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Project Motivation

• Project relates to research area of environmental 
impact assessment of vehicles.

• Motor vehicles exhaust emissions contribute to 
air polluation:
• CO
• NOX = NO+NO2

• Volatile Organic Compounds (VOCs) 
• PM2.5

• Air toxics, e.g., formaldehyde, acetaldehyde, 
benzene, toluene, naphthalene

• These emissions are a major cause of 
cardiovascular disease and a cancer risk factor 
(HEI, 2010).
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• People in cold climates are potentially exposed to 
significantly higher concentrations of air toxics 
because of enhanced cold start and idling 
emissions and lower pollution dispersion rates.   

• Vehicle emissions models (i.e. US EPA’s Motor 
Vehicle Emissions Simulator [MOVES]) suggest 
that in cold climates the majority of pollutant 
mass emitted by vehicles occurs during engine 
cold starts and not when the vehicle is moving 
along the road. 

• Vehicle emissions data for cold climates is sparse 
and the accuracy of vehicle emissions model 
parameterizations for air toxics in cold climates is 
not known. 

Project Motivation - Cold Climates
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Salt Lake City on January 9, 2013 (The Salt Lake 
Tribune).

“At -20 C (-4 F), cold start 
emissions of hydrocarbons emits 
the same mass as driving 5000 
km (3100 miles).”

(Weilenmann et al., 2009)



Project Objectives
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Specific Objectives:

1. Estimate the contribution of start emissions to total vehicle emissions.

2. Evaluate MOVES predictions using previous ambient measurements.

3. Evaluate MOVES' temperature-dependence parameterization with laboratory 
measurement.

4. Improve MOVES' temperature parameterization according to objective 3 and 
re-evaluate objectives 1 and 2.

The overarching goal is to improve model predictions of ozone, PM2.5, 
and air toxics for air quality management applications.



Yakima, Washington
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• January climate: 
• average low: 23oF
• average high: 39oF 

• Wintertime air stagnation 
events are common.

• Site of the WSU’s YAWNS 
(Yakima Air Winter Nitrate 
Study) field project in 
January 2013

Winter Field Observations



YAWNS Field Observations Yakima, WA 
Wintertime source apportionment

• ERw =wood combustion
molar emission ratio P / CH3CN

• ERFF =fossil fuel combustion 
molar emission ratio P / NOx

P =ERw*[CH3CN]  + ERFF*[NOx]
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Large contribution form 
roadway vehicles.  

Is this from cold starts or 
running emissions?



MOVES2010b CO Emission Inventory for Yakima County
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• Start emission is 65% 
of total vehicle 
emission for CO.

January 2012



MOVES2010b VOC Emission Inventory for Yakima County 
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• Start emission is 63% 
of total vehicle 
emission for volatile 
organic compounds 
(VOCs).

January 2012



AIRPACT Regional Air Quality Modeling System
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• Supported by NW-AIRQUEST, a consortium of air 
quality agencies in the Pacific Northwest

• Forecasts hourly concentrations on 4-km x 4-km 
grid cells for the Pacific Northwest:
• Ozone
• PM2.5 species

• Sulfate, nitrate, organics, elemental 
carbon

• Selected air toxics, e.g., formaldehyde
• Related species

• Produces 48-hour forecasts each day

• The system be also be used for retrospective 
analysis

http://lar.wsu.edu/airpact



AIRPACT Regional Air Quality Modeling System
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• Simulates emissions, transport, deposition 
and chemistry of ozone, aerosol, and 
selected air toxics using > 70 species and > 
200 reactions

• Includes emissions from many sectors:
• Vehicle
• Industry
• Power plants
• Residential wood burning
• Biogenics
• Fires
• etc

• Automates evaluations using observational 
data from the AIRNow monitoring sites and 
satellite retrievals



Comparison of Yakima data to On-Road Emissions Inventory

Compare ERFF to Motor Vehicle Emissions Simulator 
(MOVES)  predicted emissions

ERFF MOVES Diesel Gasoline
CO / NOx 12.2 10.5 0.32 15.8
BC / NOx 0.029 0.040 0.082 0.019

HCHO / NOx 0.053 0.0074 0.0063 0.0080
CH3CHO / NOx 0.034 0.0054 0.0019 0.0072
Benzene / NOx 0.018 0.0073 0.0002 0.012
Toluene / NOx 0.039 0.019 0.0002 0.029

Aldehyde emission ratios underestimated by a factor of 6-7
Aromatic emission ratios underestimated by a factor of ~2
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Ozone and PM2.5 Sensitivities to Vehicle Emission Models
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• October 2012, AIRPACT-4 switched from 
using MOBILE6 to MOVES.  

• MOVES is implemented using SMOKE, national 
default inputs and look-up tables. (AIRPACT-4 has 
73,530 surface-layer grid cells.)

• Using MOVES over MOBILE6 improves 
modeled O3 and PM2.5 predictions in some 
cases, but worse in other cases.

• Errors in vehicle emissions is a major source 
of model errors in O3 and PM2.5 (though 
other errors, e.g., meteorology and 
emissions from other sectors, also 
contribute).

Comparison AIRPACT Ozone and PM2.5 Predictions
of using MOBILE6 vs MOVES



• Catalyst exhaust after-treatment

After-treatment systems do not function properly 
during the first 20–100 s of engine operation 
following a cold start.

