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Abstract: In order to understand how the uncertainties in the output can be apportioned to different

sources of uncertainties in its inputs, it is critical to investigate the sensitivity of MOVES model. The

MOVES model sensitivity for regional level has been well studied. However, the uncertainty analysis

for project level running emissions has not been well understood. In this research, the MOVES model

project level sensitivity tests on running emissions were conducted thru the analysis of vehicle specific

power (VSP) , scaled tractive power (STP) , and MOVES emission rates versus speed curves. This

study tested the speed, acceleration, and grade-three most critical variables for vehicle specific power

for light duty vehicles and scaled tractive power for heavy duty vehicles. For the testing of STP, four

regulatory classes of heavy duty vehicles including light heavy duty (LHD) , medium heavy duty

( MHD) , heavy heavy duty (HHD) and bus were selected. MOVES project running emission rates

were also tested for CO, PM2. 5, NOx ' and VOC versus the operating speeds. A Latin Hypercube

(LH) sampling based on method for estimation of the "Sobal" sensitivity indices shows that the speed

is the most critical variable among the three inputs for both VSP and STP' Acceleration and grades

show lower response to the main effects and sensitivity indices. MOVES emission rates versus speeds

curves for light duty vehicles show that highest emission occurs at lower speed range. No significant

differences on emission rates among the regulatory classes of heavy duty vehicles are identified.
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1 Introduction

The motor vehicle emission simulator (MOVES) de-
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veloped by U. S. Environmental Protection Agency

(U. S. EPA) Office of Transportation and Air Quali

ty (OTAQ) is a new emission modeling system esti-
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mating emissions for mobile sources covering a broad

range of pollutants and allows multiple scale analysis

(U. S. EPA 2013). It is now required that the

MOVES model will be used for state implementation

plan (SIP) and conformity purposes (U. S. EPA

2012a). In order to understand how the uncertainty in

the output can be apportioned to different sources of

uncertainty in its inputs, it is critical to test the

MOVES model performance and sensitivity.

The MOVES regional sensitivity study has been

performed by the Volpe National Transportation Sys

tems Center at Federal Highway Administration (FH

WA). It was conducted at regional and county scale

and focused on the running emissions process for car

bon monoxide (CO), oxides of nitrogen (NO,),

particulate matter of less than 2. 5 micrometers

( PM2. 5 ), and volatile organic compounds

( VOCs). The parameters evaluated by the study are

temperature, humidity, ramp fraction, age distribu

tion and average speed distribution. This study shows

the order of impact on vehicle emissions by using ac

tual data is average speed distributions, vehicle age

distributions and ramp fractions (Noel and Wayson

2012 ). As anticipated, vehicle fleet and activity data

are the most sensitive inputs for the model since the

MOVES model utilizes the vehicle specific power

( VSP) approach which considers the instantaneous

engine power outputs as a key factor for emission

modeling (U. S EPA 2011; 2012b). Federal High

way Administration resource center also entrusted AE

COM for MOVES sensitivity study and comparison of

MOVES, MOBILE 6. 2 and EMFAC. Thru those

studies, they concluded that the MOVES emission

rates are very sensitive to speed, as well as source

types and ages (Hawk 2(09). They also observed

that using less refined inputs would result in higher

emissions. Texas Transportation Institute also reported

their testing results for MOVES sensitivity. They sim

ulated the effects of control programs, such as inspec

tion and maintenance (liM) programs, gasoline Reid

vapor pressure (RVP) and sulfur content effects, as

well as meteorological inputs including temperature,

relative humidity and barometric pressure. Moreover,

the testing of influences of vehicle fleet characteristics

and vehicle speed is also performed. The study pres-
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ented comparative results from previously defined sce

narios and the emission rates used were also from

look-up tables derived from county scale MOVES re

sults. However, the MOVES sensitivity analysis un

der project level has not been carefully studied al

though the key of MOVES model, vehicle specific

power, is usually calculated based on trajectories of

individual vehicles.

At project emission modeling scale, previous stud

ies (Boriboonsomsin and Barth 2009; Fernandez and

Long 1995; Hallmark et al. 2002; Park and Rakha

20(5) have shown that roadway grade has a signifi

cant impact on the emissions even before MOVES

model was released. Empirical results show that the

magnitude of significance ranges from 50% up to

200% depending on the type of pollutant and corre

sponding roadway grade. The results have lots of un

certainties since there is evidence of a synergistic

effect of grade and speed, and a potential load thresh

old for emission excursions as well. Since the grade

plays such a critical role in emission modeling, it is

imperative to further understand the MOVES model's

elasticity on roadway grade. Since the MOVES model

adopts the VSP approach, which considers the grade

as a variable, it is important to know how MOVES

model response to the changes in grade and its corre

sponding VSP. Especially, to what extend will the

grade impact the emissions has rarely been recognized

and recommendations to the practices of using

MOVES model at project level when roadway grade

influences should be made.

