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! Overview 1k

Brief Introduction (/57 #19725):
Possibly a different definition of remote sensing (& st=2:&=09 @z X)

A Comparison of Technologies (K H#5)
FEAT, RSD, ETC, EDAR, OHMS, PEAQS

Some thoughts on common issues (5 -FH/[a] /@) —LLE 1%):

Moving from surveillance to bad vehicle targeting

MIGEFEFL [ TN R AT ZEH)
(VSP and plume chasers)

Acknowledgements (1)
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Introduction 724

Contents lists available at ScienceDirect

Atmospheric Environment

ELSEVIER

journal homepage: www.elsevier.com/locatefatmosenv

Review article

case study from Hong Kong

Yuhan Huang®, Bruce Organ®®, John L. Zhou™", Nic C. Surawski®, Guang Hong",

Remote sensing of on-road vehicle emissions: Mechanism, applications and a

Remote Sensing is
Established Technology

in Hong Kong

...but for some my definition
may be a little more
inclusive than your own...
FeHy € AT RELLIRAT]—2E N RE

Edward F.C. Chan”, Yat Shing Yam® XEE—@@‘I&
Table 1
Comparison of vehicle emission measurement techniques under real-world driving conditions.
Technique Method Advantage Disadvantage
PEMS Measures target vehicle emissions by carrying measurement High accuracy Small sample size
instruments on-board Emission data of a journey  Extra weight of PEMS may bias the measurements,
Individual vehicles & espedally for light vehides
vehicle classes
Plume chasing Measures target vehicle emissions by a following laboratory Emission data of a journey  Small sample size
. 8 vehicle carrying measurement instruments Individual vehicles & Limited speed and minimum distance for safety
| consider Remote sensing vehicle classes
: Tunnel pollutant conc ions at tunnel's e and exit  Large sample size Difficult to determine emissions of specific vehicle
not just the open-path Well defined wind clasees o individeel velicles
Limited driving conditions (steady speed)
systems. - Induced wind by large vehicles
ST N VT Y N S iy Non-exhaust emissions (e.g., tyre and brake wear)
@ZMﬁ@{m”KTX{R%%EﬁK?ﬁé}E bi b poll concentrations at roadside Large sample size Difficult to determine emissions of specific vehicle
classes or individual vehicles
Non-exhaust emissions (e.g., household and industry)
Indirect measurements
Remote g vehicle emissions when passing through IR and UV Large sample size Only ratios of poll over COz
beams on-road Individual vehicles & Emission data measured in half a second
vehicle classes Limitations in site selection (positive road grade, single
0 . . : . Cheapest on per vehicle lane and free flowing traffic)
... but also anything non-intrusive; anything that measures basis

vehicle emissions without a monitoring system installed on that

vehicle
(BB R EIIER AVER BAEARI A 28 i S W 28 25
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...and that gives a ‘per

vehicle’ output
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Conventional (open-path) across-road systems
(R () B RS

Examples:
e Stedman and Bishop’s FEAT

== ! e Commercialised as the
O e - ESP/OPUS RSD series

i

~—

. "\Dete : ' i . = : : . .
~1 ; ks = S * Other similar systems

Quartz Fiber

«\"'Coupled » e . y = i include SmOgdog, REVEAL;

BC/CO2 sample inlet —
etc

e ETCin Hong Kong

-
Speed Bars
s

-

UV Spectrometers \r
X

0 ":};; ;
M;:

S c—
Calibration Cylinder P h Sl | -

Video camera €0,, CO, NO, HC ¥}

measurements

(FEAT RSD
comparison,
King’s 2013)

AccuScan RSD 4600 system

Acceleration & speed
measurements

Donald H. Stedman 50 Years of Air Quality Instrument Inventions
and Measurements 2016 (RIP DON)

(Figure from Pujadas et al, 2017)
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Conventional (open-path) across-road systems

(A (T B2

Reports optical measures of CO, plume ratios

(Bishop et al, 1989)

