CZECH TECHNICAL UNIVERSITY IN PRAGUE
Faculty of Mechanical Engineering
Department of Automotive, Combustion Engine and Railway

Engineering

FAKULTA STROJNI

MASTER THESIS

Detection of excess NOx emissions of Heavy vehicles during
ordinary operation

January 2020 Submitted by : Alden Fred Arul Raj
Supervisor : doc. Michal Vojtisek, Ph.D



MASTER'S THESIS ASSIGNMENT

I. Personal and study details
-

Student's name: Arul Raj Alden Fred Personal |D number: 474019
Faculty | Institute:  Faculty of Mechanical Engineening

Depariment ! Institute:  Department of Automotive, Combustion Engine and Railway Engineering
Study program: Master of Automotive Engineering

Branch of study: Advanced Powertrains

. Master's thesis details

Master's thesis title in English:

Detection of excess NOx emissions of heavy vehicles during ordinary operation
Master's thesis tithe in Czech:

Detekce nadmémych emisi oxidd dusiku u tékjch vozidel biéhem béiného provozu
Guidelines:

This experimental thesls addresses the coniribulion of high emitters to the nfiregen oxides (MOxX) emisslons Fom transport,
&5 a part of the broader effon (o reduce adverse health effects associated with outdoar alr pollution. The goal of the hesls
15 to expiore the possibiity of detecting wehicles with excass NOX by EsIng 3 chase vehicle equipped with a fastresponss
gas analyzer. Emission faciors will be estimated basad on NOWCO2 rato in the plume and compared to the anticipated
emisslons based on the vehicle data obiained from the vehicle registry or from the electronic toll system. The student Is
expected to parficlpate In experimental campalgns targeting Instrument valldation andsor pllot measurements In the Prague
vicinity, and io evaluate e resuiis from a pliot study with the foeus on assessing the emissions performancs of nawer
heavy duty trucks equipped with NOx anerreatmeant devices. The thesls should contzin relevant background Infarmation,

statistical analysls of the data Including assessment of measurement uncartainty, and a diSCUsEIon on difersntiating nommal
operation from "excess’ emissions.

Bibliography ! sources:
CAMAGARATHA, Manjula R., etal. Chase siudies of particulate emISSoNs rom In-use New York Clty vehicies. Asrosol
Sclence and Technology, 2004, 38.6: 555-573.
HALLQWIST, & ., et al. Parficle and gaseous emissions from Individual diesel and CNG buses. Almospheric Chemistry
and Physlcs, 2013, 13.10: 5337-5350.

Mame and workplace of master's thesis supervisor:

doc. Michal VojtEek, Ph.D., Departmentof Automotive, Combustion Engine and Railway Engineering,
FME

Mame and workplace of second master's thesis supervisor or consultant:

Date of master's thesis assignment: 11092013 Deadline for master's thesis submission: 100042020
Assignment valid uniil:

dice:. Michal Viojtisek, PRLD. dioc. Ing. Cidich Viek, PRuD. praof. Ing. Michael Vaiasek, DeSc.
Supsremc s Eigneis Haxd o dscarfman | signatus Csmn's spraturs
L -~
Ill. Assignment receipt

The shudent acknowiznges Fal the rasier's hesis = an ndvidusl work. The shoient must procduce his fesls wihou! the sssistanoe of others,
With, the esception of prosdicded consulaiions. WEhin the rasier's Tesis, the suthor must stiaie the rames of consullants and incucde 3 st of relerences.

Date of assignment recelpt Student's signature
OVUT-CZ-FDR-A0151 & CVUT v Praze, Dasigre CWUT v Praze, C




Declaration of authorship

| hereby declare, that this diploma thesis has been written by me in person. All the

information from other works has been acknowledged in the text with the list of references.

In Prague: 08. 01. 2020

Alden Fred Arul Raj



Anotace

Diplomova priace se zabyva vyhodnocenim vysledki méfeni emisi NOx ze
silni¢nich nékladnich vozidel béhem jizdy po délnici. Méfeni bylo provedeno méficim
vozidlem vybavenym infraéervenym analyzatorem plynt s rychlou odezvou, ktery vzorkoval
vlecku vyfukovych plynii ze sledovaného vozidla. Pomér koncentraci NO a CO; ve vleCce
byl stanoven tfemi zptisoby: linedrni regresi, numerickou integraci naméfenych koncentraci,
a jako pomér maximalnich namétenych koncentraci, vzdy po stanoveni a odectu pozad'ovych
koncentraci. Tyto zplisoby jsou porovnany. Z poméru NO/CO2 byl vypocten emisni faktor v
g/kWh NO, ktery byl porovnan s emisnimi limity pro Euro kategorii méteného vozidla, ktera
byla vyctena ze systému elektronického mytného. Prace byla soucasti projektu, jehoz cilem

je posoudit miru vyskytu nékladnich vozidel s nadmérnymi emisemi NOx.

Kli¢ova slova: vznétovy motor, tézka silni¢ni vozidla, ndkladni automobily, oxidy dusiku
(NOy), selektivni katalyticka redukce, emisni factor, vzdalené méfeni, emise v provozu,

FTIR, SCR emulator, technicky stav, zne¢isténi ovzdusi, zpracovani dat.

Abstract

This master thesis deals with the detection of excess NOx emissions from heavy duty vehicles
on road by using a “vehicle chase method” in which the chase vehicle is equipped with a fast-
response gas analyzer to detect the emissions. Emission factor is evaluated based on the ratio
of NO/CO:z in the plume determined by linear regression approach, peak area approach and
maximum point of concentration approach. Measured data were analyzed by creating
baseline, identifying peak, evaluation of detection limit with some uncertainties in the
measurement. Detection limit is set by taking the standard deviation of the background signal
and multiplied by a factor to consider the concentrations above this limit as a useful
measurement for analysis. The results of this evaluation are summarized to detect the higher
concentration of NO through different approaches and are checked for consistency between

these approaches.

Keywords: Diesel engine, heavy-duty vehicle, Nitrogen oxides (NOx), Selective Catalytic
Reduction, emission factor, real-world emissions, high emitter, FTIR, chase vehicle, SCR

emulator, in-use compliance, air quality, data analysis.
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1 Introduction

Global and local air pollution, especially the emissions from transportation sources have vast
range of impacts like smog formation, global warming, visibility degradation and several
health effects for human and environment. Air is one of the main sources in the atmosphere
for a living being to survive. If air in the atmosphere is polluted by major emissions and

pollutants, then the living being in this environment are going to be destroyed.

Particles and NO are the major harmful pollutants from the transportation source which
causes air pollution which is hazardous to environment and human health [1]. Though
particles are dangerous pollutant than NOx from internal combustion engines which has a
vast influence on the air quality [2], concentration of NOx emitted from heavy duty vehicle
is considered for measurement and analysis in this thesis work. According to WHO, any
contaminants in the atmosphere that affects human, animal and plant life is described as air
pollution.

Emissions are from various sources, but transportation source contributes major portion of
emission in our daily life [3]. Nowadays, significant increase of vehicles passing on the road
results in increase of pollution. As we are approaching to clean, ecofriendly and sustainable
mobility, NOx emission from the vehicles are one of the major issues concerning human
health and the environment. Due to new legislation and emission limits, concentration level
in the exhaust emissions are reduced over the years. Mobile sources have harmful effects on
the quality of air. But these emissions are difficult to predict as many parameters affect these
measurements and creates variability in emission measurement from different type of

vehicles [4].
1.1 Oxides of Nitrogen (NOx)

NOy is not a single compound, but a mixture of gases that are composed of Nitric Oxide (NO)
and Nitrogen Dioxide (NO2). NOx is responsible for large share of health effects which are
present in the exhausts of the majority of transportation sources like motor vehicles, lawn
mowers, shipping, railways and airways, industrial source like electric supply,
manufacturing, oil and gas industry, cigarette smoking and consumer source like nitrate

containing fertilizers [5].
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Fig 1. 1 Major sources of NOy emissions in the EU during 2011 [3].

NO is a colorless and odorless gas. NO: is a highly reactive gas which has odor and has a
high oxidizing property. NO2 has around five times higher toxic and harmful effects than NO
[6]. The concentration of NO is found to be higher in the areas of congested motor vehicle
traffics, large cities and in majority of parking areas. Whenever a combustion happens in the
presence of Nitrogen and oxygen at a high temperature, NO is formed - for example in

engines and burning of some plant material and during lightning [3].
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Fig 1. 2 Various sectors of NO, and Particulate Matter contribution reported by EU-28
Member states [7]

The above figure 1.2 clearly shows that the major contribution of NO, and Particulate Matters
are from Transport as reported by 28 member states of European Union, which is not good

news for human health and environment.



1.1.1 NOx Formation

Air in the atmosphere has 78.6% of Nitrogen and 21% of Oxygen. At high temperatures,
more than 1800 K, molecular Nitrogen (N2) disassociate into its atomic state (N), Also
Oxygen (O>) dissociates to atomic Oxygen [8].

NOx formation are basically three equations of Zeldovich extended mechanism which is

represented as follows

N2+ O=NO+N
N+O2,=NO+0
N+OH=NO+H

The first two equations of NO formation reactions were suggested by Zeldovich and later
Lavoie added the third reaction to this mechanism and so this model is together called
Zeldovich extended mechanism [9]. NO reaction is very slow, and it requires quite a high
temperature for its formation. Similarly, NO2 occupies several % of total oxides of Nitrogen
released during the exhaust from the diesel engine in which 10 - 30% are found after Diesel
Oxidation Catalyst (DOC). NO: are rapidly formed from NO in the flame zone region at a
high temperature. Due to local quenching and cooling, NO. formed in the first reaction are
cooled down and dissociates to form NO. The formation of NO; is represented in the

following equations [9].

NO + HO2= NO2 + OH
NO2+ O =NO + O

Formation of NO are kinetically driven by temperature and enough Oxygen. Their chemical
reactions are very slow at high temperatures and will never attain equilibrium which is a
major disadvantage. Though Diesel engines are globally running in lean mixture, they can
have a very high local temperatures inside the cylinder because of inhomogeneity in Air fuel
mixtures. So, it’s very complex to explain the processes happening inside the cylinder. But
certain detailed studies and research have said that the rate of formation of NOx is mostly at
the kinetic phase of combustion where the mixing of Air and fuel takes place predominantly

and the occurrence of initial rapid combustion results in enormous amount of temperature.



When the combustion duration is longer, rate of formation of NO is higher corresponding to

high temperature Burnt gases.

Boltzman exponential factor is an important term to show the probability of formation of NO
in the Arhenius equation. Higher the temperature, higher is the exponential factor which tends
to increase the rate of concentration (K) or formation of NO. Arhenius equation to represent

the rate of the reaction is

K = A exp ~E/RD
Where, K = Rate constant for the reaction R = Gas constant (KJ/Kg-K)
A = Pre-exponential factor Ea = Activation Energy (KJ/KQ)
T = Temperature (K)

At high temperatures (thermodynamic part) and probability of availability of enough
Oxygen, rate of formation of NOy is enormous [9]. When the engine is operating in too lean,
which means there’s too much Oxygen which freezes the chemistry and there is reduction in
the formation of NOx as there is no enough temperature. Generally, NOx is dominant in
Indirect injection engine compared to Direct injection engine, since Indirect Injection Engine

as high compression ratio which thereby increases the combustion temperatures [10].

