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Investigation of NH3 Emissions from
New Technology Vehicles as a
Function of Vehicle Operating
Conditions

T A O H U A I , T H O M A S D . D U R B I N , *

J . W A YN E M I L L E R , J O H N T . P I S A N O ,

C L A U D I A G . S A U E R , S A M H . R H E E , A N D

J O S E P H M . N O R B E C K

Bourns College of Engineering, Cen ter for Environm ental

Research and Technology (CE-CERT), University of Californ ia,

Riverside, Californ ia 92521

The objective of this study w as to measure ammonia
(NH3) emissions from modern technology vehic les since
information is scarce about this important source of particulate
matter (PM ) precursors. Test variables inc luded the
emission level to w hich the vehic le w as certified, the
vehic le operating conditions, and catalyst age. Eight vehic les
w ith low -emission vehic le (LEV) to super-ultralow -
emission vehic le (SULEV) certification levels w ere tested
over the Federal Test Procedure (FTP75), a US06 cyc le, a hot
running 505, a New York City Cycle (NYCC), and a
specially designed M odal Emissions Cycle (M EC01v7)
using both as-received and bench-aged catalysts. NH3

emissions in the raw exhaust w ere measured by tunable
diode laser (TDL) absorption spectroscopy. The results show
that NH3 emissions depend on driving mode and are
primarily generated during acceleration events. M ore
specifically, high NH3 emissions w ere found for high vehic le
specific pow er (VSP) events and rich operating conditions.
For some vehic les, NH3 emissions formed immediately
after catalyst light-off during a cold start.

1. Introduction

Understanding the relationship between em issions and m ode

of vehicle operation is com plex but also one of the m ost

critical aspects of accurately quan tifying vehicle em issions.

In recen t years, there has been an increased effort to develop

m ore extensive databases of real-tim e vehicle em issions and

subsequently utilize these data for m odel developm ent. Using

real-tim e data, Jim enez-Palacios et al. showed that em issions

were a function of vehicle specific power (VSP) (1). The United

States Environm ental Protection Agency (EPA) is also de-

veloping a new Multi-Scale Motor Vehicle and Equipm en t

Em issions System (MOVES) m odel that will u tilize real-tim e

data for em issions estim ates (2). In a prelim inary m odeling

“shootout,” EPA concluded that approaches using both

binn ing of data by operational m ode as well as VSP were

prom ising for m odeling em issions (2, 3).

While there have been considerable efforts to characterize

and understand real-tim e em issions of regulated pollu tan ts,

fewer data are available for em issions of unregulated m obile-

source em issions such as am m onia (NH3). NH3 con tributes

to the production of secondary particulate m atter (PM) as

ammonium nitrate (NH4NO3) and ammonium sulfate ((NH4)2-

SO4), and som e recen t studies have indicated that NH3

em ission rates from autom obiles m ay be higher than

previously estim ated, although a wide range of NH3 em issions

estim ates (from <0.002 to 0.140 g/ km ) have been reported

for vehicles (4-14). At presen t, it is estim ated that m obile

sources in the greater Los Angeles area are the th ird largest

source of NH3 em issions and accoun t for approxim ately 18%

of the inven tory (15).

Studies of the em ission rates and the m echan ism s of NH3

form ation in vehicle exhaust date back to the 1970s (16-22).

Early studies showed that NH3 form ation can be attributed

prim arily to reactions that occur over the catalyst (23-28).

The detailed reaction chem istry on the catalyst surface is

com plex and involves a num ber of differen t individual

reactions (29). Gandhi and Shelef (26, 27) suggested that

hydrogen produced in the water-gas shift reaction (CO +

H2O T CO2 + H2) could be a m ajor con tributor to NH3

form ation through the overall reaction of 2NO + 2CO +

3H2f 2NH3+ 2CO2 or 2NO + 5H2f 2NH3 + 2H2O. Studies

have also shown that the operating condition of the vehicle

plays an im portan t role in the form ation of NH3 in vehicle

exhaust. Researchers have found that NH3 em issions can be

m ore prevalen t under conditions where the vehicles are

m alfunction ing or runn ing rich (13, 21) or over aggressive

driving cycles (7). Rem ote sensing studies, on the other hand,

have shown high NH3 em ission levels can also be found even

under near stoichiom etric conditions (6). Clearly, to better

understand and eventually to m odel NH3 em issions in vehicle

exhaust, it is im portan t to understand which factors con-

tribute to NH3 production , including vehicle technology and

operating m ode, catalyst technology and age, and the air/

fuel ratio.