. ANALYTICAL
ROACH

| APPI \
& TR T S

IR Long-Path Photometry:
_ A Remote Sensing Tool for £
Automobile Emissions_

For example, for FEAT typically:
e CO,, CO, HC, NO by NDIR

e (NO,) NO,, SO,, NH; by UV

e PM Surrogate by opacity

Extensively evaluated, both in-house and third-party wEssEs =77 1Zi4

o |
w
All Cases
o |
— -
s Y= 1.0614 X~ 2.4462
e ,L}
g R?= 0.98152 1{ g
~ (=2 A
=] © It
g i
o
w
2
L2 o
= ™7
@
>
w
3 — AlCasesFit
o | *  19/03/2007 Test1
— % 30/04/2007 Test1
*  30/04/2007 Test2
30/04/2007 Test3
o |
T T T T T
0 10 20 30 40

RSD Vehicle Speed (km.hr_w)

OBS Vehicle Exhaust CO; (%)

0

10

5

All Cases

y= 08142 x+ 2.0438
s

173

R’ = 0.94202

— All Cases Fit
% 19/03/2007 Test
* 30/04/2007 Test
*  30/04/2007 Test
30/04/2007 Test

g~ adiad

5 10 15

RSD Vehicle Exhaust CO; (%)

(Source: Ropkins, K., Oates, C. and Tate, J.E. Evaluation of a Remote Sensing
System ‘Dirty Emitter’ Measurement. 18th CRC On-Road Vehicle Emission
Workshop. San Diego, US, 31 March - 2 April, 2008)
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Down facing (open-path) across-road systems

FJ' -

HT PKD) EH%)

e Down-facing DiAL

VERSS
Meteorological Monitor e Scans down onto road
(ambient conditions) to remotely measure

passing vehicle
emissions(fIfHEER -
DS b= 23 QR T 0L 7 2

EDAR Unit
(vehicle emissions

Camera

remote sensing (speed and 70
| license plate)
system) o~ e Measures CO,, CO,
. NO, NO,, SO,, HC*
II@”"M?’ (e.g. discrete CH,,
) C;Hg, etc.), PM...
Vlléﬁ ““““““ X * One footprint for both
/ heavy and light duty
Reflector vehicles (BEAIFIE AL 440
Strip R4 2 HY)
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(In London, 2016)
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g
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R e

(In Scotland, 2017)
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EDAR CO/CO;

EDAR NO,/CO,

(Ropkins et al, 2017)

Down facing (open-path) across-road systems

F | () B L)

Smooth PEMS Trajectories @
Other PEMS Trajectories L]

The technology is younger than FEAT/RSD and company smaller

than OPUS but the early benchmarking is highly encouraging, e.qg.:

0.08 o =L 1 ! -
@ used data L
- fit0.720x (C=0) ., @|
(R7=0.924)| -" 0.003
£ - 0.002
0.06 -| ° L
 0.001
L 0.000."
004 4 7 1 T T B
’ 0.0000.0010.0020.003  .*
0.02 -
® data fit R?
sused  — 0.808x+0.00001 (0.998)
wexcluded
(all data)  0.808%+0.00038 (0.965)
0.00 o =
T T T T T
0.00 0.02 0.04 0.06 0.08
PEMS CO/CO,
L 1 1 1 1
J L
’I' /
0.0015 - ". // i
[ ’
. . . /
e ()
0.0010 ke -
/ .
o L
e o
0.0005 — L] o
data  fit (R?)
0.0000 | eused  -0.0205x"%-0.00014 (0.843) |
: K 0.408x+0.00018  (0.797)
g wexcluded
(all data) 0.360x-0.00025  (0.532)
T T T T T
.000 0.001 0.002 0.003 0.004

PEMS NO,/CO,

VERSS: A Comparison of Technologies

EDAR NO/CO,

Smooth PEMS Trajectories @

Other PEMS Trajectories .