1.1.2 Methods to reduce NOx

NOyx exhausted to atmosphere can be possibly reduced by two ways 1. By In-cylinder
techniques in reducing the formation of NOx and 2. By some other after - treatment devices

before the exhaust gases are released to atmosphere.

1. As NOy is mainly formed due to higher combustion temperature inside the cylinder, time
factor also plays a major role for the formation of NOx. During the combustion process,
reducing the peak temperature decreases the amount of NOy, whereas this influences the rate
of reaction, slower or faster combustion duration and increase in particulate emissions and
other pollutants like carbon monoxide (CO) and unburnt hydrocarbons (UHC). So, to reduce
this harmful NOy, various techniques like Low Temperature Combustion (LTC),
Homogeneous Charge Compression Ignition (HCCI), Homogeneous Charge Late Injection
(HCLI), Highly Premixed Late Injection (HPLI), Reaction Controlled Compression Ignition
(RCCI) and Premixed Charge Compression Ignition (PCCI) [11] were developed.

10



These techniques were achieved mostly only in research engines or in experimental engines
and it’s very difficult to implement and achieve those performance in practical engines in the
market. Apart from these, other possible ways to reduce the formation of NOx are Exhaust
Gas Recirculation (EGR) which decreases the peak in-cylinder temperature by sending back
a portion of exhaust gases or much more in to intake, Water injection, retarded and split fuel
injection [8], where the fuel is injected at the late phase of power stroke, decreases the
thermodynamic efficiency which increases other pollutants like HC and CO, but decreases
NO.

2. Some after treatment devices which are used to reduce the formation of NOx are Lean NOx
Trap (LNT) which performs effectively by alternative lean and rich mixtures. NOy can also
be further reduced by Non-Selective catalytic reduction (NSCR) and by Selective catalytic
Reduction (SCR).

1.1.3 Lean NOxy trap (LNT)

NOx storage/reduction (NSR) or LNT mechanism works with the help of catalysts that
contains three main components: (a) catalytically active noble metals like Platinum,
Palladium and Rhodium for performing oxidation and reduction reactions, (b) NOx storage
material like Barium oxide and (c) an oxidic high surface area support (CeO2, ZrO,, Al>03)
[12]. The active surface of Pt oxidizes NO to NO: and these Nitrates are stored further and

reduces to No. This mechanism is schematically shown in the Figure 1.3.

Ox Adsorber Reduction Mechanis

NOx Adsorption NOx Reduction

Fig 1. 3 NOx storage/reduction (NSR) mechanism representation [11]
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During lean operation, NO is stored in storage material like barium carbonate, barium nitrate
is formed and when the engine is operated in slight rich mixture for an instance (richer than
ordinary operation), reduction reaction proceeds which releases NO, and this reduces the
stored Nitrates to N.. This cycle is also called NOx storage and regeneration or lean-rich

modulation. This conversion is very necessary to reduce the trapped amount of NO to Na.

(@) NO + % 02 — NO2
(b) BaCO3 + 2NO2 — Ba (NOs):
(c) Ba (NOs3), — Ba + N2 + 302

The above equations and the Figure 1.4 show the formation and reduction reaction of NO

in Lean NOx trap mechanism.

NOx Adsorber Catalyst Functions

Lean Conditions

LEAN:

NO, generation
NO, storage

E (CO, HC, SOF oxidation)

Rich Conditions

[CO+HC +H, | NO,
RICH: Vol \ /
NOXx release @ s T
BaiNO )y,

NOXx conversion u
(Desulfation) ALO s

-y N

\ [N]+co,

Fig 1. 4 Reactions performed in LNT [13].
1.1.4 Non-Selective catalytic Reduction (N-SCR)

N-SCR has both oxidation and reduction reactions performed in it. It is also called as three-
way catalytic converter as it can perform two oxidation reaction and one reduction reaction
in the presence of catalyst like Platinum. These reactions are more efficient only with rich
combustion mixtures. During the initial phase of the reaction, CO and Hydrocarbons are

oxidized to CO, and Water and in the final phase of the reaction, NOy is reduced to Nitrogen.

CO + O2 — CO2 (Oxidation)

12



HC + O2 — H20 + CO; (Oxidation)
NO2 + CO — Nz + CO2 (Reduction)

1.1.5 Selective Catalytic Reduction (SCR)

SCR is one of the latest emission control technology by injecting water-urea solution in which
urea is decomposed to form ammonia, in which the later reduces NOx to nitrogen. This
reducing agent is also called as Diesel Exhaust Fluid (DEF) [14]. Basically, to protect
environment and our health, harmful pollutants (NO) are reduced by SCR to get N2, and H-O.
Due to the strict legislation, SCR is widely used especially in Diesel Vehicles. As ammonia
is dangerous to human health, DEF uses urea from the fuel station which is injected in to the
exhaust gases which are flowing downstream from the engine to tail pipe are later hydrolyzed
and decomposed to ammonia (NHz) and this injected Ammonia converts the harmful exhaust
gases to Nitrogen (N2).

DEF is a non-toxic fluid containing Urea and water. This injection of fluid is called Ad-blue

injection and it is called selective as its main target is to reduce the selected NO to No.

4 NO + 4 NH3 + O2 — 4 N2 + 6 H20 (Standard)
2NH3 + NO + NO2 — 2 N2 + 3 H20 (Fast)
6 NO2 + 8 NHz — 7 N2 + 12 H,0O (Slow) [16]

Exhaust leaves engine with
the pollutants NOx and PM.

DEFis
injected into
the exhaust

Particulate Matter (PM) e

is trapped in the Diesel
Particulate Filter (DPF).

Ammonia (NHs) and
Nitrogen Oxides
(NOx) react in the
catalyst to form

nitrogen and water.
DEF solution “hydrolyzes” es SiomsL

into ammonia gas (NH;)
which mixes with exhaust.
Diesel Exhaust
Fluid (DEF)

Example of a Selective Catalytic
Reduction (SCR) System SCR Catalyst

Fig 1. 5 SCR System and DPF in Diesel vehicles [15]
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The above figure 1.5 shows the system which is used to reduce harmful pollutants coming
out from the tailpipe. The parts marked in red are harmful pollutants formed inside the engine
cylinder which are exhausted. They are Particulate matter and NOx which are harmful and
they are converted to harmless substance with the help of trapping the particulate matters by

DPF and conversion of NOx to pure N2 with the help of SCR system.

NOx before catalyst: 9.1 gkWh av. NOx conversion: 80%
— NOx after catalyst: 1.8 gkWWh
2500
E 2000
E 1500
g 1000 4—t—t— L — ‘——
: |
S |
500-—————————i—”—
0 . |

Fig 1. 6 Comparison of concentration of NOx before and after catalyst [11]

The above-mentioned statistical graph in the Figure 1.6 clearly shows the efficient
performance of catalyst where the concentration of NOyx before catalyst was found to be
enormously high when compared to the same after catalyst which clearly proves that it has a

conversion efficiency of around 80 % as mentioned.

1.2 Effect of NOx on Health and Environment

NO and NO- are poisonous irritant gases which affects human directly and indirectly. Direct
effect of NO causes most of the trouble to human’s respiratory system and cardio vascular
system. There are around 72 thousand premature death annually in Europe (EU) due to excess
NOx when compared to traffic accidents which is responsible for killing only 39 thousand
life [16]. At high temperatures, atomic nitrogen and oxygen molecules in the air combine to
form Nitric oxide (NO) which is then oxidized to Nitrogen dioxide (NOz). The production
rate of NO- is faster when NO reacts with Ozone in the stratosphere or troposphere layer.

These dioxides are toxic which damages the leaves of plants and slowdown the process of

14



photosynthesis in plants and can also causes irritation to lungs and some respiratory diseases

especially to children and other living being [17].

Air pollution reduces human life expectancy by more than eight months on average and by
more than two years in the most polluted cities and regions [18]. It also leads to abnormal
coagulation of high concentrated fluid over the respiratory tissues. Excess Exposure to NOx
reacts with Vitamin B12 of human which causes some neurological diseases and reduction
in Bone marrows [19]. Indirect problems due to NOy are ozone layer depletion, Acid rain,
Smog and poor visibility which indirectly affects human health. Excess NOx destroys the
stratosphere layer of Ozone which thereby increases the temperature of earth’s atmosphere
by direct exposure of high energy UV rays on the surface. Consequently, this results in
change in climate, weather pattern, poor quality of air, and so on. Due to urbanization,
increase of vehicles in the cities have led to serious pollution of air in which NOx plays a
major impact of ozone formation and aerosol in the atmosphere, acid deposition and radiation
balancing. High Exposure to NOx (2500 pg/m?®) for an hour decreases breathing capability of
human which can lead to death, while exposure to ozone causes respiratory problems with

additional symptoms like dry throat and headache [19].

Acid rain or Acid deposition is due to the storage of NOy and SO, (Sulphur dioxide) on
Earth’s atmosphere from various sources like burning Hydrocarbon fuel powering vehicles,
generating electric current in powerplants and oil refineries. According to United States
Environmental Protection Agency, Electric power generation contribute one-fourth of NOy
present in the atmosphere. Acid rain damages Plants, soil, Monuments, Buildings and human
health.

Photochemical reaction of sunlight with Hydrocarbons emissions and NOx emissions from
Automotive engines causes unwanted smoke and fog which is combined as smog. This
creates problems of visibility on the road which causes major accidents and other problems
to human which should be avoided completely. Due to visibility problems, government in
many countries declares holidays for school and offices in order to reduce the risk of life and
health [20]. Smog and invisibility have created severe issues in capital cities like Beijing
(China), New Delhi (India), and London (United Kingdom) compared to many other

countries. NO absorbs full visible spectra of light which causes poor visibility [19].
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1.2.1 Ambient Air Quality

Air pollution is one of the main causes for climate change, human health and environment.
Air pollution Kills at-least one in nine persons. They are mainly due to particulate matters
and other harmful gases [21]. Also, air is the main source for any living organism to survive.
This poor air quality causes breathing problems which destroys respiratory system of all
living beings which also constitutes destruction of many animal species.

Many Governmental agencies and World Health Organisation (WHO) has set some standards
and limits in order to protect human health by improving the quality of Air in the atmosphere.

The Table 1.1 shows the concentration limit of Nitrogen Dioxide (NOz) set by European
Environment Agency considering Air Quality. More than 86% of NO2 which is above the
annual limit value were observed mostly in traffic signals. Traffic areas and congested street

with vehicle are the major source of NOx.

Pollutant Averaging Standard type and Comments
period Concentration
NO2 1 hour EU Limit: 200 pg/m3 Not to be exceeded on
more than 18 hours per
year
1 hour EU Threshold:400 pg/m® | Measured 3 consecutive

hours over an entire zone.

NO. Calendar year EU Limit: 40 pg/m?®

Table 1.1 Air quality standards for the protection of human health from NO; [22]

The Figure 1.7 shows the annual concentration of NO- in 2017 in European Union. Though
the average annual European limit of NO, was 40 pg/m?, from the figure it’s very clear that
most of the concentration of NO. are above the limit (last two red dots shown) in most of the
European Country which means the legislation should be enforced to obey European limit as
mentioned. Even Czech Republic which is in the central Europe in location has also high
concentration of NO which is also proved by the experimental data and measurements done

which is mentioned later in this work.
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Fig 1. 7 Annual Concentration of NO2 observed in different countries in 2017 [22].