The objective of th is study was to exam ine NH3 em issions

as a function of differen t vehicle operating conditions and

to better understand the form ation of NH3 em issions in

vehicle exhaust. For th is study, eight vehicles with low-

em ission vehicle (LEV) to super-ultralow-em ission vehicle

(SULEV) certification were tested over the Federal Test

Procedure (FTP75), a US06 cycle, a hot runn ing 505, a New

York City Cycle (NYCC), and a specially designed Modal

Em issions Cycle (MEC01v7) (30). An im portan t aspect of th is

study was the m easurem ent of NH3 em issions using a tunable

diode laser (TDL). This instrum en t allows in -situ m easure-

m en ts of highly tim e-resolved NH3 em issions in the raw

exhaust. This paper discusses the results of th is study and

provides som e prelim inary insights that m ight be useful in

better understanding NH3 em issions from vehicles.

2. Experimental Procedures

2.1. Test Vehicles and Fuels. A total of eight 2000-2001

vehicles with 6,000-30,000 m iles were tested as part of the

study. A descrip tion of the test vehicles is provided in the

Supporting In form ation . The test m atrix was com posed of

late m odel vehicles and included two SULEV vehicles, two

ultralow-em ission vehicles (ULEV), and four LEV vehicles,

as defined by Californ ia regulations.

The test fuel used for th is project was a com m ercial

Californ ia Phase 2 gasoline doped to 30 ppm w sulfur, a value

close to the average sulfur level of Californ ia gasoline. The

properties of the test fuel are provided in the Supporting

In form ation .

2.2. Catalyst and Oxygen Sensor Aging. For this program ,

each vehicle was tested using its original equipm en t (OE)

as-received catalyst and a bench-aged catalyst. Catalysts were
* Corresponding author phone: (909)781-5794, fax: (909)781-5790;

e-m ail: durbin@cert.ucr.edu.
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aged for 90 h (120,000 m ile equivalen t) using the Rapid Aging

Test-A(RAT-A) protocol at the Southwest Research Institu te

(SwRI) in San Anton io, TX (31). Catalysts were aged in pairs

using a single V8 engine with the RAT-Atem perature profile

m ain tained for each catalyst and using a specially prepared

ultralow 0.2 ppm w sulfur gasoline and a zero-sulfur oil (32).

2.3. Vehicle Testing Procedures. All vehicles were tested

over a range of cycles including the FTP75, US06, MEC01v7,

NYCC, and hot runn ing 505. For all tests, standard bag and

second-by-second m easurem en ts were obtained for total

hydrocarbons (THC), non-m ethane hydrocarbons (NMHC),

oxides of n itrogen (NOx), and carbon m onoxide (CO). NH3

em ission m easurem ents are discussed below. Replicate tests

were conducted over the FTP75 and US06 on each vehicle/

catalyst com bination, with a third test conducted on a vehicle/

catalyst com bination when the duplicates differed by m ore

than the following criteria: THC 33%, NOx 29%, and CO

70% (32). For the other test cycles, on ly one test was

conducted on both the aged and as-received catalyst for each

vehicle.

The low-speed cycles included the FTP75, hot runn ing

505, and NYCC. The FTP75 is a three-phase cycle designed

to represen t em issions under cold-start conditions (bag 1),

hot stabilized operating conditions (bag 2), and hot-start

conditions (bag 3). The hot runn ing 505 is the sam e driving

pattern as bags 1 and 3 of the FTP75, but the cycle is run with

the vehicle fully warm . The NYCC test is designed to represent

stop-and-go driving conditions in m ore congested city traffic.

The high-speed cycles included the US06 and MEC01v7. The

US06 is a cycle com posed of aggressive, h igh-speed, and/ or

high-acceleration driving behavior, rapid speed fluctuations,

and driving behavior that is not included in the FTP. The

MEC01v7 is a cycle designed for the developm ent of m odels

to predict vehicle em issions from vehicle operating param -

eters (30).