0.012 5
data fit (R)
® used —0.706x (C=0)  (0.968)
® excluded
0.010 (all data) 0.002x+0.0036 (0.495)
0.008 e
0.006 |
0.004 |
0.002 |
0.000 | -~
T T T T T T T
0000 0002 0.004 0006 0008 0010 0012
PEMS NO/CO,
1 L 1 1 1
80 i ®
'v 60 ]
o
E
1]
@
o
5
S 40 | ;
© -
k=N '
=
o
S
& 20
w data fit (R?)
@used  —0.365x+1.67 (0.937)
» excuded
@ | (alldata) 0341x+0.460 (0.840)
0o |

(And in more recent work by
JCR as part of CONOX)

Results - NO/CO2 ratio

-

-

RSDNOICO, raio [porm]

STRAIGHT GREY LINE: 1:1

4l

) SR

PRELIMINARY ANALYSIS
TO BE CONFIRMED
IN FINAL REPORT

T T
100 150 200

PEMS PM/CO,”

Vehicle Emissions Remote Sensing Symposium
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Down facing (open-path) across-road systems
(FH | () EEE# )

It is a learning
curve for users.

40000+

Some preliminary comments:

Vehicle
Class

. e, ® 300007 . maotorcycle
e DIAL should be more sensitive =
taxi

(BE X B and drift less (Z%2) =
than conventional optical
hY \ AN N hgv
methods(F FHIE2ETTE) . — o

. unknown

e Down-facing measurement less
sensitive to exhaust height(tH#E g
[EEATKHUR), so potentially
better across-fleet coverage

_ _ Some features that might
* High-up sampling less . provide new diagnostics...
susceptible to ‘splash-back’ lens [N — BT REARBEET IS W 1O ThAE

fouling ("5 Xl FRim5i2k)
e More readily automated, so

potential for longer low-cost like to understand better
operation (&5 ﬁziﬂt U ~— (e.g. exhaust temperature)
B [RIFR A ASEE) : —

But also some we would
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Ambient measurement plume extraction
(PP A HZHAELTE)

My main experience of emission plume extraction from ambient datasets is
with data from Heathrow Airport in the UK...

(Fe M PRI A R AR B A ) == BE A8 560k 1 S [ A SB35
Plume peak identification _
and extraction Plume peal_< alignment
PRI (8 s 2 and assignment ... and here the challe_nge
({Eq%{E%Eﬁ%HX) CREREIEAE N TT R0 BD) was the post-processing
(X E APk R JE HA AL )

... and meteorology was
a serious confounder
SR NTEINEERR)

NOX Peak HT Time Series.

T 5 8 8§ § & 3

" PW4090
O Rolls-Royce e
©  CFM International
o 150 - | X General Electric ,_{:EQO'BSB
. = A Pratt and Whitney .
% * International Aero Engines 7
- =
g =
o 8 ~ o TRENT-772
- < 100 CF6-80C2B6F RB211-524G
i 3
- ! o P
e b s g
B w - e < |
- 8 50
- £
///
(Carslaw, Ropkins, Laxen, Marner, and Williams, 2008,
and Ropkins, Carslaw, Goodman, Tate, 2009) 07

T T T T T I
0 50 100 150 200 250
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Alternative active sampling options

(EBRIERIE AT

On-road Heavy-duty Measurement System (OHMS) :

GE % B 2 & R 40)

e Developed by Don Stedman for high exhaust
sampling (F T =EHE=RA)

e (earlier version called (F#ARAA)SHED)

e Been used in campaigns in US

e Evaluated by TTI (PEMS comparison)

©®OHMS »PEMS

NOx g/kg

o iy (] w -~ [5.] [=2] ~ (=] ©w

(PEMS comparison courtesy of
Jeremy Johnson, TTI TAMU)
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Alternative active sampling options
(EZIRIFHIE G

\‘\\
Captured Truck No Measurable
PEAQS Software Exhaust Plumes Bg oF Nol: i

Downdraft
exhaust intake _

Portable Emissions AcQuisition System (PEAQS):

e Developed by Jeremy Smith and colleagues at

(open path) vehicle emissions remote sensing
BN O s A AR AT 55)
e Been used in campaigns across California

e Evaluated currently on-going (137EREAl H)
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Open-path versus active sampling
! ULt 5 LR) TR )