A summary of the studies on project level impacts

on emissions is first presented, followed by a descrip

tion of the methodology and parameters used in this

study. Sensitivity tests on the VSP and STP, and the

MOVES emission rates on speed are then quested.

Next, results of the sensitivity tests are given. Final

ly, a summary, conclusion, and recommendations for

further research are provided.

2 Summary of existing studies

It is commonly recognized that emissions tend to in

crease when vehicles are traveling uphill than on a flat

surface road since the engine needs to produce more

power to work against the gravity. On the other
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hand, the emissions should be lower since the gravity

acts as a driving force. The magnitude of the impact

of grade differences on emissions has been studied

since the 1990s. Fernandez and Long (1995) studied

the grades effects on on-road emissions by using on

board analyzer. They compared emissions from uphill

on grades ranging from 0 to 7%. As a reference of

the grade impact, they compared their monitored re

sults with the EMFAC speed correction factor correc

ted emission rates. They found when grades were a

bove 3% , hydrocarbon and CO emissions were higher

than the model predictions. While results from nega

tive grades or flat terrain were quite close to the pre

dicted values. Even more, they observed that the in

crement of 1% grade would result in 3.0 grams/mile

of CO emissions.

However, in practice, it is critical to obtain the

roadway grade inventory and use it for emission esti

mation and modeling. Zhang and Frey (2005) pro

posed a method for estimating road grade based upon

bivariate regression using light detection and ranging

(LIDAR) data. The implications of accurate estima

tion of road grade with respect to emissions estimation

were investigated based upon calculation of total emis

sions of NO., CO, hydrocarbons, and CO2 , Park

and Rakha (2005) studied the energy and environ

mental impacts of roadway grades using microscopic

simulation software. The study demonstrates that the

impact of roadway grade is significant with increases

in vehicle fuel consumption and emission rates in ex

cess of 9% for a 1% increase in roadway grade. Con

sequently, a reduction in roadway grades in the range

of 1% can offer benefits that are equivalent to various

forms of advanced traffic management systems. How

ever, since the microscopic simulation model itself

has an energy and emission component which is com

pletely different from the MOVES modeling ap

proach, the results and recommendations may not be

necessarily adaptable to current practice. Boriboon

somsin and Barth (2009) conducted research on im

pacts of road grade on fuel consumption and carbon

dioxide emissions using the comprehensive modal

emission model (CMEM). Their results show that

road grade does have significant impacts on the fuel

economy of light-duty vehicles both at the roadway

link level and at the route level. They reported that

the overall fuel economy of the flat route is superior

to that of the hilly route by approximately 15% to

20% based on the combined model and empirical

study for light-duty vehicles.

Little research effort has been made to the sensitivi

ty testing on project level MOVES modeling. Vallam

sundar and Lin (2013) did sensitivity study of

MOVES and AERMOD in corresponding to the

EPA's requirment regarding PM2. 5 hotspot analysis.

The study found MOVES PM2. 5 EFs are most sensi

tive to speed compared to other input parameters and

EFs are highest when vehicles are idling. Emissions

from gasoline powered vehicles were found to be

more sensitive to seasonal, daily and yearly variations

compared to diesel powered vehicles. Therefore,

there is a gap between research on the traffic activity

impacts to emissions and how MOVES model reacts

to the changes in speed, acceleration and grades.

This paper extends previous work by further recog

nizing MOVES project level running emissions elas

ticity in three ways: (a) perform sensitivity tests on

VSP and STP for multiple MOVES link source types;

( b) compare the magnitude of emission differences

when roadway grade is included with zero grades re

sults; (c) recommend best practices for MOVES pro

ject level emission analysis.

3 Methodology

The specific aim of this research is to test the sensitiv

ity of MOVES model in terms of roadway grades on

emissions. To accomplish this, two objectives are

designated to fulfill: (1) to perform sensitivity analy

sis of the VSP approached based binning system; (2)

to compare the MOVES results when grades are in

cluded with the assumed zero grades. In this project,

the case study will focus on the running emissions

process for CO, PM2. 5, NO., and VOCs as studied

in the regional level MOVES sensitivity performed by

FHWA (Noel 2013).

