
[9/pass. mile] (total passenger miles| pass. miles])

* line loss factor [kWh/kWh]

EF (g/kWh) * total electricity
consumption [kWh]
total vehicle miles|veh. miles]
* vehicle capacity
[pass. miles/veh. mile]

* lineloss factor [kWh/kWh]

emissions[g/offered _
space mile]

)

Bus Emissions Calculation

Bus emissions data came from a study by the Northeast Advanced
Vehicle Consortium (NAVC) (14). For the average versus average
bus, the standard diesel bus tested in the NAV C study for compari-
son and benchmarking purposes was used. Thisis a recent model
(1998), three-speed NOVAbus brand diesel bus that had low
mileage at the time of testing. It isafair choice for an average bus,
although a better vehicle would have been one in the middle of its
servicelife.

Two buseswere chosen for the best versus best analysisto capture
the competing propulsion technologies for heavy-duty vehicles. Asa
best example of ahybrid electric bus, an Orion-LMCSVI hybrid elec-
tric busrunning on ultra-low sulfur synthetic diesel was picked from
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the NAV C report as an outstanding example of hybrid-electric (HE)
diesel technology. An Orion V CNG bus with good NO, emissions
was used as an outstanding example of that technology.

Theconcept of marginal eectricity presentedinthe previoussection
has an anal og here—the concept of the marginal bus, the buses that
will be used for anew line. The buses for both the average and best
analyses were chosen using the same concepts used to choose the
rail vehicles and electricity sources.

Data from the CBD test cycle were used. The test cycle can be
seenin Figure 2. The CBD test cycleis slower and with more stops
than what might be typical of bus operations on a dedicated ROW
but faster and with fewer stops than typical for operation on con-
gested urban mixed-use facilities. Two test cycles were used in the
NAV C study with longer cruises and higher top and average speeds
that might be more representative of typical BRT operating con-
ditions. But these data are not used because not al vehicles were
tested.

The calculation of emissions from the LRT system relieson real-
world data and implicitly contains an actual occupancy rate. But as
the BRT emissions data come from laboratory dynamometer data,
an occupancy rate needs to be assumed to normalize the emissions
from aper vehicle mile basisto aper passenger mile basis. This study
used the possibly optimistic assumption that aBRT line' sridership
will bethe same asthat of aLRT line. Assuch, the occupancy ratefor
Denver's system of 26.2 passenger miles per vehicle milewas used.
Thisisthe biggest difference between thisanalysisand the analy-
sis of atypical bus system. Average U.S. bus occupancy (which
includes several vehicle types) in 2001 was 10.75. The assumption
hereisthat BRT systems do amuch better job at attracting riders at
all times of the day.

For the cal culation of emission on a per offered space basis, typical
datafor the Orion VI and V chassis were used for the HE and CNG
vehicles, respectively. They have capacities of 55 and 61, respec-
tively, and seat—standeeratios of 0.72 and 0.56, respectively. They thus
havealower comfort standard than the LRV with which they arebeing
compared.
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Although the NAV C study directly measured NO, and CO emis-
sions, it did not measure emissions of VOC but nonmethane organic
gases (NMOG). For the purposes of thisanalysis, VOC can be con-
sidered a subset of NMOG that does not contain certain hydrocar-
bons with a low atmospheric reactivity, mainly ethane. In diesel
exhaust the amount of ethane is considered to be small. For the
diesel bus, the NMOC numbers were used directly for VOCs. In
CNG exhaust, the percentage of ethane resulting from incomplete
combustion of the CNG fuel is significant. For the CNG bus, the
NMOC emissions were reduced by 80% to account for the large
amounts of ethanein the exhaust stream. Thisis based on datafrom
other studies presented in the NAVC report that indicate the per-
centage of ethane in the NMOC emissions of CNG engines ranges
from 33% to 80%.

Although the petroleum refinery is not assumed to be in the
region, the fuel is transported to the region and stored there before
bus fueling. VOC spillage emissions occur during these processes.
Onthebasisof datain Wang (5), these emissions are assumed to be
3.38 g VOC/10° Btu. For CNG vehicles, natural gas is typically
delivered to the transit facility and compressed on site. Methane,
although agreenhouse gas, isnot aVOC. CNG leakagein transport
and fueling is therefore irrelevant for this analysis. The emissions
due to the electricity needed to compress the CNG were cal culated
by using both the average and best electricity mixesin the electric
rail analysis and by using the figure of 2.2% energy consumed to
energy compressed given in Delucchi et a. (8, Table 10). These
emissionswere negligible and at most two orders of magnitude less
than the tail pipe emissions. Emissions inside the region caused by
the transportation of diesel and CNG via truck or pipeline are
ignored.