There are a number of trade-offs

CrEZ TED
Active sampling Is
lower-cost
Active sampling has W ACtive Samp”ng can be
lower capture rate

used with a wider range

of monitoring methods,

e.g. not limited to optical

measures of particulate

@sgmpnr_]g is w \ /
more disruptive

...and considerations like

sampling time (faster for remote
sensing) are not clear-cut...
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Regarding passing vehicle measurement

- (i TINEFL R

A5 {0l== “0/=1al * Most established/widely used R
 Large track record with multiple applications

Open-path  Very extensively evaluated )

Down'faCing * New technology, less well understood h
 Elevations are encouraging but early stage

Open-pa’[h » But multiple potential advantages )

Potentially the lowest-cost option
Limited information on elevation
Data handling could be hidden cost

Ambient
Plume

Highest potential for disruption
Elevations are encouraging but early stage

Active
Sampllng + Amenable to more measurement methods
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Emissions reduction policy (J##EF7)

e Current regulations focus on in-laboratory One bad venhicle in an
(dynamometer) and on-board (PEMS) otherwise clean fleet...
measurement

e But these techniques are unable to provide the Lol
fleet coverage necessary to reliably identify high
emitters
Remote sensing methods

could provide the coverage

-
o
1
N
o
1

o
©
1
o
@
]

So an obvious
surveillance tool

But how do we build in
the rigour needed for
evidentiary action?

o
>
1

N
~
|

04

Q
N
1

0.2

Accumulative PEMS Vehicle NOx Emissions [g/km]

[
=3
1

0.0

Accumulative EURO 4 Petrol Car NOx Emissions [g/km]

T T T T
0 500 1000

Vehicle C t (in Pareto Series) 0 200 400 600 800 1000
‘ehicle Count (in Pareto Series
PEMS Measurements (in Pareto Series)
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Vehicle Specific Power (VSP)(E=#tt )7

0
VSP [kW.Ton ™'

AUDI

BMW

CITROEN

g
ED.!D
i
VERSS
estimated il il
emissions =«
HONDA ==_

HYUNDAI

KIA

MAZDA

MINI

MISSAN

PEUGEQT

REMNAULT

SEAT

SKODA

SUZUKI

TOYOTA

WVAUXHALL

VOLKSWAGEN

VOLVO

FIAT

FORD

HOMNDA

HYUNDAI
KIA

Reweight s

MINI

NEDC (EUROS'S) NISSAN
WLTP (EURO6) |

RENAULT
SEAT
SKODA
SUZUKI
TOYOTA
VAUXHALL
VOLKSWAGEN

VOLVO

VERSS: A Comparison of Technologies

Vehicle Emissions Remote Sensing Symposium

Important to take into account vehicle activity/load

The VERSS data VSP

distribution is typically higher
load than many test cycles...

Drive-cycle reweighted
emissions

\5&’3

EURO
Class

S s

L e

02 04 06
NOx [gkm']
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Vehicle Specific Power (VSP) (Z=#iH. T)ZE

0 20 40 60 80

100

| | | |
High Speed/Low Flow

| | | | | |
High Speed/High Flow

- 60

40

- 20

Low Speed/High Flow

15 o i
o4 + -‘T- o ]
+ 0 4 i 3
+ 4 U X& * =
+ £ x # [
CRSERRRRL L |
>
— $ o W S
£ N T T i 8 o o x| z
5 ® _
= 10 + b SR T PR o - &
b + ++ + * x * L
o + + 4+ R o =
[« 3 + MoK c
w -+ + -l:'_ by # ]
o + X Z ]
= W [ih]
E + R X 2 Low Speed/Low Flow
[7] w
>
> o o 60
[e)] m
@ N - o
[aH] 5 =
z = 40
o £
=
° @ @@ 00 Do o
o g 987 S
o O@S&%Qg‘g%@@ °(§°o 2 204
o o&) 0@ %
© 4-.-.‘-
0 — [ —
I I I I I T 0