3.1 Grade data collection

To fulfill the objectives, a set of second-by-second

GPS data was collected. Almost 110000 records of

data were collected in this study on the 30 km inter-
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state freeway. A data filter with high horizontal dilu

tion of precision (HOOP) greater than 4 and low

NSAT less than 4 (Gong et a1. 2012) was applied to

remove invalid data due to blocking of satellite sig

nals. The handheld GPS data loggers used is Qstarz

BT-Q1000EX. They were set to collect variables in

cluding date, time, latitude, longitude, altitude,

speed, HOOP and number of satellites (NSAT)

used, etc. According to the specifications of the man

ufacture (Qstarz 2012) , the device error is less than

3 meters for positioning and O. 1 m/s for measuring

velocity.

The horizontal run is calculated by using the hav

ersine formula. It is a method to calculate the shortest

distance over the earth's surface by assuming that the

trajectory traveled between two consecutive sets of lat

itude and longitude is a straight line. The so-called

great circle distance between two points remains par

ticularly well-conditioned for numerical computation

even at small distances (Movable Type Scripts

2012).

. J Lat,,+! - Lat"
a = sm-( 2 ) + cos(LatJ x

• 2 Longn+1 - Long"
cos ( Lat" +1 ) sm ( 2 ) ( 1)

Run =2R x atan2 (jG, !1="G) (2)

where Lat is latitude; Long is longitude; R is radius

of earth (mean value is 6371 km).

Then the freeway grade was calculated. The sam

ples collected shows that 92. 35 % grade data falls into

the range of -10 % and 10%. A total of 92914 grade
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data points are obtained. There is merely any data

point with grade equals to zero. This shows that for

VSP based emission and energy consumption model

ing, the zero grade is rarely the case for urban inter

state freeways in U. S. Based on data collected, 90.

15% AM, 97.3% Mid-day and 92.01 % PM data

falls into a grade range of -6% to 6%. The distribu

tion is almost perfect bell-curves of normal distribu

tion. Therefore, the selection of grade range between

-6% to 6% is justified and is a well representation

of the typical urban freeway.

3.2 Speed and acceleration/deceleration rate ran
ges

The vehicle operating speed range of 0 to 90 mph is

selected based on the results from Boriboonsomsin and

Barth (2009). Although the study was for fuel con

sumption and carbon dioxide emissions, their results

show that there is a sharp increasing of fuel consump

tion when speed is beyond 80 mph.

The maximum acceleration and deceleration rate

which a vehicle could produce depends on the vehicle

type, the level of terrain and the traveling speed.

However, there is a range of acceptable acceleration

rate that is commonly accepted. Tab. 1 shows the

maximum acceleration ( Acc) and deceleration ( Dec)

rates selected for this study based on recommendations

from Federal Highway Administration (U. S. DOT

1994; FHWA 1998) , Institute of Transportation En

gineers (Pline 1999) and studies on microscopic sim

ulations models (Yang 1997) and safety studies

(Gates et a1. 2007).

Tab. 1 Maximum acceleration and deceleration rates (ftfS2 )

Speed (ftl s)

Regulatory class <20 20-40 40-60 (,0-80 ;'80

Ace Dec Ace Dec Ace Dec Ace Dec Ace Dec

Light duty vehicles ( passenger cars) 10.00 11. 20 7.'i0 'i. 50 5.60 'i. 00 4.00 H.50 4.00 H.OO

Buses 7.00 5.00 5.00 5.00 4.00 5.00 1.50 5.00 1.00 5.00

Light and medium heavy duty 2.80 5.00 2.50 5.00 1.50 5.00 1.00 5.00 0.50 5.00

Heavy-heavy duty 1. (,0 5.00 1. 45 5.00 0.8'i 5.00 0.47 5.00 0.40 5.00

The maximum deceleration rate, a, is set equal to

3. 4 m/S2 ( 11. 2 ftl S2) (Fancher and Gillespie 1997;

Harwood et a1. 1997). This value was found by

Fambro et a1. (1997) to represent the 10th percentile
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deceleration rate of passenger cars. This deceleration

rate represents a comfortable value for controlled bra

king by a passenger car driver and is within the

driver's capability to stay within his or her lane and

maintain steering control when braking on wet sur

faces.

3.3 VSP/STP and operating mode distribution

VSP is traditionally defined to represent the instanta

neous vehicle engine power. It has been widely uti

lized to reveal the impact of vehicle operating condi

tions on emission and energy consumption estimates

that are dependent upon the speed, roadway grade

and acceleration or deceleration on second-by-second

basis. Then the calculated VSP values are computed.