2.4. NH3 Measurements with a Tunable Diode Laser.

Measurem en t of real-tim e NH3 em issions from vehicles at

the level required for com parison with other real-tim e

param eters is difficult and required the im plem en tation of

a tunable diode near-infrared absorption spectrom eter (TDL).

Previous studies of real-tim e vehicle NH3 em issions have

m ore traditionally used Fourier transform infrared (FTIR)

system s sam pling through a dilu tion tunnel. The disadvan-

tage of the FTIR system in a dilu tion is that there is

considerable adsorption / desorption of NH3 as the sam ple

travels through the dilu tion tunnel as well as a sam ple

residence tim e in the FTIR of approxim ately 10 s. As a result,

the FTIR m easurem en ts are broader, have an extended tail,

and underestim ate the peak NH3 em issions. The TDL, on the

other hand, provided the im proved sensitivity and response

tim e necessary to investigate low-level concen trations of

exhaust NH3 in real-tim e. Acom parison of the two techniques

is provided in Figure 1.

The advantages of the TDLwere gained, in part, by m aking

the m easurem en ts in -situ using raw exhaust gases rather

than after sign ifican t dilu tion . The TDL was used in an

extractive sam pling system installed in con junction with

existing exhaust sam pling lines for m easuring raw pre- and

postcatalyst em issions. The sam pling cell was 2 m in length

with a volum e of approxim ately 1 L, and a corresponding

residence tim e for the sam ple gas in the cell of just over 2

s. The cell was equipped with a retroreflector to double the

effective optical path length of the 2-m section to 4 m . With

the 4-m path length , the signal-to-noise ratio at two tim es

the standard deviation was found to be better than 0.5 ppm v

for a 2-s averaging tim e. The sam pling system was heated at

tem peratures between 120 °C and 130 °C to preven t

condensation and inhibit NH3 adsorption in the sam pling

lines.

The diode laser con troller used was a com m ercially

available instrum en t, a LasIR, provided by Unisearch As-

sociates Inc. The laser used was an InGaAsP, m ultip le

quan tum well (MQW), distributed feedback (DFB), type that

had a cen tral em ission wavelength at 1.512 µm , with a

tunability range greater than (20 nm . This wavelength

corresponds to an overtone band of the N-H stretch vibration

in the near-in frared spectral region . This laser type was

chosen because it is virtually single m ode with a side m ode

suppression ratio of better than 40 dB. The laser output was

5 m W, and it has a very fast response tim e on the order of

0.2 ns. The laser also has a very narrow bandwidth , 2.488

Gb/ s, which is far narrower than the 1.5123 µm NH3

absorption line which has a full width at half-m axim um

(fwhm ) of 0.03 cm .

The absorption spectra were obtained by scann ing the

absorption feature every 1/ 64th of a second. Multiscan

averaging was used to im prove the sensitivity of the system .

The spectra im m ediately before the absorption feature was

included in th is scan so that deviations in overall laser

in tensity could be m easured, providing enhanced sensitivity.

Two-tone FM m odulation techn iques were used to filter out

any stray signals and to im prove the signal-to-noise resolu-

FIGURE 1. TDL vs FTIR NH3 comparison.
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tion . This techn ique has been shown to approxim ate second

derivative analysis, enhancing detection lim its by at least a

factor of 20 (33).

The dual channel capability of the TDL allowed the

m easurem en t of engine-out and tailp ipe em issions sim ul-

taneously. The TDL was configured to provide data once

every 2 s for both the engine-out and tailp ipe em issions. For

each channel, data were in tegrated over a 2-s dwell tim e,

with sam pling alternating between engine-out and tailp ipe

m easurem en ts each second. Second-by-second NH3 con-

centrations were obtained using a linear in terpolation . Aslight

offset was also observed in the background spectra due to

a nearby water line which was accoun ted for in the

background subtraction . The concen trations were then

converted in to m ass em issions rates by m ultip lying by the

density of NH3 and the tim e-aligned exhaust flow rate (30).