• At low ambient temperatures it takes longer to warm up

Full warm-up for a small engine vehicle started at -7 oC
takes around 18 min (Bielaczyc, 2011)

Working temperature

Engine

Catalyst

110 oC

200 oC

Cold Start Emissions

Cold start means the 
vehicle was started with 
a cold engine and cold 
emission control 
equipment (12 hrs cool 
down time). 
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• Chassis dynamometer 
testing as part of mpg and 
emissions verification

FTP-75 (UDDS)

• Calculation: bag method

• Most tests at 75 and 20 °F

How does EPA measure cold start emissions?

Cold start emissions = bag 1 – bag 3

Grab sample into Teflon bags
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WSU Cold Start Emissions Testing

Use Mobile Atmospheric 
Chemistry Lab and old storage 
building (unheated).

Continuously measure from tail 
pipe using high time resolution 
instrumentation.
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Exhaust sampling schematic

Sample diluted exhaust
Dilution factor ~ 50 to 100

Instrumented trailer
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Make Model Year
Engine 

size (L)
Tier

Emission factor (g/mi)

10 Years / 100,000 Miles Cold start CO

CO NOx PM HCHO (50,000 miles)

Ford Mustang 1995 5.0 1 4.2 0.6 0.1 - -

Honda Civic 1996 1.6 1 4.2 0.6 0.1 - -

Pontiac Vibe 2004 1.6 2 4.2 0.07 0.01 0.018 10 (@-7 oC)

Subaru Forester 2015 2.5 2 4.2 0.07 0.01 0.018 10 (@-7 oC)

Test Vehicles: January- March, 2014

18 tests conducted, most on Pontiac Vibe (8) and Forester (5)
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Clean Air Act Vehicle Emission Limits



Cold start phase lasts 
about 60 seconds for 
the Forrester

CO Emissions 
from

Subaru Forester
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H3O+ + R  RH+ + H2O

Measured selected ions to keep 
measurement rate fast:
HCHO
CH3CHO
Benzene
Toluene
Xylenes
Naphthalene
m47 (ethanol)
m43 (propene + ...)

We also attempted to collect air 
samples into Teflon bags for 
analysis by GC-MS

VOCs measured by PTR-MS

Detection principle
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1995 Ford Mustang GT

15 minutes to stabilize 1 minute to stabilize

2015 Subaru Forester

Significant differences observed between vehicles for time to stabilize emissions
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Temp. (oC) CO (g)
HCHO 

(mg)

CH3CHO 

(mg)

Benzene 

(mg)

Toluene 

(mg)

Xylenes 

(mg)

-4.3 45 17.5 79 128 407 593

-1.6 46 15.3 96 123 389 539

3.4 20 14.0 41 47 135 207

6.3 44 - - - - -

6.8 28 - - - - -

7.5 25 0.13 43 - 146 196

9.4 29 - - - - -

10.4 54 - - - - -

Results Summary Pontiac Vibe:  Mass Emitted per Engine Start
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MOVES2010b Temperature-Dependence of Start Emissions
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year 2012
vehicle model year 2008
RH = 80%

• Significant CO and NOx

emission increase with 
cold temperature



MOVES2010b Temperature-Dependence of Start Emissions
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year 2012
vehicle model year 2008
RH = 80%

• Also significant increase 
with cold temperature 
for total VOCs.

• MOVES does not have 
compound-specific start 
emission factors for 
VOCs; therefore 
formaldehyde, benzene, 
toluene, etc. have the 
same temperature-
dependence profile as 
that of total VOCs.



MOVES2010b Temperature-Dependence of Start Emissions 
and Vehicle Model Year 

24

year 2012
RH = 80%

• Significant differences 
between vehicle model 
years for most gasoline 
vehicles

• Small or no difference for 
diesel vehicles (not 
shown)



Conclusions / Summary of Project Progress

• Conducted literature review on cold start emissions
not much information on speciated VOC emissions (usually total HC)

• Set-up sampling method for measuring tail pipe emissions
• Conducted 18 tests on 4 different vehicles measuring VOCs, CO, NOx, CO2.

problems identified measuring HCHO 
limited temperature range (Pullman had an unusually warm winter)
noted test-to-test variability (vehicle or sampling set-up?)

• Plan is to conduct more tests this winter (Vibe, Forester, diesel truck) and work on 
the sampling methodology

add PM2.5 using TSI Dustrak sampler
improve HCHO sampling 
use fast response NO, NO2 analyzer
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• Used MOVES2010b to estimate contribution of start emissions to total vehicle 
emissions for Yakima County, WA in January 2012

 greater than 60% for CO, VOC, and benzene

• Used MOVES2010b to generate temperature-dependence profiles for start 
emissions of VOCs, CO, and NOx

 Significant increase in emissions with cold temperature – qualitatively consistent with literature
 Large variations in the profiles for different vehicle type, fuel, and vehicle model year
 Next steps: run model for other fuel types and to get emissions for PM2.5, napththalene, and 

other air toxics

• The next main objective is to configure MOVES to generate emission per start per 
vehicle (instead of per vehicle population)

 allows for a more direct comparison to Dr. Jobson’s laboratory data
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Conclusions / Summary of Project Progress (continued)


