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ABSTRACT

In order to move toward better understanding ar@y congestion mitigation and emissions reduction
strategies, this paper explores the effects dicrapeeds, freeway capacity, travel demand, and
alternative efficiency strategies on freeway emissi Emissions from a homogenous freeway section
with typical fleet and traffic characteristics anedeled and analyzed utilizing widely established
emission models and macroscopic speed-flow relstigus. Assuming aimelastictravel demand
function, it is observed that the potential for giaal emissions rate reductions through averagelra
speed adjustments between 30 and 65 mph is srtialugh larger rate reductions are possible by
moderating speeds that are outside this rangdadtictravel demands functions are assumed, then it is
observed that capacity expansions that reduce nargimissions rates by increasing travel speeds are
likely to increase total emissions for initial Léwé Service E or above. Finally, it is also shothat
alternative emissions reduction strategies thatataely on increasing freeway speed or capacity bta
more effective, even assuming an inelastic demanctibn.

Keywor ds: congestion mitigation, emissions reduction, spié@a relationships, emissions models
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INTRODUCTION

Transportation’s role in decreasing urban air dqudli) and increasing atmospheric greenhouse g&3es (
through motor vehicle emissions is a global conc€ancurrent with increasing emissions of greenbous
gases, freeway congestion continues to increateil.S. and abroad with varying economic, soeiadi
environmental cost3(5). But the full effects of congestion on emissians still not well quantified
because of interactions and impacts on many sdabes,vehicle maintenance to land uses. Despite a
lack of consensus on the congestion-emissionsaesdtip, policy-makers, researchers, and activists
often assume that congestion reductions ineviti@algt to reduced vehicle emissions. In many cases,
emissions reductions are cited as an implicit ienEEongestion mitigation without proper justition

or quantification of the benefits. For example, @engestion Mitigation and Air Quality (CMAQ)
Improvement Program suggests a clear relation leetwee two. CMAQ has provided over $14 billion in
funding for transportation projects to reduce catiga and improve air quality) — much of it for traffic
flow improvement projectsrj.

We need better understanding of total congestiggaats on motor vehicle emissions for system
performance assessment and emissions reductidegstidevelopment. Toward that goal, this paper
presents a modeling study to explore the relatipgséimong freeway emissions, travel speeds, freeway
capacity, and travel demand. Vehicle emissions maftseveral pollutants are modeled as functions of
average travel speed to assess travel efficiemcltteen total emissions related to travel demamd. |
addition, this paper discusses how emissions-tregfiations can help inform congestion and emission
mitigation strategies on homogenous freeway sestiBimally, alternative emissions reduction strizgg
such as shorter average commutes, vehicle fleeefii@ency improvements, reduced fuel carbon
intensity, and electric vehicle adoption are disealsand compared.

BACKGROUND

The increasing intensity and extent of congestiothe roadway network is documented elsewhged. (
Additionally, attempts have been made to quantiys of the negative impacts of congestis®)(

These attempts suffer from challenges such as a&titignthe extent of higher-order, indirect effq@g.
congestion impacts on land use) and quantifyingnigibles (e.g. traveler stress levels). Congestion
studies are inhibited by inconsistent definitiond #ghresholds of congestion. A ‘congestion-fre@rsrio

is typically used as a benchmark for estimatinggestion effects, but the attributes of this hyptitad
situation are not manifest. Probably the most combenchmarking approach is to simply compare
congested speeds to free-flow or threshold speeds@.8,9 — see also4(10). The hypothetical system
change, then, is limitless supply, with all exigtinansport demand serviced without impedance — and
suppressed demand ignored. The European ConfeséMiaisters of Transport (ECMT) criticizes a
free-flow speed benchmark as suggestive of ‘uraitde’ policy outcomes. Furthermore free-flow,
unhindered driving can be characterized from realldvmeasurements or simulated as constant-speed
steady-state traffic flow; hypothetical steady shdegving generates lower emissions rates than real
world driving at constant speedkl{13. Hence, congestion indicators and cost estinreted more clear
and consistent benchmarking to be comparable atidtre: benchmarks that fully represent uncongeste
roadways. For example, uncongested comparisonddshse true free-flow travel speeds (not posted
limits), unimpeded travel demand (which includescamting for suppressed demand), and transierg driv
patterns (not steady-state speeds) (