The VSP values for light duty vehicles are calculat

ed by the following equation (Jimenez 1999) :

VSP =v x [a( 1+~)+g x grade ( % )+g x CR ] +

0.5pxCD xA x v3lm (3)

where v is vehicle speed (assuming no headwind) in

mIs; a is vehicle acceleration in mIS2; t is mass fac

tor accounting for the rotational masses (about O. 1 ) ;

g is acceleration due to gravity; grade is road grade;

CR is rolling resistance (about 0.0135); CD is aero

dynamic drag coefficient; A is the frontal area; m is

vehicle mass in metric tonnes.

The equation can also have a vehicle accessory

loading term (air conditioner being the most signifi

cant) added to it. Moreover, higher order terms in

rolling resistance can be added to increase model ac

curacy (Gillespie 1992). Using typical value of coef

ficients ( CD x AIm, about O. 0005 ), in SI units the

equation becomes (Nam 2003) :

VSP (kW/metric ton) =v x [1. 04a +9.81 x

grade( % ) +0. 132] +0.00121 X v3
( 4)

For heavy-duty vehicles, the STP is used. At a

given time t, the instantaneous STP, represents the

vehicle's tractive power scaled by a constant factor.

STP is calculated as a third-order polynomial in

speed, with additional terms describing acceleration

and road-grade effects. The coefficients for this ex

pression, often called road load coefficients, factor in

the tire rolling resistance, aerodynamic drag, and

friction losses in the drivetrain.

The STP values for heavy duty vehicles are calcu

lated by the following equation (Nam 2003a; U. S.

EPA 2012):

Av, +Bv~ +Cv~ +mv,a,
STP, fsc,le (5)

where A is rolling resistance coefficient (kW • s/m) ;

B is rotational resistance coefficient (kW • s2/m2
);

C is the aerodynamic drag coefficient (kW . s3/m3
) ;

m is mass of vehicle (metric ton) ; fscale is fixed

mass factor; v, is instantaneous vehicle velocity at

time t (m/s) ; at is instantaneous vehicle accelera

tion (m/s 2
).

The values of coefficients A, B, and C are the road

load coefficients pertaining to the heavy-duty vehicles

as determined through the EPA's physical emission rate

estimator (PERE) (Nam 2003). Tab. 2 shows the co

efficients of STP for different regulatory vehicle clas

ses. Thus, the STP for each MOVES heavy duty vehi

cle regulatory class (from light duty to heavy duty and

urban bus) is ready to perform the sensitivity test.

Tab. 2 STP coefficients

Regulatory class Regulatory class name Average running weight m (metric ton) A B C !scaJe

LHD Light-heavy duty 5.0 0.000226 0 1. 470000024 2.06

MHO Medium-heavy duty 11. 4 0.000452 0 1. 930000027 17.10

HHD Heavy-heavy duty 27.7 0.000831 0 2.890000019 17.10

BUS Urban Bus 16.6 0.000484 0 3.220000023 17.10

4 Results from sensitivity analysis

The sensitivity test presents results from testing speed,

acceleration rate and roadway grade impacts on VSP

for light duty vehicles, speed, acceleration rate on

STP for heavy duty vehicles and vehicle operating

speed on MOVES running emission rates.

4.1 VSP sensitivity analysis for light duty vehicles

The VSP was firstly studied by investigating its three

dimensional surface against acceleration rate and

speed. Fig. 1 shows the 3D surface of VSP with a
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Fig. 1 3D surface of VSP versus acceleration and

speed for light duty vehicles

samples are drawn at each Markov Chain Monte Carlo

( MCMC) iteration in order to estimate main effects

as well as 1st order and total sensitivity indices. The

quality of sensitivity analysis is dependent on the size

of the LH samples used for integral approximation; as

with any Monte Carlo integration scheme, the sample

size must increase with the dimensionality of the prob

lem. The total sensitivity indices T are forced non

negative, and if negative values occur it is necessary

to increase the sample size.

Figure 2 shows the main effects, first order sensi

tivity indices and the total effect sensitivity indices of

the VSP for light duty vehicles. The main effects fig

ure shows that both speed and acceleration have is

more sensitive to the VSP. However, the speed lar

gest response on the VSP since it has a sharper slope

comparing to the acceleration slope. Grade, unlike

the speed and acceleration, has less impact on that

VSP since it has low response on the main effects.