1.2.2 Emission limits of VVehicles

(ppm) or grams per km (g/km) or grams per KWh (g/kwh).

1.2.3 European legislation for Heavy-Duty Vehicle Emissions

As discussed above, exhaust emissions have a great impact on air pollution which has
significant effect on human health and environment. Unless and otherwise if people are not
educated or not aware of this issues, some strict rules or legislations should be enforced by
the government. This lead to the segregation of Emission limits on vehicles based on their
size, fuel and utility. Most of the countries have their strict vehicle emission standards- like

European Union has Euro 6d currently which gives the concentration in parts per million

Nowadays, Vehicle manufactures are facing a very stringent guidelines on air pollution and
their demand to meet European Emission Standards in considering the pollution level. The
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following tables comprises the dates of implementation of Emission standards and new

approved regulations for Heavy duty vehicles. EURO 6 regulations also provide additional

information along with the tables 1.2 and 1.3 provided below [23];

1. Ammonia concentration limit to 10 ppm applies to both Compression Ignition and

Positive Ignition Engine

2. A maximum limit to NOx, especially NO2 emission which may be defined at later

stage.
Stage Date Test CO | HC | NOx | PM PN Smoke
g/kWh 1/kWh 1/m
EURO| | 1992,<85kW |ECER-49 | 45 | 1.1 | 8.0 | 0.612
1992, > 85 kW 45 | 1.1 | 80 | 0.36
EURO Il 1996.10 40 | 1.1 | 7.0 | 0.25
1998.10 40 | 1.1 | 7.0 | 0.15
EURO Il | 1999.10EEV | ESC& | 1.5 [ 025 | 2.0 | 0.02 0.15
only ELR
2000.10 2.1 | 066 | 50 | 0.10 0.8
EURO IV 2005.10 1.5 | 0.46 | 35 | 0.02 0.5
EURO V 2008.10 1.5 | 0.46 | 2.0 | 0.02 0.5
EURO VI 2013.01 WHSC | 15 | 0.13 | 0.40 | 0.01 | 8.0x 10"

Table 1.2 Emission Standards for Heavy Duty Diesel Engines — Steady state Testing [23]

Stage Date Test CO | CHs& | NOx | PMP PNe®
g/kWh 1/kWh
EURO Il | 1999.10EEVonly | ETC | 30 | 065 | 20 | 0.02
2000.10 545 | 16 | 50 | 0.16°
EURO IV 2005.10 4.0 1.1 | 35 | 0.03
EURO V 2008.10 4.0 1.1 | 2.0 | 0.03
EURO VI 2013.01 WHTC | 4.0 05 | 046 | 001 | 6.0x10M"

Table 1.3 Emission Standards for Heavy Duty Diesel Engines—Transient state Testing [23]
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Emission limits are set for type approval tests to improve the air quality. So conformity factor
is introduced to compare the emission limits. Conformity factor is the ratio of Real drive

emission measured to the set emission limits measured in testbench.

EU vs China NOx RDE Emission Limits and Conformity
Factors

EU 6d-temp diesel [:1¥
EU 6d-temp petrol [l
EU 6d diesel [l 34.4

EU 6d petrol |5l

China RDE NTE 2023 55

20 40 60 80 100 120 140 160

NOx mg/km
® NOx Limit = Conformity factor

Fig 1. 8 Comparison of concentration of NOx in China and Europe with RDE limits and

Conformity factors [24]

Conformity factor is not to Exceed limit which shows that Real drive emissions is quite
higher than set limits because of various barriers like climatic condition, traffic signals, fuel
quality and Air quality. Bringing conformity factor to 1 means, RDE and Set limits are same,

which is very ideal to achieve.

Considering the air quality, China, European and other countries are trying to achieve or

control the excess NOx emissions from the automotive and other industrial sector.
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EU vs China NOx Emission Limits

China Gasoline ® EU Petrol ® EU Diesel » China Diesel

Fig 1. 9 Comparison of Emission limits of NOyx in China and Europe [24]

The above Figure 1.9 clearly shows how the strict regulations and government legislations
have played a major role in reducing the exhaust NOx emissions from the vehicles in the last

decade. This is done in order to improve the quality of air.

1.3 Excess Emitters

To increase the performance, increase the fuel economy, decrease the operation cost and to
eliminate the repair cost, tampering of some Emission control systems is done by some
manufacturers or vehicle owners by using emulators or other tampering devices which are

available in the market [25]. Some tampering or zapping methods are described as follows:

EGR can be tampered Mechanically and by external zapping device. Mechanical Tampering
are done by some physical changes like sealing the hose to vacuum actuator and blocking the
recirculating gas tube in engine compartment. External zapping device are done by installing
an external black box plugged behind EOBD socket [25].

SCR can be tampered by disconnecting the circuit and emulating its function to the ECU,
removing the fuse from SCR system, showing Ad-blue tank gauge some constant value
independent of reality and Reagent tank level doesn’t display the exact gauge level in
Dashboard. DPF can also be removed and can be tampered by emulating its function to the
ECU [25].
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These tampering devices are available in markets and can be purchased through online or in
stores and can be installed by Mechanic or technician. These tampering can be avoided or
made difficult by making some anti tuning control unit which would register all the activities
performed and it can be read, but not manipulated [25].

Such high emitting vehicles are the major source of environmental pollution and causes of
problems to human health which enforced strict legislation by the government. This should

be strictly followed and periodically inspected in order to avoid manipulation.

1.4 Detection of Excess Emitters

The major harmful emissions from the Engine Exhausts are Oxides of Nitrogen (NOy),
Particulate Matter (PM), Carbon monoxide (CO) and Hydrocarbons (HC). Heavy-duty diesel
vehicles on on-road emits quite a lot of NOx and particulate matter. Such on road emissions
can be detected by in situ method - tunnels, parking areas and remote sensing studies and by
in vehicle - probe vehicle and car chase studies [26]. Emissions from heavy-Duty diesel
trucks, especially high emitters can be detected in various methods like chassis
dynamometers, in a tunnel, on the road side, remote sensing or vehicle chase method. Chassis
dynamometers is one of the most commonly used method for measuring emissions and other
characteristics of vehicle in factory and in laboratory. But the emissions measured by this
method can be different from real drive emission measurements. Though they are controlled
and measured by changing different parameters, but the environmental and operating
condition is not the same [27]. Tunnel measurement is one of the other methods to measure
the emissions during real drive where the pollutants would be high in traffics in which vehicle
speed and their corresponding emissions are measured by collecting the plumes [28]. Remote
sensing is one of the other effective method which is used to detect the excess emissions by
detectors, which is a light source (UV or IR). The main disadvantage in this method is that
the calibration gas is taken along with in order to compare the gases with minimum
concentration [29] in order to get the exact concentration by differentiating background. Road
side measurement is similar to remote sensing method where the sampling lines are placed
at the corner of the road or at some traffic places where good measurements can be recorded
from the running or on going vehicles [30]. Vehicle chase method is also another emission

measurement technique in which the measuring instruments are loaded in a van/vehicle. The
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main difference between road side measurement and vehicle chase method is in the former,
sampling line is stationary on the side of the road where the measurement is happening and
this records the exhaust plumes of the moving vehicle and their vehicle details are noted with
the time whereas the latter has the measuring instruments loaded in the vehicle and the
tested/measured vehicles are recorded. So, in vehicle chase method, both the instruments

carrying vehicle and the targeted vehicle are moving, except in the place of heavy traffic.

This work is concerned mainly to detect excess NOx emissions by a chase vehicle where
heavy duty diesel trucks were targeted and followed over a time period and elevated
concentration were inferred during the measurement. The limits of NOx have exceeded as
defined in the Air Quality directives especially in densely populated metropolitan areas. In
real drive, NOx emissions from Diesel vehicles have exceeded the limits leading to

homologation [31].

In a pilot study conducted in vicinity of Prague, the exhaust plumes of heavy-duty diesel
vehicles were detected and analyzed by a chase vehicle equipped with a fast response gas
analyzer. The main goal of this project is to analyze the data collected from the heavy-duty
trucks near Benesov (Prague - Brno Highway) and verify the effective performance of newer
NOxy after treatment device. One of the most problematic pollutant in Europe and in many
other countries is NOyx, which has a very negative impact on health and environment. The

maximum allowed annual limit of NO emissions in most European cities is 40pug/m? [32].

Such emissions are due to tampering or emulators of Selective Catalytic Reduction (SCR)
and manipulation of some other after treatment devices in vehicles or from the exhaust of
other industrial source or burning of harmful substances that pollutes air. But nowadays, due
to strict government legislations and European standard regulations, Vehicle manufacturers
are in a tight situation to achieve these low Emissions with complicated after treatment
systems and technologies. These vehicles meet and obeys the legislations before it comes to
the market, but they are not meeting the standards in Real Drive. Considering the emissions
from vehicles, Real Drive emissions (RDE) are quite higher than the current Euro Normal
Standards. But this is due to the fact that RDE is rarely and randomly investigated [32] which
should be frequently checked and followed in order to meet the current standards and reduce

the pollution which thereby reduces the impacts on human health and environment.
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2 Goal of the Thesis

The main goal of the thesis is to detect excess emissson of oxides of Nitrogen (NOy) in real

drive and to analyze the measured data from Heavy duty vehicles travelling on the D1

Motorway, in the vicnity of Prague, by using vehicle chase method. The various tasks

performed during the experimental campaign are

a)

b)

d)

To participate in the part of the experimental campaign to conduct the experimental

measurement.

To follow/chase some heavy duty vehicles and measure their emission of NO in both
directions of Prague-Brno D1 Highway with the help of fast response FT-IR Gas
Analyzer.

Analysis of measured data which represents NO concentration through some basic
statistical approach and evaluation of detection limits in order to calculate the ratio of
NO/CO:x.

To calculate the NO/COz ratio by Numerical integration of the Peak Area, Ratio of
Maximum point of concentration and Linear Regression approach and find the

consistency between these approaches.

To compare NO/CO> between these approaches and evaluate the Emission factor
from the analysed data and judge on the performance of SCR.
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3 Experimental Setup

3.1 Vehicle chase Method

The most important and interested vehicles focused in this study are heavy duty vehicles. In
order to find the excess emitting heavy duty vehicles, vehicle chase method was used. This
experimental measurement was conducted for a week near a small city named BeneSov, in
the vicinity of Prague. On 03.06.2019 morning, the measuring instruments were installed and
set up in the Customs administration van of Celni sprava. The measurements were done for
a week from 03.06.2019 afternoon to 07.06.2019 which concluded with useful data from
about 230 heavy duty vehicles. The sampling site selected was Prague — Brno highway, so
that the emissions can be measured for individual vehicle over a time period by avoiding
possible disturbance and traffics due to vehicles, whereas disturbances like wind and cluster
of vehicles going at the same time is uncertain and questionable to avoid, which makes hard
to predict the exact measurements from the exact vehicle as the plumes gets mixed with the
other.

This vehicle chase method is better and efficient than road side stationary measurement by
connecting sampling lines to measure exhaust plume near road side or in bus station [30] or
some measurements done near entrance to tunnel. The instruments were installed in the
Customs administration van to conduct measurements and the sampling pipe was projected
in-front of the van so that this would be able to collect the exhaust plumes from the vehicles
going in front and give the measurements and concentrations through the computers installed
along with FT-IR and the results were reviewed. These instruments also need power supply
to ensure that they operate continuously and so power is taken from the transporting vehicle

and/or additional batteries.