Direct Congestion Effects on Emissions

The emissions effects of individual facets of catige have been studied in varying detail. A recent
analysis by the U.S. DOB) estimates emissions as a minor component of ¢otegestion costs, and
asserts that the total impact can be beneficidetnimental, depending on the context. The mostrsal
direct impact of congestion is an increase in trtuees (decrease in average travel speed), which
increases emissions rates per mile of travel wherds are very lowi(,12,14,1% This emissions rate
increase is partly due to increased engine loamts figher acceleration intensity and frequencyrayri
unsteady traffic4,11,12,1% However, studies have also shown that moderaveltspeed reductions
from excessive speeds can reduce emissions rateslpef travel (1,12,14,17,18
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Indirect Congestion Effects on Emissions
Longer travel times can suppress travel demant ggiiow improvements induce demand), and so bffse
emissions rate increases (per vehicle-mile). Femiters traveled decreases total emissions, butltrave
behavior changes in response to congestion depetiteadoad network and other factors, and resaarch
still needed in this ared,6,10,19-2%h

Travel time unreliability due to congestion hasrbdemonstrated and is seen as a poor
performance indicator for a roadweg;4). The demand-suppressing (and thus emissionsdiregjuc
effects of the disutility of unreliable travel tisivare not known — though GoodwitOf presumes they
could exceed average travel speed effects on dermiecemissions impacts of other facets of
unreliability (direct effects related to drivinghmevior or traffic characteristics of nonrecurrent
congestion, or indirect effects related to routidgparture time, etc.) have not been quantifieds&ims
aspects of other congestion impacts are not welvr) including rerouting, departure time shifts,deo
shift, freight operations, etc.

Capacity Based Strategies (CBS) for Congestion Mitigation and Emissions Reductions

The direct impacts of congestion on motor vehiatgssions (particularly the increased marginal
emissions rates) have prompted suggestions of sbogemitigation strategies targeting emissions
reductions (e.g.1Q2)). Assessment of mitigation strategies suffersstmae limitations as estimates of
congestion impacts and costs. Traffic flow improeatthat increases freeway capacity and so incsease
travel speed is a common approach to congestiagatidn (7). The primary emissions benefit is more
efficient travel at higher average speeds. Tragelahd effects are important considerations in 888gs
these mitigation strategies because traffic flowrnowvements can induce travel that cancels out host-s
term emissions reduction$9,20. An NCHRP report by Dowling?1) used travel demand modeling to
estimate air quality effects of traffic flow imprements but yielded very large uncertaintie8).(The
conclusion of the report was that more researdeésied “to better understand the conditions under
which traffic-flow improvements contribute to anesall net increase or decrease in vehicle emissions

Non-Capacity Based Strategies (NCBS) for Emissions Reductions

NCBS aim to reduce emissions by increasing traffigi@ncy without increasing freeway capacity — an
approach which has been suggested in order to &weidegative impacts of induced dema2@).(As an
example, Barth and Boriboonsomsin show that mdieiefit driving on freeways can reduce greenhouse
gas emissions by 10-20% without a significant cleaingravel time, with more benefits at higher leve
of congestion16). Some commonly suggested freeway NCBS include-tktving” (16,27, congestion
or road pricing 15,28,29, high-occupancy vehicle lane¥)(31), and speed-smoothing/steadying traffic
management techniques such as variable speed éimdtstelligent speed adaptatidr2(32,33. Much

of the research in this area needs more considaratiindirect impacts and/or more detailed moagbh
the congested traffic flow characteristics. Thdéeddnt emissions characteristics of light- and gedwty
vehicles suggest opportunities for strategic emissreductions using vehicle class-segregatedtiesil
(34,35. These different vehicle classes likely havead#ht demand responses to travel time and travel
time reliability changes, which require considematior emissions impacts. NCBS can also target
emissions generation directly through vehicle afficy and alternative fuel approach@6,87 — these
can also have indirect demand effects becauseaoigiig travel costs.