The exhaust flow rate was determ ined on a second-by-second

basis using the CO2 tracer m ethod. Tem perature and pressure

corrections were applied to the TDL data based on second-

by-second m easurem en ts m ade in the sam pling cell.

Verification of the TDL accuracy was done using calibra-

tion gas levels between 10 and 150 ppm v. The calibration gas

used for m ost of the verification tests and daily testing

calibrations was certified with an accuracy of (10%, typical

of suggested accuracy levels for NH3 calibration standards.

The TDL readings were com pared with m easurem en ts

obtained from citric acid-coated filters at various positions

in the sam pling train . The results showed agreem en t with in

10% for an NH3 calibration gas level of 150 ppm .

The TDL also showed good agreem en t with a secondary

FTIR techn ique that was used. In general, the TDL and FTIR

NH3 em issions were with in (10% for m easurem en ts m ade

on the sam e test. Although the overall com parisons between

the FTIR and TDL were relatively good, the lim itations of the

FTIR were observed for low NH3 em ission rates. In particular,

for low NH3 em ission rates (i.e., below 6 m g/ km ) the FTIR

typically underestim ated NH3 em issions since the peak NH3

em issions could not be m easured accurately and the em ission

levels in the tail region fell below the detection lim its. For

the US06 FTIR m easurem en ts, an additional problem oc-

curred with the FTIR in that the tail for aggressive driving

segm ents near the end of the test could not be fully quantified

prior to the conclusion of the test.

3. Emissions Test Results

3.1. NH3 Emissions for Different Driving Cycles. Fleet

average NH3 em issions are presen ted in Figure 2 for each of

the five cycles for tests conducted on both as-received and

aged catalysts. For com parison , fleet average THC, CO, and

NOx are also provided in Figure 2. The individual vehicle

results for NH3 are presen ted in Figure 3 for each of the test

cycle/ catalyst com binations. The results in Figure 3 are

m issing som e data that were not obtained for vehicles SU1

and L2 for the as-received catalyst. The detailed test results

are provided in the Supporting In form ation .

The data in Figures 2 and 3 show that NH3 em issions vary

from near zero to 0.144 g/ km over all vehicles and cycles in

th is study. Over the low-speed cycles, such as the FTP, hot

running 505, and NYCC, lower NH3 em issions (typically below

0.020 g/ km ) were generally observed. The values can be

com pared with EPA NH3 estim ates for light-duty gasoline

vehicles which average 0.063 g/ km with a range from 0.001

g/ km to 0.321 g/ km (16). It should be noted that the EPA

estim ates are based on earlier studies and are m ore repre-

sen tative of older technology vehicles.

NH3 em issions for the hot runn ing 505 were com parable

to those of the FTP, as expected since the 505 is driven over

the sam e driving trace as those of bag 1 and bag 3 of the FTP.

The FTP em issions were slightly higher than those for the

505, which can probably be attributed to differen t start

conditions, as discussed below. The finding of slightly higher

NH3 em issions over the FTP com pared with the hot runn ing

505 was statistically sign ifican t at greater than a 95%

confidence level for a paired t-test.

The NYCC is a low-speed cycle, but the driving conditions

are m ore energy-in tensive on a per-km basis than the FTP

or 505, as shown in the Supporting In form ation by the higher

CO2 em ission rates. On a fleet average basis, NH3 em issions

over the NYCC were slightly higher than those over the hot

runn ing 505 but were not statistically differen t from those

for the FTP. For som e vehicles with relatively low NH3

em issions for the FTP cycle, the NH3 em issions over the NYCC

were considerably higher. For other vehicles, h igher NH3

em issions were found in the cold-start period leading to

higher FTP NH3 em issions.

NH3 em issions increased considerably over the m ore

aggressive US06 and MEC01v7 cycles. These cycles had the

highest NH3 em issions for nearly all of the vehicles, including

vehicles that had relatively low NH3 em issions over the FTP,

hot runn ing 505, or NYCC. This finding is consisten t with

previous studies that have shown that h igher NH3 em issions

for higher loads or rich operating conditions (13, 21). One

SULEV vehicle (SU1) showed alm ost no NH3 em issions over

FIGURE 2. Average emissions vs cycles.
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either the US06 or MEC01v7 cycles, which m ay be attributable

to the feedback and con trol technology used on this vehicle

to m ain tain precise air/ fuel (A/ F) ratio (34). As discussed

earlier, the MEC01v7 is prim arily designed to facilitate the

developm ent of m odal em issions m odels; hence, results over

th is cycle cannot be construed as being represen tative of

real-world em issions, except under m ore aggressive condi-

tions.