T T T T T
0 20 40 60 80

Lane Flow Rate [\rehicles_min_1]

100
Capture Rate [%]

There are important real-world driving e Decelerating

activities/situations that VERSS is under-represents:
(B VERSSHERNERNNG MRS T B BRI SLR) S 3 E R)/15 )

VERSS: A Comparison of Technologies Vehicle Emissions Remote Sensing Symposium

e |dling

e Congestion
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The car (plume) chaser 5% (fE1f) EZFE )

(Car Chaser) Vehicle

Roof-mounted

| Sample Inlet
Gaseous and PM
Analyzers
Jlll Data Logger
GPS Logger

(schematic of Birmingham’s SNIFFER
used in EDAR evaluation)

Plume chaser as a complement to
static remote sensing({E A A& #ME):

« Will not provide the fleet coverage of
static remote sensing...

« But for suspect vehicles (e.g. identified
by static remote sensing) could be
used to chase confirm measurements

Option for longer sampling:

* Produces more confident measurement

* Provides option to map emission onto a
range of VSPs

« Integrate into expert system

The use of an active sampling:
* Means non-optical regulatory methods
(e.g. CPC for SPN) can be incorporated
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CONOX CARES

Call: H2020 LC-MG-1-1-2018:
InCo flagship on reduction of transport impact on air quality

Subtopic C) Sensing and monitoring emission
in urban road transportation system

Proposal:
CARES - City Air Remote Emission Sensing

Coordinator: Ake Sjodin
IVL Swedish Environmental Research Institute
ake.sjodin@ivl.se

H2020 Proposal specifically looks at
multiple aspects of the science

underpinning Remote Sensing and
options for its robust integrating into
policy and regulation




-

; Final Comments(&/51Fit)

Most definitely remote sensing is no longer just across-road open-path vehicle
emissions measurements
(A I 301 AN P A (P2 a5 T T T = Y ) et 2= 3 Y 7K

EDAR with its down-facing design is a highly credible

alternative As are active sampling methods
(EDARIEHIEA | (FFIL() BEERS L RIRIFF T IEESAE A 20T BT %)

But it is also important to acknowledge that none of the options are without
their limitations and that correctly handling the outputs is likely to be just as
import as the methods we adopt
(B — TR E ENTHIRF] » IE#U PR AT RES BN TR T 775 — B2
Vehicle specific power (VSP) is likely to be an important diagnostic
But if it is also going to be a quantitative correction
VSP (speed and acceleration) emissions measurement alignment will be critical
(VSPH[RERE— T EBEHTZ L - (BUTR EWIRE— T EEIEIE » VSPHEKNE
HIXTHER 77 2R )
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! Additional Information

The followings slides are supplied as background
and supporting information
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Project

CDPHE/ERG Simulated Exhaust Gas
EDAR (Emissions Detection And
Reporting) Study

EDAR Developers: HEAT LLC

Project Partners: Colorado Department of
Public Health and
Environment,
Eastern Research Group

Project contact: Tim DeFries (ERG)

; o
Project Implemented by: \I"E
United States
Environmental Protection
Agency

Project

Birmingham and London EDAR
(Emissions Detection And Reporting)
Demonstration and Evaluation

EDAR Developers: HEAT LLC

Project Partners: King's College London
University of Birmingham
University of Leeds

Project Funding:

DfT LOCAL TRANSPORT AIR QUALITY @

CHALLENGE INNOVATION GRANT
octoBer 2015 | Department

for Transport

Project

Birmingham and London EDAR
(Emissions Detection And Reporting)
Phase 2: EDAR Data Analysis

Project Partners: University of Birmingham
University of Leeds

Project Funding:

caTAPULT

Department
Transport Systems

for Transport




Gas Audit Evaluation

Exhaust
%)

System
Flow Controller 1 Eicloassa \alva

Reference
Gases

< , Exhaust
/' Modification

Drive-through reference gas release sampling
» Highly accurate/stable reference
Simulated Exhaust Gas Release « Good measure of instrumental accuracy