MODELING METHODOLOGY

The macroscopic modeling in this study is desigeativance our understanding of the relationships
between traffic characteristics and vehicle emissian freeways. The models and assumptions use
homogenous freeway sections with typical fleet maflic characteristics, as detailed in this settio

Emissions Rate M odeling

Average vehicle emissions rates are estimated MDYES 2010, the latest average-speed emissions
model from the U.S. Environmental Protection Age(88). Emissions rates (per vehicle-mile) are
modeled using estimated on-road vehicle fleet$ré@mways in the Portland, Oregon metropolitan negio
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for the years 2000, 2010, and 2020. The modeleesga® Cge (greenhouse gases in carbon dioxide
equivalent units), CO (carbon monoxide), N@itrogen oxides), PM (particulate matter smaller than
2.5 microns), and HC (hydrocarbons). Where avalatunty-specific inputs are used (meteorology,
vehicle inspection and maintenance program, fueh@itation), and national averages are used forrothe
model inputs (vehicle age distributions).

The MOVES model outputs emissions rates in 16 geespeed bins for 18 vehicle types
(combinations of 14 vehicle classes and gas oetifasls) for 4 different seasons and 24 hour$ef t
day. In addition to vehicle class emissions ratesyehicle types were combined into light duty {LD
heavy duty (HD), and full fleet combinations durithg analysis. The vehicle type makeup of each of
these fleet combinations was based on expecteshahiverage (default) allocations for 2010 from
MOBILEG6.2, the EPA predecessor to MOVES. Therefoomposite fleet emissions rate comparisons
between years reflect emissions characteristicggwof vehicles within each category, but not pidén
changes in on-road vehicle type distributions. &siimates are for freeway travel only, and the riemte
emissions are running exhaust and evaporative emssgefueling, brake/tire wear, and start emissio
are not included. Particulate resuspension is matated by MOVES.

The average-speed emissions modeling approachagstiremissions for average travel speeds
using facility-specific driving patterns (speed files). These driving patterns (also called “droyeles”
or “drive schedules”) are composed of measuredhedypal combinations of acceleration, deceleration,
cruise, and idle behavior at various average trapeéds on specific facilities, collected on-raad i
various U.S. cities (see MOVES documentation faaidkd. Drive patterns effectively represent typica
congested conditions for emissions modeling, ag &mthey are representative of real-world driving
(39). They generally do not represent unique microscwpffic characteristics and so cannot be used to
model individual features in congestion (e.g. wag\sections), but they are appropriate for a
macroscopic analysis such as performed here. Bostoess, comparison analysis is also done using
emissions rates published by Boulter et4l) @nd Barth & Boriboonsomsiri2).

Traffic Modeling

Travel demand modelers use demand flow-speed (omespeed) relationships to estimate the average
speed over a road section (with respect to theleavbased on demand flow and road capacity.ign th
study volume-speed relationships are used to caketie total emissions over a peak period — imotyd
the emissions from queued or delayed vehicles. didysis employs the well-known Bureau of Public
Roads (BPR) model for macroscopic volume-speedioakm@l), with a=0.15 and3=7 (from Hansen et

al. 42). It is used illustratively, while recognizingatthe selection of a volume-speed relationship can
have a significant impact on emissions calculati@d3s

RESULTSASSUMING INELASTIC DEMAND

Emissionsrates and emissionsrate gradients per vehicle-mile and average travel speed

Spatial marginal emissions rates (mass per vehdk) have relationships with average travel spead
describe how traffic speed affects a single veli@eiissions over distance. These emissions-speed
curves (ESC) also represent freeway efficiencyeims of emissions per vehicle, per mile of freeway
ESC have been described and discussed often inettegure, e.9.11,12,14,44-4% particularly in
relation to minima or optimal travel speeds.

In the short-term for a given section of freewdgse marginal rates only reflect total freeway
emissions effects if flows are not related to fcaspeed — which runs counter to basic traffic fibory
(47). Similarly, the marginal rates would reflect letegm total emissions per vehicle-mile traveled
(VMT) if travel demand were insensitive to speedravel time — which runs counter to the concept of
induced demand2@). When we see potential savings from average splemulges based on ESC, they are
reductions irarginalrates and do not account for inevitable flow changeghlshort term (because of
traffic state relationships) and long term (becaafsdemand-travel time relationships).