In general, NH3 em ission factors over the FTP were

typically lower than those of the other regulated em issions,

including THC, CO, and NOx. For the FTP, it is im portan t to

note that a large fraction of the total cycle em issions for the

regulated em issions are form ed during the cold-start portion

of the test or before catalyst light-off. For the hot runn ing

505 and the NYCC, the catalyst is at fu ll operating tem per-

ature, and fleet average NH3 em issions were m ore com parable

to THC em issions but still below those of NOx and CO. For

the m ore aggressive US06 and MEC01v7 cycles, fleet average

NH3 em issions were actually slightly higher than those of

THC and NOx. In terestingly, the trend in NH3 em issions was

sim ilar to that observed for CO em issions.

On a fleet average basis, NH3 em issions were slightly higher

for the aged catalysts com pared with the as-received catalysts

for each of the test cycles. The effect of catalyst age was not

consisten t between the differen t vehicles, as shown in Figure

3, and the catalyst differences for NH3 em issions were not

statistically sign ifican t for any of the cycles. In a larger study,

however, differences between the aged and as-received

catalyst were found to be statistically sign ifican t for both the

FTP and the US06, with higher NH3 em ission found for the

aged catalysts (32).

3.2. Real-Time NH3 Emissions. To better understand the

effects of differen t driving m odes and cycles on NH3

em issions, it is useful to exam ine the real-tim e em issions

data. The second-by-second NH3 em issions for a ULEV

vehicle with the OE catalyst are shown in Figure 4 for the FTP

and NYCC and in Figure 5 for the US06 and MEC01v7 cycle.

Sim ilar trends were also found for each of the rem ain ing

vehicles, with the exception of SU1, which showed little

increase in NH3 em issions even under aggressive driving

conditions. The real-tim e em issions data show that NH3

em issions are prim arily generated during acceleration events,

with higher NH3 being generated for m ore aggressive

accelerations. Beyond acceleration events, the NH3 em issions

rem ain relatively low and for the m ost part are independen t

of the driving trace. The observation of higher NH3 em issions

during acceleration can be attributed to higher VSP even ts

and conditions where rich equivalence ratios (λ) are found,

FIGURE 3. NH3 emissions vs cycles.

FIGURE 4. Second-by-second NH3 emissions for the FTP/NYCC (vehicle U2, OE Cat.).
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as discussed below. Som e NH3 em issions were also observed

during the start period, as discussed below.

The con tribution of the acceleration periods was com -

pared with those of other types of operation . For an aggressive

cycle, such as MEC01v7, NH3 em issions generated during

accelerations represen ted greater than 85% of the total NH3

em issions for the cycle. Decelerations con tributed less than

10%, and cruise conditions con tributed 1∼5% of the total

NH3 em issions for the MEC01v7. Sim ilar trends were also

found for the US06 cycle with accelerations, decelerations,

and cruise conditions represen ting approxim ately 75%, 20%,

and 5%, respectively, of the total cycle NH3 em issions. For

the lower-speed cycles (FTP75, hot runn ing 505, and NYCC),

the acceleration peaks are not as strong and represen t on ly

50% of the total com bined cycle NH3 em issions. Deceleration

and cruise conditions represen t 40% and 10%, respectively,

of the total com bined cycle NH3 em issions. These results

show the im portance of vehicle operating condition on NH3

em issions.