The first order and total effect indices conformed that

the speed has the more impact on the VSP of light du

ty vehicles while acceleration and grade have less

impact.

The main effects with the mean and 90 percent in

terval plot show the amount of uncertainty from the

results of the given MCMC iteration. Fig. 3 shows the

range of the 90 percent interval range and the mean of

the main effects of speed, grade and acceleration. It

is consistent with Fig. 2 that the speed has more im

pact but less uncertainty. However, the grade and ac

celeration have less impact but more uncertainty on

the VSP for light duty vehicles.
(6)

--.. 4000 r
£..,

.~ 2000 I
ii
Co
l'.
<J)

~

To test the uncertainty and the sensitivity of the

VSP equation for light duty vehicles, a Bayesian

Monte Carlo sensitivity analysis is performed as de

scribed by Saltelli (2002) and Morris et al. (2008).

A Latin Hypercube (LH) sampling based method for

estimation of the "Sobal" sensitivity indices is de

scribed as follows:

1st order for input i

S(i) Var(E[JlxilJ)
Var(f)

speed range of 0 -90 mph and acceleration rate of -11

to 10ft!S2. The surface has a very sharp increasing

when speed is above 40 mph. The simulation of the

30 surface VSP ranges from -80 to 4160 kW/metric

ton. Although it covers only a small range of VSP

from 0 to 30 kWI metric ton, the theoretical values of

light duty vehicle VSP may range much higher. The

extreme VSP value exists at the highest speed and

highest acceleration rate as indicated in Fig. 1, the

upper right comer of the 30 surface.

where Xi is the ith input.

Total effect for input i

. E[ Var(f Ix.;!) ] (7)
T( I) = Va r (f)

where x.; is all inputs except ith.

The probability distribution on the inputs with re

spect to which sensitivity is being investigated by in

vestigates the moments with respect to the appropriate

marginal of the uncertainty distribution. By approach,

the integrals involved are approximated through avera

ges over properly chosen samples based on two LH

samples proportional to U. The sensitivity analysis is

performed in R with the fully Bayesian Monte Carlo

sensitivity analysis scheme. Random Latin hypercube

42 STP sensitivity analysis for heavy duty vehicles

Results from sensitivity tests on the STP for heavy du

ty vehicles were also reported below. However, since

the STP parameters for each MOVES regulatory class

( LHO, MHO, HHO and BUS) for heavy duty vehi

cles are available, the LH sampling based method for

estimation of the "Sobal" sensitivity indices are pres

ented. Since the STP parameters do not contain the

roadway grade, only the effects and uncertainties of

speed and acceleration rate are presented. Fig. 4

shows the main effects, first order and total effect

sensitivity indices for LHD, MHO, HHO and BUS.
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Similar to the VSP sensitivity results, the speed has

significant impact on the response for main effects

while acceleration's response is much smaller. As a

result, speed has high first order and total effect sensi
tivity indices compared to the acceleration. Very simi

lar sensitivity response and indices values are observed

for each MOVES regulatory class: LHD, MHO.

HHD and BUS.

"
0.2

-0.2

: "
: "..</

/:'........:....'" :,'

...:....'
." :. .
.'

1.2

- 0.4!;.,.::;:--;-:~,..,:--;c,,<c;-,:
-{).6 -0.4 -0.2 0 0.2 0.4 0.6

Scaled iDput

(a) Maio effects

0.1

.. ' ....................'.

015

0.10

..................-0.10 , .

- 0 15,""'--:':::----,-:;:;;-7
-0.06 -0.Q2 0.Q2 0.06

Ond,
(b) MaiDclTcetofgrade

-0.40 50 100 150

S.....

(a) MaiDclTeetoflpeed

0.05! o,~__--~--
-0.05

~-_ .
......:::::: .....

-,,.
•••• 0..<1.
---Ae<;>

........;....::...--

0.3

0.1

02

-0.3

-0.2

•
~ 0

~ -0.1

1.0

0'
0.1

0.4

0.2

oL-o::,---1--;;:;-J...>=,~-
Spd Grd Acc

laput variablel
(b) hi ordeucllSirivity indices

0.0

!
~o.o

-0.\

......
' ..'

.....
..."".......

........... ~.

1.2 ~0.1~4 _) -2 -1 0 2 1

1.0~

08 i-
o

AecIDcc ralc
(e) MaiD effect ofAcclDec rate

Fig. J Main elTects of speed. grade and

accclenJtion on VSP

0.2

Fig. 2

0.'
~

: E=3?;
0' .~----;;::'--o':c----~,- Spd Grd Acc

Input variablu
(c) Total cffeet scuitivity iodicc.