Plots of spatial marginal emissions versus avetiayel speed are shown in Figure 1 for,€0
CO, PMs, and NQ. In addition to the ESC generated by MOVES fofa®Portland on-road fleet,
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comparison curves are plotted based on researBoller et al. 40) and Barth & Boriboonsomsiri@).
The Boulter curves are for EU vehicles, with anragjmately equivalent mix of vehicle types as the
Portland 2010 modeled fleet. The Boulter curvesoalg drawn over their valid speed range. The Barth
curve is for CQonly, for a typical LD vehicle fleet from Southe@alifornia in 2005. As a qualitative
reference, level-of-service (LOS) indicators a@uded from the well-known Highway Capacity Manual
(HCM), using basic freeway sectiot8). LOS A+ through F- are based on traffic denditgsholds
where LOS F is fully congested. Figure 1 displagshed vertical lines marking average speeds for
various freeway LOS, based on Barth et Hl).(
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Figure 1. Full fleet emissionsrate vs. aver age speed for CO,e, CO, PM s, and NO,, with LOS

The three curve sources in Figure 1 are basedffemadit vehicles, emissions data, and
assumptions, and so not surprisingly do not agne&bsolute emissions rates. The key to observeeset
figures is that emissions rates per vehicle-miledihave a monotonic relation with travel speed, a
there are potential emissiorate reductions from moderating speeds from both dwest For most
gases, there is also a relatively flat area imtidzle of the curve — where emissions rate selityitio
travel speed is slight. This sensitivity is eas#en in Figure 2, which shows the marginal emissiate
gradients versus average travel speed for the gases and models. The plots show gradients as the
percentage change in marginal emissions rate pgtilspeed increase. The optimal emissions rate is
when the gradient curve crosses the speeax({s.

The gradients have low absolute values around 3®4tb (where much freeway travel occurs) —
meaning speed changes over this range have aeffiegti on marginal emissions. Increasing speeds
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above LOS E provides small emissions benefits,alyode LOS A can start to have an emissions-
intensifying impact. While the ESC and ESC gradiatiffer by gas, vehicle type, and emissions model,
the emissions gradients are consistently smalloatarate speeds. As such, few emissions efficiency
gains are to be found outside of heavily conge&ieéxtremely high speed) freeway sections. BelOw 2
mph, however, increasing average travel speed#ygregroves emissions efficiency per vehicle-mile.

Fleet CO2e Emissions-Speed Gradient

Fleet CO Emissions-Speed Gradient
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Figure 2. Fleet emissionsrate gradientsvs. average speed for CO,, CO, PM,s and NO,, with LOS

The potential emissions rate reductions at differtial travel speeds are shown in Figure 3 as

percent emissions rate reduced per mph speed $ecfeafive pollutants using the Portland MOVES

modeling. Again, there are large emissions rataaeahs for very heavy congestion, but above 25 mph
the emissions savings are minimal. These figuressghat emissions rate increases during congeatien
mostly relevant for very poor levels of serviceafid F-).
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Figure 3. Potential emissions reductions and initial average speed, with LOS

Emissions Rate Sensitivities

Light duty and heavy duty vehicles have distinctssions characteristics, so their combination & th
total fleet affects the fleet-wide emissions cunkgure 4 shows the sensitivity to percent HD ukds of
fleet emissions rates and emissions rate gradienssis average travel speed curves fogeCEmd NQ.
As expected, more HD vehicles increase the fleétgioms rate (seen in the top two panels). Fleet
emissions rate sensitivity to speed also incregiggsly with percentage HD (seen in the higheroitse
value of the gradient). Interestingly, the optirspéed also increases slightly with more HD in teetf—
shown by the gradient crossing the speed axisghtlsi higher values with higher percentage HD.sThi
shows that traffic streams with more HD vehicleteptally have greater benefits from increasing
average travel speeds — and that LD and HD vehidekl be targeted differently for congestion
mitigation with air quality objectives.