During this field measurement and study, registration number of vehicles and the time of
chasing individual vehicles were noted with reference to the time shown by the instruments
and computer connected with the instrument which displays the output concentration. This

helped to quantify the difference of time between consecutive or different vehicles.
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Also, technical data comprising of vehicle details, model and European standards or
regulation of the vehicle were collected from toll system. The vehicle used for the

measurement campaign, instruments and the sampling lines installed in the vehicle are shown
in the following figures.

Fig 3. 1 Customs administration vehicle used for vehicle chase method.

Fig 3.2 Sampling line installed to collect exhaust Plumes from the vehicles
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3.2 Instrument used for the Measurement

There are many experimental instruments used to measure individual concentration of gases
and are calibrated according to the manufacturers and the requirements. Some of the
instruments that measures the concentration of NOx are Chemiluminescence, Non-Dispersive
Infra-Red Analyzer (NDIR), Fourier Transform Infra-Red Spectroscopy (FTIR) and so on.
In this study, FTIR instrument with a fast response gas analyzer is used to measure
concentration of NO and CO». Though there are many other gaseous pollutants, this study is
focussed only on the measurement of NO in comparison with CO,. As the basic product of
complete combustion of fuel is CO, the emission factor for NO can be derived with respect

to the concentration of CO..

3.2.1 Fourier Transform Infra-Red Spectroscopy (FT-IR)

Fourier Transform Infra-Red Spectroscopy works on the basic principle that individual Gas
absorbs light. The IR spectra is obtained by Fourier Transform of light intensity of
superposition of two light beams of varying path length, passing through an optical cell with

sampled gas.

FTIR INSTRUMENT
For measurement

Computer to show response

from the instrument

Fig 3.3 Instruments installed in Customs administration vehicle
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FTIR is used to identify organic and inorganic chemical compounds with their bond structure
by the absorption of Infra-red spectra. Every molecular bond vibrates in their own/or different
frequency and this absorption of light energy causes the molecules to move to excited state
from the initial state. The wavelength of light absorbed by the sample gives the molecular
structure which is the energy difference between the lower (initial) state and the excited
(final) state [33].

FT-IR System

Interferometer
Fixed mirror
Beamsplitter
‘% IR Source
A
:=” N |
Moving Mirror { Laser
Laser diode:

Gas Sample Cell él
Detector

Fig 3.4 FTIR — Working Principle [33]

The FT-IR instrument used for sampling the exhaust emissions in our experimental study is
Automated Fast response Gas Analyzer from Bruker brand which is Matrix MG Series
model. It is a very high-performance compact analyzer which is designed for high precision,
automated and real-time monitoring of gas concentrations in various applications. It is
enclosed with OPUS GA software which evaluates the spectra in real time for identifying the
concentration of gaseous compounds. This type of instrument is used in wide variety of
applications like food industry, process surveillance in production lines, exhaust gas
monitoring from smokestacks, Bio gas and motor vehicle analysis and in other scientific
research [34].

Figure 3.5 shows the instrument used in our experimental campaign for real drive emission

measurement by Vehicle Chase studies.
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Fig 3.5 FTIR used for Experimental Measurement

The cut section of the instrument is shown in the figure 3.6 which is fast response and high-

performance gas analyzer.

Electronics

Detector \

Temperature controlled
multi-reflection gas cell

Pressure and
temperature sensors

Gas outlet

Source

Gas inlet

RockSolid™
Interferometer

Fig 3.6 FTIR — Matrix MG5 Series Cut Section [34].
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3.2.2 Instrument specification

The concentration of gaseous pollutants in the exhaust were obtained from infra-red
absorption spectra taken by FTIR spectrometer Bruker MGX (MCT detector cooled by liquid
nitrogen, ZnSe optics, 5m optical cell path length, 0.5 per cm of resolution, 5 Hz) and
analyzed using software Opus GA (Bruker, Germany) for concentrations of NO and CO..
The FTIR spectrometer together with spectra deconvolution methods were calibrated
throughout the concentration ranges expected in raw vehicle exhaust using span calibration
gases and a gas divider for CO2, CO, NO, NO2 and other gases [35]. The calibration of the
FTIR analyzer for low concentrations of NO and CO; and its validation for on-road
measurement of NO/COz ratio is an ongoing effort.

Fig 3.7 Team involved and vehicle with the instruments installed for the measurement

The above figure 3.7 shows the team helped in installing the instrument setup for the
measurements to happen. FT-IR is installed in between the rear seats of the van and the
sampling tube in extended through the front cabin to outside to collect the sample of exhaust
gases and the measurement data were recorded.
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4 Data Analysis Procedure

As mentioned before, experimental measurements were performed, and the obtained
measured data were further analyzed to get a valuable information. The FT-IR instrument
used in this measurement is used to identify the concentration of NO and CO; especially from
the exhaust gases of the combustion engine. This instrument has a very high time and spectral
resolution and it’s very quick to respond which avoids/reduces the time shift between the
measurements and the response. The main aim is to calculate the ratio of NO to CO. based
on the recorded readings. In order to proceed for further analysis, feasible steps are carried

over to calculate the emission factor and find the high emitters.

4.1 Instrument response to Concentration — Signal and Noise

The beneficial information is obtained from the physical quantities like signals over a period
when the samples are collected from the exhaust emissions or plumes of the vehicle. Some
disturbances in signals are referred as Noise, which are due to vibration of the instrument,
electrical phenomena and other factors which disturbs the useful response of the instrument
and are superimposed on the measurement. Generally, noises are either external or internal
[36]. Internal noises are associated with components itself and external noises are due to

vibration or other effects that distract or disturb the instrument.

Signals obtained from the sample includes noises which should be avoided as they are not
the useful response representing the emission concentration. These can be eradicated either
by subtracting the output response obtained from the sample to the background response
obtained before exposed to the sample or by creating a base line from the spectrum obtained
and differentiate the signals below the baseline which are commonly referred as noises.

Strength of the signals can be calculated by signal to noise ratio, which compares signals with
noises to distinguish the background noise from the useful signal which is detected by the
detector.

Signal to Noise Ratio (SNR) = Signal mean () / Standard deviation of the noises ()
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Mean of the signal () is the useful signal of the sample excluding the noises and the Standard
deviation (o) of the noise is the signal obtained on the blank which were calculated by
excluding the signals [30]. The FTIR has a fast response output as the controlled flow avoids
turbulence disturbances and gives more precise signal according to the concentration of
sample [34]. The instruments response obtained during the measurement is plotted with
respect to time and the next process is to distinguish the unwanted noise from the response

obtained.

4.2 Baseline and Peak identification

The desired method to quantify peaks are baseline correction, finding the peak area and
visualization of detection of concentration which would reduce a considerable amount of
uncertainty in the measurements and analysis. Initially, Baseline is mainly plotted on the
areas where there are no peaks and the baseline in the area of the peak is calculated by linear
interpolation between short areas before and after peaks or they can also be obtained by linear

regression methods which surrounds nearby points [37].

The method used in this study to differentiate unwanted signals is to create a baseline for the
response obtained by subtracting 20" percentile of the response as represented in the
following graph. Subtracting the created baseline from the instrument response gives the net

concentration.

In the following graph in Figure 4.1, concentration of NOy is plotted over a period which
was obtained from the on-road measurement done on the first day of measurement. It’s very
clear that blue signals are the response obtained from the measurement, but they have a shift
in concentration measured and so baseline was taken. A 20" percentile was considered as the
baseline for the background signal. The pink line denoted in Figure 4.1 shows the 20"
percentile in which the signals or response below these are considered as noise. Subtraction

of these two graphs (Blue and Pink) gives a net measurement (Black).
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Fig 4. 1 NOyx concentration over the time period measured on 3 June 2019 — Afternoon

The concentration of CO; is also plotted over the same period, applying the same subtraction

of 20" percentile of measured concentration as a background.
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Fig 4. 2 CO2 concentration over the time period measured on 3™ June 2019 - Afternoon
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4.3 Detection limit in this setup

Detection limit is the minimum concentration of the sample detected by the instrument which
can be clearly differentiated from noise. Detection limit may not be the same as provided by
the manufacturers specification as it varies with time when they are exposed to different
environmental conditions, different location and different operating condition. There are two
types of Detection limit, namely

e Instrument Detection Limit (IDL)

e Method Detection Limit (MDL) [38].

4.3.1 Instrument Detection Limit (IDL)

In IDL, there are some signals obtained when the blank is analysed without exposure to the
sample, these are referred as background signals or noises. These noises fluctuate around the
background and so standard deviation of the background signal is calculated in order to set
the detection limit to detect the useful response of the instrument which can be distinguished

from the noise up to a certain level of confidence limit in statistical approach [38].

4.3.2 Method Detection Limit (MDL)

In MDL, there are some signals obtained from complex compounds which may be not
necessary for the current measurement. These signals may be also due to the presence of
some concentrated compounds which can show error in the response obtained [38]. These
errors may also increase the measured detection limit and so this must be detected and set

accordingly with signal to noise ratio as an approximate estimation.

The measurement was done on a moving vehicle and so this environment where the
experiments happened was different and so, two types of errors are considered generally to
set the detection limit. They are Type | error which detects something that is not present
(probability of false positive) and Type Il error which does not detect anything, though
something is present (probability of false negative) [39]. These errors are considered as there

are a lot of uncertainty in the measurement.

33



Detection limit can be given as [39],
Limit of detection = LOD = SD * 3.3

Where, SD is the standard deviation of the sample without concentration. Generally, there
are matrix of concentration of various compounds in the atmosphere and so the standard
deviation (SD) of the response obtained in the background signal without any response or

exposure to vehicle emission helps to evaluate the detection limit.

Initially, standard deviation of response before sampling is calculated and then they are
multiplied with 3.3 to get the detection limit. This detection limit is the minimum limit where
the instruments response above this limit gives the useful concentration from the

measurement.
4.4 Time synchronization - Vehicle and Measurements

The technique synchronization employed to match the timings of the recorded vehicles and
the response obtained from the measurement data after analysis. The time recorded by the
instrument, the computer used for showing the output signal and the standard time which we
follow on regular basis were the same and so during the vehicle chase study, the vehicles
whichever chased/followed were noted down along with the timing manually so that it would
help to compare with the analysis of data and this matching would enable us to find the high

emitting trucks.

The vehicle details, especially the heavy-duty vehicles registration number were noted down
and the corresponding time of following/chasing the truck was also noted down for better
correlation and comparison of data after analysis which would synchronise the measurement.
As the measuring instrument used in this vehicle chase study was very sensitive and fast
response gas analyser, drift in response time was avoided completely which is an advantage

to get more accurate results.
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The instrument was turned on for the measurements and the corresponding signals were
recorded from the start and it was saved with the file name representing corresponding dates
and time. These data were used for further analysis and later, they are synchronised with the
corresponding vehicles.