EDAR CO/CO, x Reference CG, (ppm)

EDAR CH ,/CO, x Reference CO, (ppmC)

1 1

speeds fit (RZ)
X 60 mph ~—1.08x-21.5 (0.9957)
+ 45 mph —1.05x-9.88 (0.998)
30000 | | & 30 mph —1.05x-16.9 (0.9992)
15 mph —1.07x-22.5 (0.9917)
20000
10000 -
0 0 500 1000 1500
T T T T
0 10000 20000 30000
Reference CO (ppm)
1 1 1 1 1
speeds fit (R X
X 60 mph — 1.04x-17.3 (0.9826) '
200 + 45mph —1.07x-25  (0.9848)
4 30mph —1.02x-20.8 (0.9896)
15 mph — 1.04x-14.1 (0.9948)
+
150 -
100 -
50
0
T T T T T
0 50 100 150 200

Reference CH, (ppmC)

EDAR NO/CQ, x Reference CG, (ppm)

EDAR C;3Hg /CO, x Reference CO, (ppmC,)

T

5071 speeds fit (R
X 60 mph —0.976x-1.99  (0.9977)
+ 45 mph —0.965x-0.509 (0.9977)
400 4 | 2 30mph —0.975x-0.65  (0.9985)
15 mph — 0.963x+0.0904 (0.9993)
300
200
100
N T T T T T
100 200 300 400 500
Reference NO (ppm)
1 1 1 1
+
speeds fit R) +
1500 X 60 mph —0.973x+36 (0.9504) 4
+ 45mph —1x+37.3 (0.9716)
A 30 mph —1.03x-3.61 (0.9796)
15 mph — 0.993x+6.26 (0.9925)
A
1000
X
500
0
T T T T
0 500 1000 1500

Reference C3Hg (ppmCay)

Gas Audit Results

» Good agreement with
references
(R?>0.99 for CO and
NO; R? >0.95 for HCs)

 Selectivity e.g. discrete
hydrocarbons



EDAR COICO, x Reference CG, (ppm)

EDAR C;Hg /CO, x Reference CGO, (ppmC,)

1 1 1 1
[ ]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Oy
30000 1 @ N 0 [
®e
20000 r
10000 — ~

T T T T
Sep 14 12:00 Sep 15 00:00 Sep 15 12:00
1 1 1 1
1200 e —.
"""" Tessesssqrescssessecsescseqeees Y 3
- N [N
[ ]

1000 — *
800 r
600 [~
400 *
200 [~

T T T T

Sep 14 12:00

Sep 15 00:00

Sep 15 12:00

EDAR NO/CO, x Reference CG, (ppm)

500 4\\.—’3- Z'i";;::::,:::,:::' B —

400

300

200

100

T
Sep 14 12:00

Gas

* Low drift during routine

T T
Sep 15 00:00

T
Sep 15 12:00

Audit Results

operation



Real-world Comparison

PEMS Vehicle SNIFFER (Car Chaser) Vehicle
: Exhaust
Engine (OBD) System
Logger
Roof-mounted
| Sample Inlet
Gaseous and PM || |l
Analyzers || - Gaseous and PM
[ Analyzers
, ]
“Top Box' (In-exhaust | L.y
Measurement Logger) & Data Logger
o—14

GPS Logger  Exhaust Sample Inlet GPS Logger

(including Pitot and other
In-exhaust systems)

» Real-world (challenging) deployment
* Drive-through comparisons

— PEMS

— SNIFFER (car chaser)




EDAR CO/CO,

EDAR NG,/CO,

Smooth PEMS Trajectories  #

Other PEMS Trajectories
I I I I I
| | | | -
0.08 # used data L R
|- fito72ax(c=0)| -7 #| ’
(R'=0.924)| - 01003 -
- : - 0002 +
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0.02 _
data fit (R7)
#used  —0.808x+0.00001(0.998)
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(all data)  0.803x+0.00038 (0.965)
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7
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;
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* (all data) 0.360%-0.00025  (0.532),
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0.000 0.001 0.002 0.003 0.004