Changing emissions and engine technologies inghé&le fleet also affect the emissions rate
relationships with average travel speed. FiguluStiates changes in fleet-wide CO and,NMissions
rates for on-road vehicles from 2000, 2010, and3B2sed on MOVES modeling and projections).
Again, these plots show the emissions rate andsenis rate gradient versus average travel speed. Th
changes from 2000 to 2020 are only for changingcleleharacteristics within vehicle classes, and do
not reflect changes in fleet composition over t{hey use a static fleet mix of vehicle types).

With better technologies the emissions rates dliadabut the gradients are not very sensitive to
the changing engines. The optimal speeds for C@dse slightly, as does the emissions rate setgsitiv
at moderate speeds. The N§dadients are practically unchanged. It is wodting that this could be an
artifact of the emissions modeling methodologyfuagre vehicle technologies are difficult to predind
are often modeled on current performance. This tiragisuggests that potential savings in emissions
rates from speed increases (congestion mitigadiomyiminishing or unchanging with cleaner fle€tr.
some pollutants (HC and CO), optimal speeds aliedadnd sensitivity decreasing for LD vehicles and
the fleet overall. For the HD fleet, optimal speedsease slightly for CO and NOx, while speed
sensitivity is still lower (plots omitted for spaeé#ficiency). Similar air toxics modeling by Timashet
al. (49) suggests that emissions rate sensitivity to @eespeed is decreasing over time with cleaner
vehicles.
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Effects of LD/HD Split on CO2e Em-Spd Curve

Effects of LD/HD Split on NOx Em-Spd Curve
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By various models and for various fleets, the cstesit pattern appears of stagnant emissions
rates per vehicle-mile over a wide range of modespteds. At the more extreme speeds (below 20 and
above 70 mph) emissions efficiency degrades rapidfinal note on the sensitivity of these curves i
that they are based on driving patterns and avespged modeling; changes in microscopic traffic
characteristics over time (behavioral, technoldgimaoperational) will also affect the shapeshsd ESC.

RESULTSASSUMING ELASTIC DEMAND

Emissionsrates per vehicle-hour
Temporal marginal emissions rates (per vehicle-lobtravel) are simply related to spatial rates by
average speedl, as follows:

Etemporal = Espatial v (1)

Hence, temporal marginal emissions rates can signb@ modeled as a function of travel speed. These
curves describe how the average travel speed siffesingle vehicle’s emissions rate peur of

operation. For assessing long-term total emisstbasacteristics, temporal rate curves would be
indicative of the total emissions-speed relatiopshiravel demand were fully elastic with travishe

(i.e. total travel time is fixed).

This scenario has been suggested by M&y, (vho claims that in the long run average traweler
adjust their travel behavior by modifying their ass choices while maintaining a fairly constantdta
time budget. This approach differs greatly from dipplication of spatial emissions rates for total
emissions-speed relationships, which implies fitxadlel demand insensitive to travel time constsimt
other words, using temporal rates for total emissimplies a travel volume adjustment for everydta
speed change to maintain total travel time, whii@gi spatial rates implies that travel volume is
maintained, unaffected by travel speed.
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Figure 6. Spatial and Temporal fleet CO,e emissonsratesfor Portland 2010, with LOS



O©CoO~NOOUITA,WNPEF

Bigazzi and Figliozzi 11

An illustrative comparison of marginal fleet @emissions rates for Portland 2010 in grams per
vehicle-minute and per vehicle-mile is shown inUkey6 versus average travel speed. These curvds mee
at 60mph where the travel rate is 1 min/mi. At peeds the curves display diverging behavior. For a
fixed travel distance the spatial emissions ratesease at low speeds because of inefficient dyj\ont
after adjusting for shorter travel distances (tontaén travel time) the temporal emissions ratese@se
at lower speeds. From the opposite perspectivey fored travel time the temporal emissions rates
decrease at low speeds because of lower enging, lbatdafter adjusting for longer travel times (to
maintain travel distance) the spatial emissionssratcrease at lower speeds.