4.5 Emission Factor

NO/CO: ratio is an important term which is essential to figure out the amount of pollutant
released to the atmosphere to the amount of fuel consumed in which all carbon in the
consumed fuel is assumed to be oxidised to carbon dioxide (CO2) which is very hard to
achieve it 100 % in practical case as all fuels are not burnt completely. Though all the carbon
from the hydrocarbon fuels are not oxidised to CO2, some are chemically decomposed to
carbon monoxide (CO). So real emission factor should be the ratio of oxides of nitrogen to
the summation of carbon monoxide (CO), CO., HC and PM. But in diesel engines,
concentration of CO is negligible compared to other gases. But this ideal case is assumed to
be achievable and emission factor is formulated as follows [40]. In this experiment, emission

ratio is defined as the ratio of amount of NOy to the amount of CO..

Real Emission ratio = [NOx] / . ([CO2] + [CO])
Assumed Emission ratio = Concentration of [NO] / Concentration of [CO2]

In this study, NO/CO- ratio was calculated from the data by correlating the signals obtained
from the concentration of NO to the concentration of CO; over a period either by linear
regression approach or by peak area approach where the full portion of the peak is considered
and their ratio is calculated or maximum values within a peak area is considered and their
ratio is calculated. All these approaches were taken in to account for the measurement data

and these approaches were compared and checked for consistency.
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5 Approaches to calculate NO/CO; concentration

In this work, NO/CO; ratios can be evaluated by calculating the area of the peaks
through numerical integration over the regime and their ratio is considered, by taking the
ratio of maximum concentrations within the peak, or by linear regression approach. Based

on this approaches, high emitters, low emitters, and inconsistent emitters are noticed.

5.1 Selection of peak reasonable area

As discussed in the previous chapter, the obtained signals are plotted with respect to time and
the baseline is created to exclude noise from the measured response. After creating baseline,
detection limit is calculated as per the formula discussed in the previous chapter which is 3.3
times the standard deviation of the baseline correction. This detection limit is the threshold
limit in which the signals obtained above these are the useful response in which the
instruments measures. As the main target is to calculate excess NO emitters with respect to
the dependent desired combustion product (CO.). So, the peak CO> corresponds to the chased
trucks and NO produced during these periods are considered and analyzed. As this makes
sense, that NO is produced from the vehicle and so corresponding emissions are measured
with an exception that surrounding vehicles can disturb the exact vehicle’s response. So,

other vehicles should be also looked during the test.

The Figure 5.1 shows only peaks of concentration of CO.. Peaks, defined as areas which are
above the detection limit, are considered for further analysis. The green circle shows areas
which are above the detection limit are used for analysis to show in this work as an example

in Figure 5.3.
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Fig 5. 1 Analysis by considering only peak areas which are above detection limit
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Fig 5. 2 Selection of areas before and after peak which are below detection limit

Figure 5.2 is similar to the previous representation which shows only the concentration of

COz in Figure 5.1, but the only difference in this figure is that the area which are below the

detection limit were differentiated to separate from the peak which is a reasonable estimation

to work only with the useful peaks for analysis and evaluation.
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5.2 Peak Area approach

Peak area approach is one of the methods which is used to find the useful peak area that
corresponds to the excess concentration obtained in the output response of the instrument
after measurement. These areas formed by the concentration curve are calculated by
integrating over the region formed by selecting the entire points which corresponds to the
peak curve that are above the detection limit. Later the curve formed by the points are
subtracted from the baseline in order to get the effective area of the peak by differentiating

the background or the unwanted noises.

After numerical integration over the effective regime, the ratio of area of NO to the area of
CO2 was calculated in order to find the emission ratio. As there was some disturbance or
many events of signal obtained during the response of the peak concentration, Area of the
peaks were divided into few intervals. In this approach, concentration of NO and
concentration of CO> were plotted separately, and they are integrated over the time period by
selecting the points and the background is subtracted to get the useful area of the
corresponding concentration. Later, both the areas of concentration of NO and CO; are
divided to get the corresponding Emission factor or Emission ratio. The below figure 5.3
shows the enlarged section of selected area from the figure 5.1 which are shown as an

example with multiple events performed in the same vehicle.
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Fig 5. 3 Example considered for finding the area from the measurement on 3" of June
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The above Figure 5.3 shows the concentration measured from a truck with vehicle number
BH3XXXX (portion of registration number is excluded for personal data protection reasons)
and Euro 5 standards which was measured at 42 kilometres in D1 highway in the direction
towards Prague. This truck was chased by our vehicle for a short time period from 13:11:20
to 13:12:15 on 3" of June. The overall concentration measured for this truck were divided in
to five intervals which are represented in 5 red circles in the figure5.3 (left). The figure 5.3
(right) shows the linear regression curve of the left graph which gives overall emission ratio
of NOx with respect to CO..

The Figure 5.4 shows the individual separate events from figure 5.3 which were represented

in red circles in order to show the perfect area of peak which corresponds exactly to the high

concentration.
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Fig 5. 4 Peak areas of figure 5.3 divided in to five intervals
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5.3 Maximum NO to Maximum CO: approach

This approach is used to get the useful maximum value or the peak concentration of NO from
the selected regime above the detection limit. In this approach, maximum value of NO and
CO: are selected and then the ratio of NO and CO: is calculated. This approach seems to be
reasonable to get the maximum concentration of NO and CO; which can give the highest
concentration of NO emitted by the vehicle. The Table 1.1 shows the peak or maximum

concentration of NO and CO; from Figure 5.4.

Max NO (ppm) Max CO2 (ppm) Max NO/COz
3.1 133 0.023
3.9 195 0.019
34 175 0.019
4.3 212 0.020
6.2 312 0.019

Table 5. 1IMaximum NO to CO; from figure 5.4

5.4 Linear Regression approach

Regression approach is one of the other approaches which is used to find the emission factor
or NO/CO: ratio with a better correlation by plotting the dependent variable of Oxides of
Nitrogen (NOx) with respect to independent variable of carbon dioxide (COz). The slope of
this correlation gives the NO/CO- ratio which was almost similar when compared with the

peak area approach.

Though the correlation from the Figure 5.3 (right) looks good, but still there are two events
visible in this correlation graph which are differentiated by two different colored rectangles.
This creates a question whether the same truck behaved in different manner or is it some
manipulation device was switched for the performance of after treatment devices. It was more
uncertain to predict the real root cause of the measured concentration. For the better
visualization and analysis, these areas were divided separately as discussed before and that
resulted in a better visibility. The below figure 5.5 clearly gives a very good correlation
between NO and CO.. This truck measured during this period was one of the high emitters
and their Emission ratio was compared with different approach to show consistency and

better correlation.
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5.5 Comparison between these approaches

The considered areas for analysis were approached through two techniques as discussed

before and they are compared with each other in order to check the consistency.

The peak areas of NO and CO> were analysed separately, and their ratio was calculated and
were compared with the regression line approach in which the NO/CO: ratio is obtained from

the slope. This emission ratio was found to be very similar between these approaches.
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Fig 5. 6 Comparison of first peak of the above measurement with a good correlation

The above Figure 5.6 gives the comparison between two approaches which was the
measurement taken on 3' of June from the vehicle number BH3XXXX with Euro 5 Standard.
From figure 5.6 (left), both the area of concentrations was calculated separately by integrating

over the surface and the emission ratio were found to be as follows:

Area of NO from the curve =334
Area of CO; from the curve = 1394
NO/CO: ratio = Area of NO / Area of CO>
= 33.4/1394
Max NO (ppm) Max -C;Oz (ppm) Max NQ/CO:
3.1 133 0.0234

—————
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The red dotted circles mentioned above clearly indicates that the emission ratio evaluated
from these approaches were found to be consistent. Similarly, other vehicles measurements
were also compared. This NO/CO:; ratio calculated for the figure 5.6 from peak area approach
was found to be 0.023, from regression line approach was found to be 0.020 and from
maximum point of concentration was found to be 0.023 which shows a good consistency

between these approaches.
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Fig 5. 7 Measurement from Euro 4 standard truck with vehicle number 3Z1XXXX measured

on 3™ of June with a good correlation.

Area of NO from the right curve =47.5
Area of CO; from the right curve = 1325

——————

NO/CO: ratio =(0.0359
Max NO (ppm) Max CO2 (ppm) Max NO/CO2
5.06 143 0.03527

ET———

From the green circles shown in the above figure 5.7, in the equation and in the table, it’s
very clear that the better correlation gives a very good comparison and resembles almost the
consistent NO/CO:; ratio.
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Fig 5. 8 Measurement from Euro 6 standard truck vehicle number 4ALXXXX.

The above figure 5.8 shows the concentration of NO and CO, measured from a Euro 6
standard trucks on 3" of June at 13:24:47 with a poor correlation. Comparison of NO/CO;
from these approaches were found to have a higher difference when compared to the truck
number 3Z1XXXX. This is clearly shown with the help of brown circles in the regression
curve above, in the table and in the formulation below.

Area of NO from the right curve =80.2

Area of CO> from the right curve = 10789

_____
= S

NO/CO:z ratio =0.0074
Max NO (ppm) Max CO2 (ppm) Max NO/CO2
1.25 190 ¢0.00655

—————————

This NO/CO: ratio calculated for the figure 5.8 by peak Area approach was found to be
0.0074, Regression line approach was found to be 0.0037. and Maximum peak concentration

approach was found to be 0.0065 which shows poor consistency between these approaches.

5.6 Comparison of High, Low and Inconsistent Emitters

5.6.1 High NO emitters

Though many trucks were measured and analyzed, an example was taken to show the better

correlation in which the following data projected in the graph shows a higher value in the
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concentration of NO. This was a EURO 5 truck and the following graph shows that NO is
very well correlated to CO». In peak area approach, two methods were used to find NO/CO>
ratio. The first method was to find the area of CO2 and area of NO separately and they are
numerically integrated over the whole peak regime and the ratio of NO/CO is evaluated. The
second method was to find the maximum point of CO2 in the whole area of the selected
regime and then the corresponding NO is divided with the CO2 peak to get their ratio which
is represented in figure 5.7 with a black circle. In linear regression approach represented in
figure 5.8, the concentration of NO and the concentration of CO were plotted against each
other and the correlation was found. With the help of regression line approach, the ratio of
NO to CO; is obtained from the slope. The emission ratio was evaluated for the three different
approaches and the value looked quite consistent to each other and the NO emission factor
was calculated, and it seems like a high value when compared with European Emission

Standards. This is one of the best examples to show excess NO emitters from the

measurements.
slope NO/CO2
av';'g . av%gf . | (Norcoy) | correlation NO NO/CO2 | maximum
( mg) ( mg) linear R? (g/kWh) peak area point
P PP regression approach approach
2.3 114 0.016 0.95 8.28 0.020 0.019

Table 5. 2 NO/CO: ratio comparison through various approach from truck 8U4XXXX

NO, CO, vs Time

e \| QX
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Fig 5. 9 NO and CO; measure
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The black dotted circle from the above Figure 5.9 shows the maximum concentration of both
NO and CO2 in which Emission ratio was calculated to check the consistency and are

compared with other approaches.
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Fig 5. 10 Correlation between NO and CO2 measured from truck 8U4XXXX

The above graphs in the figure 5.9 and 5.10 shows the correlation between NO and CO>
which was recorded on 3" of June around 14:33:00 hours at 41 kilometres in the direction
towards Prague on the D1 highway with the truck number 8U4XXXX. This had a very good
correlation of 0.95 and NO to CO; ratio of 0.016. Higher correlation shows the closeness in

the variation of both the concentration measured over a period.