Sensitivity results for VSP on speed (Spd).

grade (Ord) and aecc:lenJtioo (A«:)

Figure 5 shows the main effects with the mean and

90 percent interval. 11 suggests the same observation
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less impact on the response but presents more uncer

tainty since its 90 percent interval curves tend to cover

larger area. Similar results were found for aU heavy

duty vehicle STP sensitivity lest results.
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4.3 fvOVES emission rates sensitivity results

Since the sensitivity tests on the VSP and STP results

showed that the speed is the most critical factor a

mong the traffic activity variables, it is important to

show how MOVES model emission responses to the

vehicle operational speed.

To test the MOVES model sensitivity of speed, a

series of MOVES run with hypothetical traffic activity

data inputs was performed. The MOVES model was

set to year 2013, August from 07: 00 to 07: 59 AM.

The MOVES geographic bounds were set to Hamilton

County, Ohio. Road type was set to urban restricted

access to simulate the running emissions on interstate

freeways. Pollutants modeled include: HC, CO,

NO" VOC, energy consumption (Energy) and pri

mary exhaust PM2. 5 (PM2. 5 ). Other project level

emission analysis data including vehicle age distribu

tion. fuel supply and formulation, and meteorological

data were set to default.

Figme 6 shows the emission rates versus traffic speed.

All curves showed higher emission rates at lower speed

ranging from 0 to 20 mph. This shows agreement with

literatures stating lower speeds corresponding to higher

emissions. Generally, as speed increases to the range of

25 to 60 mph, the emission rates tend to be lower with

NO, as an exception of increasing. However, when the

speed reaches the range of 70 to 85 mph, almost all pol

lutants showed an increasing trend. This is a consistent

with the literarures where when vehicle operational speed

reaches a higher speed (75 mph), the emissions tend to

increase. Pollutant type wise, NO, showed a little dif

ferent curve from the rest. The minimum NO, emission

rates are at 25 mph range and maximum while running a

bove 25 mph is approximately at 75 mph range. One can

also see from Fig. 6 that in order to obtain an lowest ve

hicle running emission, it is best to operate traffic flow

at the 50 mph range.

Figures 7-10 show the MOVES emission rates for

heavy duty vehicles. The emission curves at different

speed range showed a monotonic trend that when the

speed goes higher, the emission rates would reduce.

Significant decrease of emission rate occurs at the

speed range of 0 and 25 mph. The magnitude of

difference can be up to four times larger for almost all

Zhuo Yao et al.

of the pollutants. CO emissions for light heavy duty

vehicles exhibited a small trend of increasing at the

speed of 75 mph. Otherwise, no significant differ

ences were identified for the emission rates versus

speed among light heavy duty, medium heavy duty,

heavy heavy duty and urban bus classes.

5 Conclusions

Sensitivity analysis is used to determine how "sensi

tive" a model is to changes in the model parameter

values. Sensitivity analysis helps to build confidence

in the model by studying the uncertainties that are of

ten associated with parameters in models The MOVES

project level sensitivity analysis is performed based on

a Latin Hypercube sampling for estimation of the

" Sobal" sensitivity indices for its key concepts: VSP

and STP. Sensitivity tests of emission rates to vehicle

operating speed was performed as well.

MOVES sensitivity analysis helps the modelers to

understand the dynamics of the model system and al

lows modelers to determine what level of accuracy is

necessary for a parameter to make the model suffi

ciently useful and valid. For vehicle specific power,

the tests reveal that the MOVES model is very sensi

tive to vehicle operating speed, and then it may be

possible to use a value with greater precision rather

than an estimate. The tests also identified that the ac

celeration and grade as critical factors but the magni

tude of significance indicated by its first order and to

tal effect sensitivity indices is much less than that of

vehicle speed. As of the scaled tractive power, simi

lar results on the heavy duty vehicles are identified.

MOVES emission rate versus operating speed curves

showed that at lower speed range (below 25 mph) ,

the emission rates can be four times higher than the

higher speed range (higher than 25 mph, lower than

75 mph). However. for most of the modeled pollu

tants. the emission rates tend to increase while vehicle

operating speed is greater than 75 mph.

Although this study focused on the sensitivity test

of VSP/STP and MOVES project level emission

rates, the simulation on the VSP/STP binning has not

been studied. MOVES project level sensitivity analy

sis of the specific VSP/STP variables including the

grade and acceleration should be further studied.
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