The long-term reality of total emissions is prolyadbmewhere in between the perfectly inelastic
and elastic projections. If we assume that in timgirun travelers are not fixed to an absoluteeirav
distance or time, but make trade-offs dependintherutility of each, then the most representathaps
is somewhere in between these curves. As suclgrigeerm emissions inefficiencies of low travel
speeds are not as great as they appear to belfeogpatial emissions rate curves in preceding Bgyur
This further illustrates one of the dangers of emiplg fixed-demand free-flow speed benchmarks for
congestion cost estimates.

Capacity Based Congestion Mitigation

Relationships between emissions rates and trdfficacteristics can assist with mitigation strategy
development and assessment, targeting both coogestd vehicle emissions. For example, Barth &
Boriboonsomsini2), Woensel et al.14), and others have demonstrated emissions bepéfitsreasing
congested vehicle speeds. But the impacts of irdtregel demand illustrated by the two curves in
Figure 6 show that capacity-based strategies (@@ pongestion mitigation must also assess traffic
volume when estimating emissions effects due tegpaprovements.

In the long term, travel time changes will affeetviel demand, as has been shown and discussed
in the literature Z2). While increasing congested travel speeds widrofeduce the average vehicle's
marginal emissions, it will also induce more tra@etl so increase the travel demand volume. Other
researchers have shown how traffic flow improvemmeain increase emissions using microsimulation
(19,20; we perform a similar but simplified analysis @éersing macroscopic traffic characteristics to
illustrate the emissions impacts of freeway capathianges to reduce congestion.

Figure 7 shows total C® emissions contours (kg/hr/lane-mi) on the traatd — demand flow
plane, with two BPR-derived curves using freewgyacities of 2,200 (solid line) and 2,420 veh/hrdlan
(dashed line — a 10% increase). As an illustratonsider an initially congested demand state @3(B,
veh/hr during a peak period, with an initial emiss rate of 1,397 kg/hr/In-mi. If the capacity weve
increase by 10%, travel time would decrease by aB8cthe total emissions would decrease by 68t —
a fixed demand flowf 3,000 veh/hr. If, alternatively, the travel ratere fixed (i.e. the constant travel
time budget scenario suggest by Mé&3)), the new demand flow would be 3,300 veh/hr, wwitivtal
emissionsncreaseof 10%. The time required to move from the initleimand of 3,000 veh/hr up to the
higher demand rate would depend on the evolvingtielty of travel demand to travel time. The most
likely outcome is some induced demand and somelttawe savings, ending up on the new curve
somewhere between these two extremes (the gremm erthe figure between the two white arrows).

To estimate a break-even induced demand flow freraraissions perspective, we can use the
slope of the total emissions contour lines on thed rate vs. demand flow plane. Following an
emissions contour line down from the first (solite) curve to the second (dashed line) curve asrate
an equivalent induced demand that would cancel imalrgpeed benefits. For the example here, the
original emissions rate is found on the secondeaia flow of 3,136 — which corresponds to a 4.5%
increase in flow and 17% decrease in travel tinie dorresponding break-even elasticity of demand
volume to travel time is -0.266. Compared to otl@ues from the literature — Noland and Quddi#} (
cite a range of -0.2 to -1.0 for short to long tesfassticity — this is a fairly low number, which piies that
the increased capacity will likely increase totaligsions from induced demand.



Bigazzi and Figliozzi 12

kg CO,e/rflane-mi
3000

2500
25 -
£ 2000
£
E
@ 20
5 1500
o
)
&
= - 1000
'_
15
- 500
1.0
T —0
1000 2000 3000
Flow {veh/hr)

Figure 7. Capacity enhancement and total emissions;
BPR curves at 2200 veh/hr/lane capacity (solid line) and 2420 veh/hr/lane capacity (dashed line)

This methof estimating bree-even elasticities from total emissions contour skwas applied
for a range of initiahverage spee, as illustrated in Figure 8. The breaken elasticitiewere calculated
for three different macroscopiteét CC, models (MOVES, Barth, and Boultelas described above
Figure 8 presentthe results from the threCO, models along with lines for LO®Ithough thespeed-
flow relationship illustrated ifrigure7 can vary greatly by volumgpeed model, the slope of 1
emissions contour line at agjven travel rate (when expressed as an elastiditgd not vary with flow
In other words, the shapebthe curves itFigure 8 do not depend on volurepeed mode