5.6.2 Low NO emitters

Similarly, a low NO emitting truck shown in figure 5.11 and 5.12 with vehicle number
(ACBXXXX) CAOXXXX can be discussed through various approaches to calculate the NO
to CO> ratio. This truck was EURO 6 standard European trucks and the corresponding
correlation and Emission ratio was found to be very low when all these approaches were
compared, still the NO concentration was found to be very low and this is the perfect example
for low NO emitters measurement. This truck was found to have low NO concentration when

compared to the vehicle with register number 8U4XXXX.
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Fig 5. 11 NO and CO2 measured over a period from truck CAOXXXX

NO co slope NO/CO2
2 (NO/CO2) | Correlation NO NO/CO2 | maximum
average | average
( mg) ( mg) linear R? (9/kWh) | peak area point
bp bp regression approach | approach
1.09 199 0.00016 0.0030 0.102 0.0054 0.0044

Table 5. 3 NO/CO. ratio comparison through various approach from a truck AC6XXXX

From the above Table 5.3, it’s very clear that the correlation was very poor, and it resulted
in poor concentration of NO to CO- ratio. Though they are compared with three approaches,

concentration of NO emission from this vehicle was found to be low.
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Fig 5. 12 Correlation between NO and CO2 measured from a truck
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5.6.3

Inconsistent NO emitters

From the measurements conducted, most of the measured data had a very good correlation

which showed some vehicle with high NO, some with very low NO and some correlation

were inconsistent. Inconsistency is due to many events happenings during the same period of

measurement of a truck which creates uncertainty where three events are found which are

plotted in figure 5.14 with Red, Green and Blue dotted circles. These events are described in

the following figure 5.13 and 5.14. Due to inconsistency, table 5.4 also shows poor

comparison of emission ratio of NO to CO, through different approach.

NO CO, slope . NO/_COZ
average average (NQ/COz) Correlation NO NO/CO2 maximum
(Ppm) (Ppm) linear R? (9/kWh) | peak area point
regression approach | approach
1.68 170 0.0024 0.17 1.265 0.0099 0.0072

Table 5. 4 NO/CO- ratio comparison through various approach from truck PAG9XXXX

NO and CO, vs Time
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Fig 5. 13 NO and CO, measured over a period from truck PAGOXXXX
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Fig 5. 14 Correlation between NO and CO measured from truck PA6IXXXX

The above graph in the figure 5.14 clearly shows a poor correlation of 0.17 for all the three
events measured from the truck PA69XXXX which was recorded on 4" of June around
14:51:00 hours at 19 kilometres in D1 motorway towards the direction of Prague. Due to the
measurement uncertainty, two to three events with different NO/CO; ratio are seen. It can be
due to the influence of different vehicles passed by the same side or in the opposite side or
may be previous vehicles exhaust which was diluted and present in air or the same vehicle
performed different way during the drive. This is more uncertain as it does not have a clarity
What or where is the root cause from, as the driver’s behaviour and any manipulation method
inside the vehicle was not known, but only the European Standard of the vehicle was known
from the toll transponder after giving the vehicle details which were noted while chasing the

truck in our study.

5.7 Conversion of parts per million to grams per Kilowatt-hour

FT-IR spectroscopy used in our measurement were focused in measuring the concentration
of NO and CO». Oxides of Nitrogen measured from the instruments used for measurements
were in parts per million. In order to understand the emission produced per power produced
by the engine, it is necessary to convert ppm to grams per kilowatt-hour (g/kWh) in which
the current European legislation follows. This would give a clear understanding when
compared with the current emission standards. The formula used for this conversion is as

follows;
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[NO] 46 *698
[CO2] * 44

Oxides of Nitrogen (g/kWh) =

[NO] — Concentration of Oxides of Nitrogen (ppm)

[CO2] — Concentration of Carbon dioxide (ppm)

Nitrogen dioxide (NO-) has a molecular weight of 46 grams.
Carbon dioxide (CO2) has a molecular weight of 44 grams

698 is the constant that represents grams of CO- per Kilo Watt hour power (g/kWh).

To get the absolute amount, concentration of gases is multiplied with their corresponding
molecular weight. The main assumption considered for this constant conversion is Brake
Specific Fuel consumption as 220g/kWh. This is a good assumption as the engine was
running with load. Fuel has mass fraction of Carbon. 86% of the mass fraction of carbon in

fuel is assumed to be oxidised which is equal to 698 g/kWh.

But later, based on the validation/empirical calibration done after the measurement, an
additional correction factor of 0.843 was applied to calculate the NO concentration [41].
After applying correction factor, the above equation to calculate NO concentration is
recalculated as,

[NO] *46+ 588
[CO2]*44

NO [g/kWh] =

5.8 Comparison of various approaches

The ratio of NO to CO: is calculated through three different approaches like Peak area
approach, Linear Regression approach and Maximum point of concentration in the peak area
approach. An interesting thing noted from these comparisons was that the better the
correlation of NO and CO> from the linear regression approach, closeness is the value of
NO/CO: ratio through all the three approaches. If the correlation is very poor from the
regression analysis, then the ratio of NO and CO> through the three different analysis had a
major difference among each other. The summary of comparison of Emission ratio of a few

trucks is mentioned in the Table 5.4 as follows:

52



Emission
NO CO; ratio Correlation NO NO/CO2 | NO/CO2
average | average | (NO/COy) R? /kWh) peak maximum NO NO
(ppm) (ppm) linear @ area point average | peak
regression approach | approach | g/kWh | g/kWh
0.55 70.2 0.0016 0.31 0.97 0.0078 0.0019 4.84 1.20
0.78 72.1 -0.0045 0.35 -2.76 0.0107 0.0044 6.62 2.72
0.55 154.2 -0.0001 0.00 -0.08 0.0035 0.0034 2.19 2.10
2.76 127.8 0.0137 0.87 8.43 0.0216 0.0198 13.29 12.21
3.73 175.6 0.0184 1.00 11.30 0.0212 0.0198 13.29 12.21
2.98 82.9 0.0348 1.00 21.39 0.0359 0.0352 22.08 21.67
0.86 116.6 0.0038 0.71 2.32 0.0074 0.0065 4.57 4.03
1.32 105.0 0.0067 0.97 4.13 0.0126 0.0106 7.77 6.54
1.43 135.6 0.0069 0.95 4.25 0.0105 0.0091 6.50 5.64
0.40 222.8 0.0113 0.79 6.96 0.0017 0.0021 1.07 1.31
1.35 129.4 0.0039 0.87 2.40 0.0104 0.0074 6.45 4.61
0.99 268.6 0.0038 0.96 2.37 0.0036 0.0037 2.27 2.31
0.70 302.0 0.0028 0.82 1.74 0.0023 0.0022 1.43 1.39
1.52 162.4 0.0074 0.87 4.57 0.0093 0.0084 5.75 5.19
2.36 114.2 0.0160 0.96 9.81 0.0206 0.0191 12.69 11.76
2.12 140.8 0.0095 0.93 5.83 0.0192 0.0191 11.84 11.76
1.69 218.2 0.0103 0.93 6.31 0.0077 0.0098 5.75 6.04
2.12 126.1 0.0095 0.96 5.86 0.0170 0.0136 10.46 8.41
3.40 208.9 0.0128 0.92 7.86 0.0162 0.0140 5.75 8.63
2.29 142.9 0.0121 0.93 7.43 0.0160 0.0145 9.90 5.19
1.00 155.6 0.0033 0.38 2.06 0.0064 0.0049 3.94 3.07
2.36 220.0 0.0084 0.90 5.19 0.0107 0.0103 6.60 6.37
2.08 196.4 0.0067 0.87 411 0.0106 0.0091 6.53 5.64
1.03 187.9 0.0032 0.96 1.95 0.0054 0.0038 3.36 5.19
3.87 178.1 0.0176 0.98 10.82 0.0217 0.0194 13.45 11.93
0.53 267.4 | -0.0004 0.07 -0.26 0.0019 | 0.0021 1.20 1.32
2.02 122.2 0.0091 0.86 5.59 0.0167 0.0134 10.32 8.25
4.56 175.0 0.0233 0.99 14.34 0.0260 0.0245 16.02 15.10
1.87 326.6 0.0041 0.87 2.53 0.0057 0.0046 3.52 2.83
3.81 107.3 0.0299 0.96 18.37 0.0354 0.0329 21.80 20.23
1.93 315.0 0.0080 0.94 4.90 0.0061 0.0068 3.78 4.18
1.50 209.4 0.0071 0.86 4.38 0.0071 0.0080 4.42 4.98
2.72 310.0 0.0061 0.92 3.76 0.0087 0.0074 5.38 4.61
2.34 203.7 0.0110 0.88 6.75 0.0114 0.0116 7.04 7.19
1.50 177.2 0.0056 0.96 3.43 0.0084 0.0067 5.18 4.14
1.60 215.0 0.0075 0.86 4.62 0.0074 0.0075 4.59 4.63
0.83 190.8 0.0000 0.32 0.00 0.0043 0.0034 2.65 2.10
0.98 161.5 0.0000 0.01 - 0.0060 0.0061 3.74 3.80
3.95 293.0 0.0096 0.80 5.91 0.0135 0.0125 8.31 7.71
2.28 186.6 0.0079 0.91 4.88 0.0123 0.0104 7.56 6.44
0.76 172.9 -0.0012 0.05 0.72 0.0043 0.0053 2.68 3.32
2.57 194.7 0.0098 0.92 6.04 0.0132 0.0112 8.12 6.89
2.66 262.6 0.0081 0.92 5.00 0.0101 0.0106 6.22 6.57
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5.37 236.3 0.0178 0.96 1093 | 0.0227 | 0.0203 | 13.96 | 12.52
0.59 252.8 -0.0009 0.10 -0.57 0.0023 0.0026 1.44 1.61
0.33 246.4 | -0.0004 0.02 -0.25 0.0013 | 0.0018 0.82 112
1.47 435.8 0.0023 0.88 1.41 0.0033 | 0.0022 2.07 1.41
5.11 220.5 0.0219 0.91 1346 | 00231 | 0.0229 | 1424 | 1410
3.92 366.1 0.0111 0.94 6.84 0.0107 [ 0.0101 659 | 6.26
2.07 321.2 0.0049 0.99 3.04 0.0064 | 0.0056 3.96 | 3.45
1.25 1275 0.0098 0.84 6.04 0.0097 | 0.0100 6.00 | 6.19
1.75 308.1 0.0038 0.93 2.37 0.0056 | 0.0051 349 | 314
2.67 4433 0.0055 0.87 3.41 0.0060 | 0.0058 371 | 361
1.96 272.8 0.0049 0.88 3.01 0.0071 | 0.0063 4.42 3.88
0.69 227.9 | -0.0002 0.00 0.13 0.0030 | 0.0021 1.86 1.35
1.75 192.6 -0.0029 0.07 -1.78 0.0090 0.0037 5.58 2.32
3.01 149.6 0.0178 0.92 1095 | 0.0201 | 0.0194 | 12.39 | 11.93
2.44 155.9 0.0127 0.90 7.78 0.0156 | 0.0145 961 | 8.93
4.34 225.5 0.0191 0.98 1174 | 00192 | 00185 | 11.83 | 11.43
4.03 1773 0.0175 0.88 1077 | 0.0226 | 0.0224 | 13.96 | 13.82
2.12 114.0 0.0155 0.88 9.55 00185 | 00138 | 11.41 | 8.50
1.83 245.9 0.0074 0.82 4.52 0.0074 | 0.0067 459 | 412
3.43 151.3 0.0199 0.94 1226 | 0.0226 | 0.0218 | 13.91 | 13.44
3.79 186.0 0.0169 0.90 1040 | 0.0203 | 00196 | 1251 | 12.07
0.81 215.8 | -0.0008 0.02 BB | 00037 | 00023 2.31 1.47
2.45 271.6 0.0083 0.91 5.12 0.0090 | 0.0085 555 | 527

Table 5. 5 Comparison of NO to CO2 ratio with different approaches for a few trucks

From the above summary in table 5.5, First and the second column corresponds to the
measured data and the third column is the ratio of NO to CO; obtained by the analysis through
linear regression approach, fourth column corresponds to the correlation obtained through
linear regression line when plotted NO against CO, fifth column corresponds to the NOx
concentration calculated from the Emission ratio through linear regression method sixth and
seventh column corresponds to the ratio of NO/CO. obtained from peak area approach and
maximum concentration point in the selected regime and the last two columns corresponds
to the NOx concentrations calculated from these two approaches. Blue colour highlighted
data are the ratio of NO to CO> comparison of some truck data through different approaches.
As these had a higher correlation, NO/CO- ratio was found to be consistent when compared
with all the three different approaches. This also shows that most of the higher correlation

correspond to higher concentration of NO with few exceptions.