PEMS NO,/CO,

EDAR NO/CG,

Smooth PEMS Trajectories

Other PEMS Trajectories
| | | | | |
0.012 | 7 AF
data fit (R i
#used - 0.706x(C=0) (0.968) s
excluded //
0.010 (all data) 0.002x+0 0036 (0495) - r
0.008 -
0.006 -
0.004 -
0.002 o
0.000 4+~ L
T T T T T T T
0000 0002 0004 0006 0008 0010 0012
PEMS NO/CO,
Smooth PEMS Trajectonies  #
Other PEMS Trajectories
| | | | |
80 J -
;
/
To
5 60
£
w
@
°
5
c 40 A
w 0
= ;
=
o /
i'q H
Z 204 ; 2
w data fit =8
wused —0365+1.67 (0.937)
excuded
(all data) 0.341x+0.460 (0.840)
04 i

100 150

PEMS PMICO,*
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» Good agreement
(within experimental

limits)

* R?2>0.95 for NO/CO,;
R2 >0.90 for CO/CO,
and PM/CO,;

* R2 >0.80 for NO,/CO,
(but arguably least
certain measurement)



Q5 and NO (ppm)
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SNIFFER (car chaser) Comparisons

« Measurement required correction for post-exhaust chemistry
(e.g. NO depletion by O,)

» Good agreement (within experimental limits)
e.g. R2 > 0.85 for NO/CO,

* Results also indicate similar agreement for different vehicle types



Conclusions

From the CDPHE/ERG Simulated Exhaust Gas Study:

EDAR has:
 High instrumental accuracy (e.g., R2>0.99 CO, NO; >0.95 HCs)
 Low drift and negligible speed dependency

From the UoB/UoL/KCL Real-world Comparison:

(In conventional use) EDAR was:
* In good agreement with other real-world measurement methods

e.g., NO/CO, R?=0.96 and 0.86 for PEMS and SNIFFER, respectively
* Results for NO, and PM were also highly encouraging

NOTE: while we cannot say unequivocally that EDAR performs as
well in the real-world as it does relative to a simulated exhaust gas,
we have no evidence that it does not

BUT more generally...

This combination provides a comprehensive basis for the independent
third-party evaluation of EDAR (or VERSS) performance
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EDAR and SE Data Alignment

A' Exhaust Emissions
(Variable)

Exhaust Modification

\G
Flow Controller and ||
Release Value |:

Simulated Exhaust (SE)
» Reference gas release is
CONSTANT
« Highly accurate/stable
reference

EDAR Measurement Point
(Retro-Reflective Strip)

So, it does not matter where
EDAR was deployed, emissions
anywhere on a drive-through are

the SAME



EDAR and SNIFFER
Data Alignment

SNIFFER Measurement
« Based on ‘chased vehicle’
emission plume peak isolation
» ‘Chased’ plume peaks typically
ca. 3-5 seconds wide

- 460

100 - 410

O3 and NO (ppm)
CO; (ppm)

50 - 385

EDAR Measurement Point
(Retro-Reflective Strip)

So, working with NEAREST PEAK
which is a composite of several
measurements spanning EDAR

measurement
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VERSS and PEMS

Data Alignment

VERSS (RSD)
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(filtering)
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We know we need:
« Accurate GPS filtering, and
« Accurate data timestamp(s)
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Previous RSD/PEMS Alignment
(been doing this type of thing for a while)

(Source: Ropkins, K., Oates, C. and Tate, J.E. Evaluation of a Remote Sensing System
‘Dirty Emitter Measurement. 18th CRC On-Road Vehicle Emission Workshop. San
Diego, US, 31 March - 2 April, 2008; Ropkins, K., Carslaw, D.C., Goodman, P.S. and
Tate, J.E. Application of non-linear time-alignment and integration methods to
environmental time series. TrAC Trends in Analytical Chemistry. 28, 2009, 373-391.)