The results are highly intuitive in light of theeceding analysis. By all three emission mod
only in heavily congested conditions with LOS belBws it possible to reduce total emissions assgra
moderate elasticity greater thdh5. Brea-even elasticities above zero in Figurm@icate that thi
capacity increase immediately increases emissates because of higher speeds. Hence, to breakre
the Barth and Boutr models speed would have to decrease if capacityases and the initispeed is
over 45mph. The MOVES GOnodel produces elasticities notably different fritva other two model:
This is particularly true for higher initial speedscause emissions rates decrease with speedefeals
around fredtow (60mph) in the MOVES model, but increase véfiee: in this range by the other tv
models (see Figure 2)n the case of the MOVES model, any elasticity thigreaterthan-0.4 would
increase total emissiofar capacity expansions with initial speed over p&.

Although the brealeven elasticities vary by (; model and initial speed, all values here
within the Noland and Quddus range of expectedtgitdong term demand elasticity to travel tir
Elasticity values closer to zero are more feagibhched on short time des —which is the case fc
moderate initial speeds around LO. For lower initial speeds below 20mph, the margaralssions rat
benefits of speed increases are greater, so th&-even elasticity is lower. Figureshows tht it is
likely CBS will increase emissions in the Ic-run by the induced demand effect, though the
required for induced demand to cancel marginal gions rate benefits would be longer for heavidiah
congestion.
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Figure 8. Emissions break-even elasticities of demand volumeto travel time versusinitial average
speed, using 3 different CO, models, with LOS

EFFICIENCY OF NON-CAPACITY BASED EMISSIONS STRATEGIES

As a final consideration, we put marginal emissiomanges from speed into context by rough
comparison to a set of alternative NCBS for efficygimprovements. This analysis employs a broad set
of assumptions about the U.S. commuting fleet tken@mparisons of NCBS to freeway CBS that
increase speeds as indicated by improving LOS ffdmE, from E to D, and from D to the A-C range
(again, LOS average speeds are from Barth et H). (

The alternative strategies considered are shastanwtes (made possible by denser, more mixed
land use), vehicle fleet fuel efficiency improvernge(by lighter vehicles or less power-intensiveipasg),
reduced fuel carbon intensity (by alternative figelsh as biodiesel or less energy-intensive prantuct
and delivery methods), and replacement of lightrdwthicles in the fleet with electric vehicles (EV)
These alternative strategies do not increase dgauil therefore there is no induced demand gestbrat
by their application. However, increasing fuel @#ncy leads to reduced operational costs and there
potential for indirect long-term effects. This istithe case for cleaner fuel or EV alternatives.

To compare the efficiency of NCBS we assume anageedaily commute on primary facilities
of 16.6 miles (average of 439 U.S. urban area®@¥2rom Schrank and Lomag)j, fleet fuel efficiency
of 21.1 mi/gal (for the U.S. light-duty vehicle ¢ model year 2009, from the EP26J), average fuel
carbon intensity of 8.9 kgC@/gal (calculated fronB@)), and electric vehicle carbon intensity of travel
of 0.216 kgCQe/mi (from the supplementary material of Samardddisterling @7)). This EV carbon
intensity of travel is based on life-cycle assesgr{ileCA), while upstream emissions are not included
the roadway emissions estimates for petroleum ieshitn order to make an equivalent comparison with
the on-road emissions, an additional estimate densing zero emissions for EV's.

For each hypothetical LOS improvement the increasedage speeds and reduced commute
emissions are shown in the first two rows of Tabl&@hese assume that the LOS change applies to the
entire primary-road commute and exclude inducedastemThe table results also assume independence
of strategies — in other words changes to commigtartte or vehicle efficiency do not affect travel
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speeds. The final five rows in Table 1 show thengea that would be required to generate the same
commute emissions savings from each alternatiatesty.