In addition to this, some of the values of NO was found to be negative which is highlighted

in red in the Table 5.5. These negative values are due to very poor correlation which lead to
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obtain a negative slope value in calculation of ratio of NO to CO; by the linear regression
approach. This negative slope value gave a negative concentration of NO. So, the peak area
approach was selected to get the positive value of Emission ratio which is a reasonable
measure for the concentration of NO.

5.9 Summary of High Emitters

High emitters can be described in many perspectives, all concentrations of harmful emissions
above certain limit are going to destroy human health and the environment irrespective of the
vehicles measured and the corresponding Euro standards which are implemented in the
concerned vehicle. When considering emissions from individual Euro standards of the
vehicle, the allowable Emission limit varies for different standard trucks. The latest followed
limit is Euro 6. From these, the emission of NOx above the Euro 6 limit is acceptable by Euro
5 vehicle and other vehicle with lower Standards. But still they are harmful to human health

and environment as discussed before.

There were about 235 vehicles measured during this measurement campaign and of these 31
vehicles were found to have concentration of NO which are mentioned in the below table 5.6
and in the figure 5.15. This clearly shows that high concentration of NO is found in all
standards of European trucks, so one of the possibilities is some manipulation techniques is
functioning or there are some tampering methods performed in this vehicle. Almost all these
high emitters had a very good correlation which leads to high NO to CO: ratio that
corresponds to high emissions of NOy.

NO
_ DL | (ppm) C;)Vze(rggg‘) NOICO: | RE | o
Euro Vehicle number km Time average

E6 ZATXXXX 54 | 10:30:45 3.49 206 0.016 0.68 9.92
E6 WZAXXXX 54 | 12:53:40 3.81 107 0.030 0.96 18.37
E6 (5Z260XXX) 5Z6 XXX 34 | 14:03:06 2.34 204 0.011 0.88 6.75
E6 TCTXXXX (TC2XXXX) | 48 | 14:34:30 1.74 379 0.013 0.43 8.12
E6 3SPXXXX (BSMXXXX) | 50.5 | 09:40:19 4.44 149 0.023 0.80 14.37
E6 BHBXXXX (BHAXXXX) | 53.2 | 12:27:22 3.64 166 0.019 0.61 11.82
E6 NPOXXXX 48 | 10:23:45 3.01 150 0.018 0.92 10.95




E4 3ZIXXXX 35 | 13:20:58 2.98 83 0.035 1.00 21.39
E4 BI4XXXX 46 | 11:07:40 4.56 175 0.023 0.99 14.34
E4 BAIXXXX 45 | 13:30:29 3.26 194 0.015 0.76 9.00
E4 2ABXXXX (3S9XXXX) 18 | 12:30:11 3.91 197 0.013 0.71 8.04
E4 42X XXX 37 | 10:48:29 2.44 156 0.013 0.90 7.78
E8 TPOXXXX 41 | 10:44:30 7.03 418 0.016 0.18 9.66
E3 TOIXXXX (TO1XXX) 40 | 13:05:45 1.68 117 0.015 0.61 9.18
E3 5A9XXXX 35 | 09:20:04 1.84 66 0.025 0.57 15.08
E3 BB4XXXX 36 | 10:04:59 1.23 97 0.016 0.76 9.93
E3 TPBXXXX 38 | 12:39:29 2.12 114 0.016 0.88 9.54
E.. BALXXXX 52 | 13:08:36 3.43 151 0.020 0.94 12.26
E2 8S2XXXX 38 | 13:17:33 3.79 186 0.017 0.90 10.40

Table 5. 6 Summary of high emitters

High Emitters
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Fig 5.15 Range of Excess concentration of NO from higher correlation from Tab 5.6

From the above Figure 5.15, all European Standard trucks from Euro 2 to Euro 6 were falling
in the category of high emitters. The red line from the above figure indicates the highest

emitters when compared with other high emitting vehicles which are from the vehicle with
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their details WZ4XXXX (Euro 6), 3SPXXXX (3SMXXXX (Euro 6)), BHEXXXX
(BH5XXXX (Euro 5)), 3Z1XXXX (Euro 4), B14XXXX (Euro 4) and 5A9XXXX (Euro 3).
Though other vehicles were also emitting high, but they were quiet less compared to the

above mentioned vehicle details.

NO concentration vs Euro Standard trucks measured

25
20
Sis
<
E)
e 10|g/kWh
10
7 GlKWh
L
5 4 g/kWh I
138g/kWh I ”
. ' T 9|WiiiiiiiiiIIIHIHIIHIIHIIIIIHHHII 111112 ko |

O © O O O O

© O © © © © © © O O O WO W WO WO W WO W WO WO WO WO O © © © © ©©© 0O O LW LW LWLWLW S EMo ||
[ T I B T T I I I T T I I Ty T o A i W Ry W W Ry T T R T T R T RN N U

Euro Standards

Fig 5.16 Measured vehicles and their Emission limit of NO to Euro Categories

The above figure 5.16 shows the overall measured trucks during the experimental campaign
and their corresponding Euro categories with NOyx concentration. They are represented in the
sequence of Euro 6, Euro 5 and so on. The red line indicates the European Emission limit
which are in current legislation. But they are multiplied with conformity factor of 1.5 in
which the real drive emission is different from the measurements in the laboratory. But quite
a higher concentration of NOy is found to be there from the measurement data. So, around
twice above the European legislation are assumed as excess emitters in which still some of
the measured vehicles from all the Euro Standards fall in to this category. These are
represented in horizontal brown line in the above figure 5.16. The summary of entire
measurements is discussed in chapter 6.1. Most of the measured vehicle were Euro 6 and of
these, majority of the vehicles were within the NOx emission limit. So possibly, the SCR
installed in these new trucks were functioning effectively. And the other measured trucks

were having higher concentration of NO above the NOx emission limit.
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6 Measurement description

The measurement was conducted for a week from 3™ of June to 7" of June 2019 in D1
highway on both the direction of Prague and Brno in which Heavy Duty Trucks were chased
by Vehicle chase method in order to find the real drive emission in concern with
Environmental pollution and human health. Almost 235 trucks were measured during this
campaign in which the vehicle details were noted when they were being chased and the
corresponding European Emission Standards of the vehicle were obtained from the toll

centers after giving the noted vehicle details.

6.1 Summary of Measurement

The below Table 6.1 clearly summarizes the vehicle details noted during the measurement
campaign with the corresponding Euro Standard of the vehicle along with the kilometer
mentioned in D1 highway for better comparison with road profile, with the time measured
for better comparison with the recorded measurement, direction of travel and concentration
of undesired emission of Oxides of Nitrogen (NOx) with respect to desired product of
combustion of fuel in an Internal Combustion Engine which is Carbon dioxide (COy). Of
these, some of the vehicle number and details were repeated in the table mentioned. This is
shown in such a way as each of the data gave a very good specific correlation in showing the
emission ratio. Also, some of the data are highlighted in red which clearly indicates that the
truck details like vehicle number or Euro standards missed during the measurement. To avoid
providing the wrong information, the illegible or missed data are highlighted in red color and
are not mentioned. Also, some of the vehicle details are not known as they were not legible

and so they were not written.

Further, in the Table 6.1 which is mentioned below has a few NO concentrations in negative
or negligible amount. This is mostly exhibited by very rare Euro 6 trucks which gives a
negative Emission ratio or slope in the regression curve. This negative slope or negligible
fraction possibly indicates that these vehicles are well within the limit which emits very less
amount of NOx and so these trucks mostly are following the legislations which is concerned

mostly on human health and environment.
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NO

CO;

NO/CO;

ESUTRE)O VEHICLE DETAILS H?Gll—(l‘\jvl\ﬁ\)Y TIME avg avg (Iinear_ R? g /tl\(/)Vh
DATE (ppm) | (ppm) | regression)
E6 IB7XXXX 24-29 12:51:14 | 0.55 70 0.0016 0.31 0.97
E6 ADIXXXX 33 12:53:00 | 0.78 72 -0.0045 0.35 2.76
E5 3J7TXXXX 40 12:59:12 | 0.76 24 0.0115 0.22 7.06
E6 1BRXXXX 47 13:05:06 | 0.55 154 -0.0001 0.00 2.10
E5 BH3XXXX 42 13:11:56 | 2.76 128 0.0137 0.87 8.43
E5 BH3XXXX 42 13:12:15 | 3.73 176 0.0184 1.00 11.30
E4 3ZIXXXX 35 13:20:58 | 2.98 83 0.0348 1.00 21.39
E6 4ALXXXX 30 13:25:23 | 0.86 117 0.0038 0.71 2.32
ES NPOXXXX 33 13:26:44 | 1.32 105 0.0067 0.97 4.13
ES NPOXXXX 33 13:27:16 | 1.43 136 0.0069 0.95 4.25
E5 F7XXXX 30 13:37:14 0.4 223 0.0113 0.79 6.96
E6 4ATXXXX 39 13:44:00 | 0.51 35 0.0017 0.01 1.03
E5 MUXXXX 47 13:47:46 | 1.35 129 0.0039 0.87 2.40
E5 MVXXXX 43 13:55:19 | 0.88 312 0.0001 0.00 0.06
E6 MESXXXX 37 13:58:57 | 0.63 147 0.0018 0.11 1.12
E6 PAXXXX 31 14:07:46 | 0.99 269 0.0039 0.96 2.37
JUNE 3 E6 PAXXXX 31 14:07:59 | 1.04 399 0.0017 0.67 1.04
PM E6 PAXXXX 31 14:09:38 0.7 302 0.0028 0.82 1.74
E5 4I2XXXX 40 14:16:47 15 190 0.0047 0.68 2.87
E5 4J2XXXX 40 14:17:31 | 1.52 162 0.0074 0.87 4.57
E6 19IXXXX 45 14:21:59 | 0.77 73 0.0034 0.18 2.10
E6 PAXXXX 48 14:23:12 | 0.74 262 0.0013 0.53 0.78
E6 TCBXXXX 51 14:26:16 1 314 0.0032 0.69 1.94
E6 1BNXXXX 49 14:29:00 | 0.89 144 0.0034 0.63 2.12
E5 BUAXXXX 41 14:34:20 | 2.36 114 0.0160 0.96 9.81
E5 BUAXXXX 41 14:31:53 | 2.12 141 0.0095 0.93 5.83
E5 3SYXXXX 19 14:36:24 | 1.69 218 0.0103 0.93 6.31
E5 ATXXXX 26.5 14:44:17 | 2.12 126 0.0095 0.96 5.86
E5 ATXXXX 26.5 14:45:22 3.4 209 0.0128 0.92 7.86
E5 ATXXXX 26.5 14:46:07 | 2.29 143 0.0121 0.93 7.43
E5 3SAXXXX 19 14:51:58 1 156 0.0033 0.38 2.06
E6 29 09:28:00 | 0.48 178 0.0039 0.68 2.38
E5 34 09:35:10 | 1.77 128 0.0072 0.51 4.40
E6 PO5SXXXX 44 09:39:00 | 2.36 220 0.0084 0.90 5.19
E5 FSUXXXX 47 09:40:35 | 2.08 196 0.0067 0.87 4.11
E6 PN8XXXX 55 09:44:10 | 0.81 151 0.0008 0.05 0.50
E6 XZXXXX 52 09:51:23 | 1.13 274 0.0002 0.01 0.13
E5 WBXXXX 50 09:52:56 | 1.03 188 0.0032 0.96 1.95
E5 BRXXXX 44 09:58:10 | 3.87 178 0.0176 0.98 10.82
JUA\II\I/:'I 4 E6 BCZXXXX 41 09:59:43 0.8 294 0.0010 0.50 0.61
E5 WCXXXX 38 10:02:31 | 1.03 148 0.0010 0.03 0.58
E6 5MBXXXX 29 10:14:27 | 0.83 190 0.0051 0.74 3.13
E6 WAXXXX 33 10:15:07 | 0.53 267 -0.0004 0.07 1.32
E6 XZXXXX 39 10:21:00 1.2 137 0.0061 0.59 3.77
E5 ABXXXX 46 10:24:23 | 1.96 240 0.0027 0.38 1.68
E6 ZATXXXX 54 10:30:45 | 3.49 206 0.0161 0.68 9.92
E6 B15XXXX 52 10:36:31 | 0.96 236 0.0004 0.03 0.23
E6 1BIXXXX 50 10:38:20 | 0.84 99 0.0050 0.71 3.06