3.3. NH3 Emissions During FTP Cold/Hot Start. To better

understand the contribution of NH3 form ed during the period

im m ediately following vehicle start-up , com parisons were

m ade between the em issions from the hot runn ing 505 cycle

and those from the cold start bag 1 (cold start) and hot start

bag 3 (hot start) of the FTP, respectively. Since the driving

cycles are identical, the prim ary difference between the cycles

is the start condition . The true cold start and hot start

em issions can thus be determ ined by subtracting the hot

runn ing 505 em issions from those of bag 1 and bag 3 of the

FTP. For m ost of the test vehicles, h igher NH3 em issions

were found during the cold-start period. This is illustrated

in Figure 4 which shows that in addition to the NH3 em issions

typically form ed during the norm al driving cycle, there is a

tendency for som e vehicles to form higher NH3 em issions

im m ediately after the light-off of the catalyst. This trend is

shown in Table 1 for the rem ain ing vehicles. A sim ilar trend

was not found for the hot start em issions, however.

It should be noted that Baum et al. exam ined NH3

em issions for vehicles running hot com pared to running cold

(5). Overall, the results were m ixed with som e vehicles

showing higher em issions when runn ing cold and som e

vehicles showing higher em issions with the vehicle runn ing

hot. It was suggested that the vehicles with higher NH3

em issions during the cold runn ing conditions probably had

already reached an equilibrium catalyst tem perature. Since

Baum et al. did not provide a full characterization of NH3

em issions as a function of tim e during the cold start, these

results are not directly com parable to those in the presen t

study.

3.4. NH3 Emissions and Vehicle Specific Power. To further

investigate the im pacts of specific driving even ts on NH3

em issions, the relationship between NH3 em issions and VSP

was exam ined. VSP is defined here as the instantaneous power

per un it m ass of the vehicle. The equation utilized for VSP

is sim ilar to that reported by Jim enez-Palacios (1). In the

presen t case, the actual dynam om eter road load coefficien ts

are available, so these were utilized in place of sim ilar term s

in the equation used by Jim enez-Palacios (1). The VSP

equation used in the presen t study is as follows

where v ) velocity (m / s), a ) acceleration (m / s2), ǫi ) “m ass

factor”, which is the equivalen t translational m ass of the

rotating com ponen ts (wheels, gears, shafts, etc.) of the

powertrain [We utilize a factor of 0.1 for ǫi sim ilar to that

used by Jim enez-Palacios (1).], g ) acceleration of gravity

(m / s2), grade ) vertical rise/ horizon tal distance (zero in our

case), 9.80665 ) 1 kg/ N, A (kg), B (kg/ (km / h)), and C (kg/

FIGURE 5. Second-by-second NH3 emissions for the US06/M EC01v7 (vehicle U2, OE Cat.).

TABLE 1. Comparison of Start NH3 Emissionsa

vehicle catalyst

hot
running

505
FTP Bag1
cold start

FTP Bag3
hot start CS-505 HS-505

SU1 OE N/A 0.003 0.000 N/A N/A
aged 0.003 0.004 0.002 0.001 -0.001

SU2 OE N/A 0.006 0.001 N/A N/A
aged 0.001 0.004 0.000 0.003 -0.001

U1 OE 0.002 0.012 0.007 0.010 0.006
aged 0.001 0.009 0.002 0.007 0.001

U2 OE 0.001 0.021 0.001 0.019 -0.001
aged 0.001 0.050 0.000 0.050 -0.001

L1 OE 0.013 0.044 0.024 0.031 0.012
aged 0.009 0.054 0.002 0.045 -0.007

L2 OE 0.002 0.001 0.000 -0.001 -0.002
aged 0.001 0.002 0.001 0.001 -0.001

L3 OE 0.001 0.001 0.001 -0.001 -0.001
aged 0.001 0.005 0.001 0.004 -0.001

L4 OE 0.018 0.021 0.009 0.003 -0.008
aged 0.050 0.062 0.042 0.012 -0.007

a Unit: g/km.

VSP (kW/ m etric ton ) m
2
/ s

3
) )

v[a‚(1 + ǫi) + g‚grade + 9.80665 ‚(A+B‚v ′+C‚v ′2)/ M]

VOL. 37, NO. 21, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 4845



(km / h)2)) dynam om eter road load coefficien ts, v ′ ) velocity

(km / h), and M ) vehicle test weight (kg).