As expected from the previous modeling in this pathe LOS change from F to E generates the
greatest marginal benefits, which require the gstadlternative efficiency improvements to matadme T
greatest relative difference in the emissions redoefficiency is observed in the central colurAn/3%
increase in freeway speed renders a meager 108tms f emissions reductions. Similar reductions ca
be achieved by increasing fleet fuel efficiency20§mpg or reducing commutes by less than a mile in
each direction. Furthermore, some alternativeegras (such as EV’s and fuel efficiency) have the
potential for net cost savings, as opposed to gegstal improvement projects such as urban freeway
widening that run between $7.9 to $11 million @ard-mile.

The values in Table 1 are based on the MOVES-mddat@ssions rates. A similar table based
on the Barth model is similar for LOS F to E, tha efficiency gains from LOS E to D are much less
(4% emissions savings, which can be matched byhties commutes or 5% more efficient vehicles).
For an improvement from LOS D to the A-C rangeBlaeth model predicts net emissidnsreases
because of the inefficiency of high-speed travel.

Table 1. Comparison of Equivalent Emissions Efficiency Strategies

LOS Fto LOSE LOSEtoLOSD LOS D to LOS A-C

Avg. speed increase (mph) 11.9 (64%) 22.4 (73%) 6.8 (13%)
Emissions savings

(gCO,e/commuter-day) 1,705 (19%) 759 (10%) 317 (5%)

Alternative Efficiency Strategy

Shorter commutes

(miles/commuter-day) 3.1 (19%) 1.7 (10%) 0.8 (5%)
Vehicle efficiency improvement

(mpg) 3.7 (23%) 2.3 (11%) 1.1 (5%)
Fuel carbon intensity reduction

(kg CO,e/gallon) 1.7 (19%) 0.9 (10%) 0.4 (5%)
Elec. vehicle penetration by LCA

(% of commuting fleet) 31% 20% 10%
Elec. vehicle penetration by zero-

emissions

(% of commuting fleet) 19% 10% 5%

For CBS improvements above LOS E the large spewdases generate only small emissions
savings, which are more easily attained by othearmeeBy assuming the LOS changes apply to the full
commute andheglecting induced demand, the alternative stratagyivalents are conservativia reality
the freeway efficiency improvements are even masglgachieved by alternative strategies because th
net long-term emissions savings from CBS wouldass.|Broadly, freeway CBS for emissions reductions
are not likely to be the most cost-effective applofor emissions rate reductions, and are susdeptb
self-defeating behavior responses through induceet

CONCLUSIONS

In order to move toward better understanding ar@y congestion mitigation and emissions reduction
strategies, this paper explores the effects diicrapeeds, freeway capacity, travel demand, and
alternative efficiency strategies on freeway emissi Marginal emissions rates are modeled as furcti
of average travel speed, and then total emisselated to travel demand. The exact relationshipsnam
emissions, traffic speed, and travel demand vatly thie model, pollutant, and vehicle fleet appliciout
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several consistent features and trends arise fn@study. The central conclusion from the emission
speed relations is that the potential for margemalssions rate reductions through average trawsldsp
adjustments between 30 and 65 mph is small- thiawgkr rate reductions are possible by moderating
speeds that are outside this range.

When considering total freeway emissions, marganaiksions rates per vehicle-mile provide an
incomplete picture. Accounting for trade-offs bedéwdravel distance and travel time, the effectsanfel
speed on total emissions are better representdtelgombined shapes of the spatial and temporal
marginal emissions rate curves (per vehicle-milk ger vehicle-hour). Induced or suppressed travel
demand due to these trade-offs are critical consiidems when assessing the emissions effects of
capacity-based congestion mitigation strategiepaCity expansions that reduce marginal emissides ra
by increasing travel speeds are likely to increéatd emissions in the long run through induced aean
Even neglecting induced demand, freeway efficigmrojects that increase freeway speeds above LOS E
have small emissions benefits that are more easiycost-effectively attained by other stratedies.
summary, capacity based strategies to mitigateesiizgn in homogenous freeway sections can lead to
higher overall emissions in the long-run, thougk tutcome is less probable for sections with heravi
initial congestion (LOS F).
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