Equation 3 represents the calculations involved in determining
the per passenger mile and per offered capacity space:

dynamometer-derived emissions
rates [g/veh. mile] 3
normalizing factor
[normalized miles/veh. mile]
+ T&S& D emissions
[g/normalized mile]

emissions _
[g/normalized mile] —

where the normalizing factor is either average bus occupancy (for
g/passenger mile) or bus capacity (for g/offered space mile). The
T&S& D emissionsarezerofor CO and NO, for all busesand for VOC
for the CNG bus. For the diesel bus, the VOC T& S&D emissions
are calculated via Equation 4:

LHV e [Btu/L]
T&S&D emissions * 3.38E-6[g/Btu]

[g/normalized mile] — [

FE[veh milesL] ()
* normalizing factor
[normalized miles/veh. miles]

where FE isthefuel economy for each bus determined inthe NAVC
report (14) and LHV e isthe lower heating value of diesel.

RESULTS AND DISCUSSION

Figure 3 shows NO, emission results. Thefigure showsthat LRT has
a clear advantage over BRT in both the standard (average versus
average) and superior (best versus best) comparisons. The best per-
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forming bus (CNG) has emissionsslightly below that of the average
LRT and BRT vehicle.

Datafor VOC emissionsare presented in Figure 4. Again the elec-
tricrail modes outperform the BRT vehiclesin both the average and
best categories. The CNG vehiclewith comparatively low NO, emis-
sions had particularly bad VOC emissions, even given the somewhat
generous 80% reduction when going from NMOC to VOC. A signif-
icant portion of the VOC emissions from the diesel buses was from
T&S&D spillage. If the T& S& D emissionsareignored, theHE bus's
VOC emissionsare better than thosefor theaverage LRT system, but
not as good as the best LRT system.

Figure 5 showsdataon CO emissionsusing the high bus occupancy
figure. Similar tothe VOC chart, LRT outperforms BRT in both stan-
dard and superior comparisons with the CNG bus performing espe-
cially poorly. TheHE bus' sCO emissionsare better than thosefor the
average LRT system, but not as good as the best LRT system. Both
VOC and CO result from incomplete combustion.

A number of conclusionscan be drawn from theseresults. Thefirst
isthat the old paradigm of electric rail being cleaner than diesel busis
till valid. The LRT systemswere both better than their BRT counter-
parts. The second is that emissions performance has improved dra-
matically regardless of the mode in question. The best systemsare
much improved, sometimes by orders of magnitude, over their
average counterparts.

Some caveats are also necessary when interpreting theresults. The
first concerns the CNG bus's somewhat poor performance in terms
of VOC and CO. In CNG systemsthereis atrade-off between VOC
and CO emissionson the one hand and NO, emissionson the other that
can only be partially eliminated though technology improvements.
The CNG bus had very good NO, performance, indicating that this
bus probably had been optimized for NO, performance. Because
NO, issuch astrong O, precursor, one might choose the lower NO,
emissions despite the higher emissions of other pollutants when
choosing between buses. An additional caveat isthat one should aso
be careful when directly comparing theemissionsfrom LRT and BRT,
because all the emissions from both modes do not occur at the same
place, a the sametime, or at the same proximity to popul ation centers.
Tunnel operation isone examplein which thelocation of emissions
isjust asimportant as absolute amount.

Another caveat hasto do with regulation. All of the emissionsunder
discussion areregulated, and the emissions performance hasas much
to do with relative regulatory strictness asit hasto do with technol-
ogy. If the emissions regulations on one of these modes continue to
tighten while those for the other mode stand still, then the present
picture could change. Therefore, asthe component technol ogiesthat
combineto form aBRT or LRT system evolve and improve and as
regulations tighten, these results should not be considered valid for
all time but only as a snapshot of the performance of current and
near-future technologies.

CONCLUSIONS

The results show that, although advancesin diesel technology have
radically improved bus emissions, LRT systemsstill produce less
regional or urban emissionsin the three categories considered than
BRT systems. Thisistruewhenever equal technology levelsarecom-
pared and even when superior BRT technology iscompared with stan-
dard LRT systemsfor some pollutants. In addition, emissions of both
modes have improved over time. These results are only applicable
to the effects of these technol ogies on regional air quality and not on
street-level air quality or emissions on anational or global scale.
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Anareafor further research would beto add an exposure model that
includesnot only the absol ute amounts of emissionsfrom each source
included in theurban model, but a so the exposure of these emissions
to population. Other possible areas for further analysis would be to
calculate urban emissions of other criteria pollutants and complete
fuel cycle emissions of greenhouse gases.
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