(Source: Ropkins, K. Li, H and Carslaw, D.C. Time Alignment
of Instantaneous Emissions Data. 20th CRC On-Road Vehicle

Emission Workshop. San Diego, US, 22-24 March, 2010.
Workshop URL: http://www.crcao.org/workshops/index.html).
L] engine system
Data Alignment

PEMS measurements based on at-engine, 3 _
in-exhaust and post-exhaust measurements é !

analyzer sampling line
(fixed rate pump)

engine cycle exhaust sampling instrumental : J
engine exit H exhaust exit H analyzer H measurement F: T : '—|
: system system response time I : 0 L4
engine . : : analyzer

i comparison
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vehicle instrumental ! : 0 1
ears i i L ______2a : :

engine ineﬁia 9 }% _ vehicle action }% measurement : © average offset

inertia response time time offset  alignment g
s IR (ca. 7 seconds)

With PEMS/EDAR alignment,
there is only ONE point of
comparison and alignment is
CRITICAL



Previous Recommendations
about PEMS Driver Behaviour

When Don Stedman first looked BUT folks have been ‘pushing the
at VERSS (his FEAT) and PEMS envelope’ ever since, for example:
comparisons

* He undertook an off-road (test '

track) study, and Remote Sensing Devices
« Recommended driving the

PEMS vehicle very smoothly

Joint Advisory Committee

Niranjan Vescio
a | Systems

by the VERSS B o How did RSD Compare to PEMS?
Individual Measurements
L . &llullamlpP:sfk,'ly«{ww: lllllll -
(Source: Lawson, D.R., Groblicki, P.J., Stedman, D.H., Bishop,
G.A., and Guenther, P.L., 1990. Emissions from in-use motor el T
vehicles in Los Angeles: a pilot study of remote sensing and the : Lot B Een s R
inspection and maintenance programs, Journal of the Air & Waste H
Management Association, 40 (8), 1096-1105.) MatChlng RSD Data on
PEMS Trace

This was to reduce the effect of

the different sampling resolutions

of VERSSs (10Hz or faster) and
PEMS (1Hz)
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Moving Forward

We wanted OUR PEMS comparisons to be MORE REPRESENTATIVE

Simulated exhaust was a better measure of instrumental accuracy

We wanted on-road, in amongst other vehicles, looking (much as possible)
at in-situ performance:

« On-road, the PEMS vehicle driver’s priority is safety, so not all drive-
throughs would be smooth

« BUT then none of vehicles surveyed in a conventional study would
necessarily be driven smoothly...

...However, like Don, we acknowledge that every
real-world PEMS drive-through may NOT be a
suitable point for PEMS and VERSS comparison...

...BUT we also felt that whatever we did should
complement the simulated exhaust study rather than
be a ‘poor man’s version’...



PEMS Data Filtrating

...SO we undertook our comparisons in-situ...
...as part of a challenging deployment...

Smooth PEMS Trajectories @
Other PEMS Trajectories

... and we filtered out data for smoother
driver behaviour by testing if the ‘second-
before to second-after drive through’ was

smooth for the PEMS/EDAR
comparisons...
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data fit (R)

@used  —0.706x(C=0) (0.968)
excluded
(all data) 0.002x+0.0036 (0.495)
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EDAR NO/CO,

0.004 —

... SO we have the datasets for both a traditional
comparison and one for future work, and a |

0.002

method to differentiate the two N N N N [ S
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More recently...

CONOX have matched VSP to compare remote sensing and
PEMS measurement:

The results are encouraging and the method is worth considering:

How RSD and on-board (i.e PEMS) results compare for NOx emissions ?

= Instantaneous NO, emissions for Euro 6 diesel passenger
cars as a function of the vehicle specific power

2
F' source
4 UK — PEMS (Department of Transporf)

5 4 UK - Remote sensing
200 - ﬁ

NO, (g/h)

‘C’“
o2
S PassanssSIsIot
-20 0 20 40
VSP (KWit)

CONOX

As is the VSP (speed and acceleration) alignment

with remote sensing measured emissions...