Aplot of NH3 em issions against VSP is provided in Figure

6 for the sam e vehicle shown in Figures 4 and 5. Overall, the

NH3 em issions indicate that VSP is an im portan t factor that

should be considered in the m odeling of NH3 em issions. The

results show that positive power episodes represen t nearly

all of the NH3 em issions for th is test. Plots of NH3 em issions

vs VSP for other test vehicles showed very sim ilar trends. The

sm all num ber of poin ts in the lower right corner of Figure

6, indicating low NH3 em issions for higher VSP even ts, can

prim arily be attributed to peaks where there were slight shifts

in the tim e alignm en t between the NH3 peak and the peak

in VSP rather than outright anom alies. These poin ts can

generally be attributed to on ly one or two peaks with in a

typical cycle.

3.5. NH3 Emissions and Air/Fuel Ratio. The relationship

between A/ F ratio and NH3 em issions was also investigated.

Specifically, under high VSP conditions, m any vehicles are

designed to operate under rich A/ F ratios to achieve

perform ance objectives. Figure 7 shows a real-tim e com -

parison between NH3 em issions and instan taneous equiva-

lence ratio. These results indicate there is a correlation

between A/ F ratio and NH3 em issions, with the highest NH3

em issions generally found for sharply rich excursions in the

equivalence ratio. Although higher NH3 em issions are found

for very rich equivalence ratios, the relationship between

NH3 em issions and equivalence ratio is weaker closer to

stoichiom etric conditions. Specifically, m oderate NH3 em is-

sions can be found under slightly lean conditions, whereas

no NH3 em issions are found under som e slightly rich

operating conditions. The observation of generally low NH3

em issions under lean conditions can probably be attributed

to the oxidizing environm ent on the catalyst surface. These

results are consisten t with som e previous studies, which have

shown a strong linear relationship between NH3 em issions

and enrichm ent (13, 21). In other studies, however, h igh NH3

em issions were found even when A/ F ratios were not rich

(6).

4. Discussion

The m ajor results of th is study show that a num ber of factors

can con tribute to the form ation of NH3 in vehicle exhaust.

NH3 em issions vary considerably and depend on the vehicle

with its associated em ission con trol technology and driving

cycle. NH3 em issions increased for all vehicles on aggressive

driving cycles. Real-tim e em issions data show that NH3

em issions are prim arily generated during acceleration events.

FIGURE 6. NH3 emissions vs vehicle specific pow er (VSP) (vehicle U2, OE Cat.).

FIGURE 7. Real-time comparison of NH3 emissions vs equivalence ratio (λ) (vehicle U2, OE Cat.).
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More specifically, h igher NH3 em issions were found under

high VSP even ts with rich A/ F ratios. For som e vehicles, NH3

em issions are also form ed in the period im m ediately after

catalyst light-off.

While this study provides insight in to the effects of various

operational param eters and NH3 em issions in vehicle exhaust,

further study is needed to provide a better fram ework for

understanding and m odeling the com plex relationships and

chem istry associated with NH3 em issions from vehicles. The

fleet u tilized in th is study, for exam ple, is prim arily repre-

sentative of late m odel technologies that contribute a growing

but sm all portion of the total vehicle population . For curren t

purposes, it is also im portan t to exam ine a wider range of

vehicles to better understand how these relationships change

for older technologies and high em itters. It m ay also be

im portan t to better understand the relative im pact of catalyst

com position and engine-out em issions on NH3 em issions.

Som e m ore detailed catalyst experim en ts m ay also be

worthwhile, to further investigate any relationships found.

Additional research on developing m odal em ission m odels

for NH3 is p lanned in con junction with th is study. First, the

m odal NH3 em issions data will be used to calculate NH3

em ission rates using a VSP binning m ethodology, as proposed

for EPA’s MOVES m odeling fram ework (2). Additionally,

param eter sets for the College of Engineering, Cen ter for

Environm ental Research and Technology (CE-CERT)’s Com -

prehensive Modal Em ission Model (CMEM) will be estim ated

for each vehicle as well as for a com posite vehicle (30). While

the num ber of vehicles that will be used in the developm ent

of the NH3 m odule will be lim ited, it will provide in form ation

for the assessm en t of the data needs for including NH3 in a

broader con text of em issions m odels.
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