59




E5 ASKXXXX 43 1041557 | 202 | 122 | 00091 | 086 | 559
E6 SV3XXXX a1 10:44:30 | 082 | 170 | 00022 | 057 | 1.33
E6 DZAXXXX 37 1047:11 | 073 | 258 | 00001 | 0.00 | 004
E6 5ZAXXXX 31 1057:15 | 077 | 285 | 00013 | 039 | 078
E6 3SKXXXX 33 1058:35 | 075 | 134 | 00007 | 0.05 | 0.44
E6 BAIXXXX 39 11:0410 | 0.85 | 110 | 00012 | 008 | 073
E4 BLAXXXX 46 11:07:40 | 456 | 175 | 00233 | 099 | 1434
E6 B7XXXX 54 11:11:55 | 097 | 166 | 00032 | 050 | 1.8
E6 LEXXXX 52 111829 | 1.87 | 327 | 00041 | 087 | 253
E6 CEXXXX 50 11:19:53 | 0.88 | 186 | 00008 | 0.24 | 050
E6 COXXXX 44 122648 | 077 | 153 | 00018 | 011 | L.10
E6 5ZIXXXX 205 12:37:33 | 1.4 | 225 | 00027 | 027 | 163
E6 BLEXXXX 33 12:39:27 | 0.86 | 120 | 00006 | 0.02 | 038
E6 RZOXXXX 40 12:44:05 | 067 | 134 | 00035 | 012 | 215
E6 IMXXXX 45 124729 | 06 | 120 | 00005 | 002 | 032
E6 VRXXXX 47 124858 | 127 | 175 | 00061 | 064 | 3.72
E6 JIXXXX 50 12:49:51 | 042 | 97 0.0016 | 008 | 0098
E6 WZAXXXX 54 125340 | 381 | 107 | 00299 | 0.96 | 1837
6 | ... 53 12:58:05 | 146 | 175 | 00055 | 0.79 | 3.36
E6 NXXXXX 43 13:05:14 | 157 | 182 | 00039 | 059 | 237
E6 MSXXXX 42 13:06:37 | 1.86 | 184 | 00050 | 059 | 3.04
E6 9B7XXXX 37 13:0853 | 033 | 113 | 00002 | 0.00 | 0.14
E6 9BXXXX 29 13:17:54 | 136 | 243 | 00013 | 010 | 077
E6 BAXXXX 31 1319111 | 193 | 315 | 00080 | 0.94 | 4.90
E6 HHXXXX 40 13:24:03 | 087 | 149 | 00003 | 000 | 017
E4 BAIXXXX 45 13:30:29 | 326 | 194 | 00146 | 0.76 | 9.00
E5 BTOXXXX 56 13:3556 | 1.07 | 107 | 00100 | 071 | 6.13
E6 NZXXXX 52 13:42:18 | 15 | 209 | 00071 | 086 | 438
E5 PMXXXX 51 134348 | 272 | 310 | 00061 | 092 | 3.76

JUPNNEl“ E6 WDXXXX 43 13:48:37 | 093 | 196 | 00012 | 002 | 072
E5 ZVBXXXX 38 135322 | 35 | 137 | 00115 | 047 | 7.05
E5 APXXXX 30 14:01:32 | 163 | 222 | 00064 | 0.74 | 3.95
E6 5ZXXXX 34 14:03:06 | 234 | 204 | 00110 | 088 | 675
E6 HCXXXX 40 14:07:54 | 074 | 147 | 00029 | 029 | 181
E6 2CXXXX 45 14:11:40 | 246 | 283 | 00055 | 0.71 | 3.0
E6 MAXXXX 47 141332 | 172 | 286 | 00018 | 030 | 1.10
E6 ADXXXX 49 141416 | 136 | 238 | 00025 | 035 | 156
E5 MTEXXXX 54 141812 | 1.5 | 177 | 00056 | 0.96 | 343
E6 WGXXXX 52 142456 | 076 | 291 | 00012 | 043 | 072
E6 RDXXXX 49 1426112 | 086 | 229 | 00003 | 003 | 020
E6 1ZXXXX 43 14:31:07 | 081 | 128 | 00015 | 009 | 089
E6 8BXXXX 37 14:3451 | 086 | 239 | 00011 | 018 | 066
E6 8B3XXXX 34 14:36:43 | 061 | 89 0.0013 | 004 | 081
E6 BKAXXXX 21 144949 | 1.6 | 215 | 00075 | 086 | 462
E5 PAXXXX 19 1452:03 | 169 | 170 | 00024 | 017 | 150
E6 BHXXXX 30 093017 | 153 | 243 | 00034 | 041 | 2.09
E6 BEXXXX 32 09:31:39 | 061 | 135 | 00003 | 006 | 016

JUA““E5 E6 PEXXXX 40 09:36:56 | 063 | 119 | 00026 | 010 | 157
E6 1BXXXX 25 09:3924 | 121 | 138 | 00052 | 048 | 3.8
E5 2SXXXX 48 09:4127 | 132 | 120 | 00070 | 068 | 432
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E6 THXXXX 52 09:53:20 | 1.06 | 137 | 00035 | 0.00 | 2.16
E5 EMXXXX 49 09:55:34 | 119 | 148 | 0.0048 | 0.05 | 2.96

E6 SHXXXX 37 10:05:31 | 117 | 245 | 0.0022 | 0.00 | 1.36

E6 POXXXX 30 10:1359 | 255 | 291 | 0.0102 | 0.25 | 6.26

E6 3SXXXX 33 10:15:15 | 047 | 139 | 00007 | 0.04 | 0.3

E6 NZXXXX 40 10:2057 | 1.08 | 243 | 00025 | 011 | 1.55

E6 MMXXXX 46 10:24:40 | 185 | 151 | 0.0078 | 051 | 4.80

E6 MMXXXX 48 10:2459 | 307 | 331 | 00081 | 0.00 | 501

E5 7SXXXX 55 10:31:36 | 249 | 149 | 00052 | 0.01 | 3.22

| E | EMXXXX 52 10:35:55 | 0.85 | 146 | 00018 | 0.63 | 1.2
E5 ZBXXXX 51 10:37:43 | 1.78 | 181 | 0.0058 | 0.00 | 3.55

E6 BAXXXX 43 10:43:10 | 083 | 191 | 00000 | 0.32 | 2.65

E3 TPXXXX 41 10:44:30 | 7.03 | 418 | 00157 | 018 | 9.66

| E | ARIXXXX 30 10:55:18 | 117 | 141 | 0.0046 | 013 | 2.85
E6 WDXXXX 31 10:56:23 | 0.95 | 136 | 0.0032 | 0.02 | 1.97

E6 3SXXXX 39 11:02:06 | 098 | 162 | 0.0000 | 0.01 | 3.80

E6 WCXXXX 44 11:05:49 | 2.69 | 241 | 0.0089 | 0.07 | 548

E3 OPOXXXX 47 11:0654 | 215 | 203 | 0.0069 | 0.05 | 4.26

E6 WCXXXX 48 11:07:48 | 082 | 125 | 00017 | 019 | 107

E6 ADXXXX 51 12:03:19 | 1.78 | 275 | 0.0056 | 055 | 3.45

E6 AEXXXX 50 12:04:43 | 178 | 259 | 0.0049 | 0.74 | 3.02

E3 3BXXXX 44 12:08:44 | 156 | 166 | 0.0034 | 042 | 2.10

E6 ACXXXX 42 12:10:30 | 1.09 | 200 | 0.0002 | 0.00 | 0.10

E3 13XXXX 37 12:14:20 | 395 | 293 | 0.0096 | 0.80 | 5.1

E5 3ZXXXX 27 12:2356 | 1.37 | 211 | 00053 | 071 | 3.25

E6 WCXXXX 21 12:27:13 | 095 | 163 | 00011 | 0.02 | 0.67

E4 2AXXXX 18 12:30:11 | 391 | 197 | 00131 | 071 | 8.04

E6 KNXXXX 31 12:58557 | 082 | 320 | 0.0009 | 0.34 | 0.54

E6 ZHXXXX 32 12:59:54 | 1.09 | 193 | 00015 | 047 | 0.1

E3 TOXXXX 40 13:05:45 | 1.68 | 117 | 00149 | 0.61 | 9.8

E6 SEXXXX 46 13:09:07 | 1.81 | 293 | 00032 | 039 | 1.8

| E | PEXXXX 54 13:14:18 | 267 | 161 | 00122 | 072 | 7.48
E6 9BXXXX 52 13:21:25 | 049 | 103 | 00007 | 0.02 | 0.43
JUNE5 | E6 RBXXXX 50 13:2256 | 08 | 219 | 00010 | 0.07 | 0.63
PM E6 MAXXXX 43 13:27:00 | 1.34 | 138 | 0.0054 | 0.64 | 3.30
E6 ECXXXX 41 13:28:12 | 1.37 | 221 | 00021 | 032 | 1.8

E3 B3XXXX 38 13:31:26 | 3.16 | 193 | 0.0096 | 0.74 | 5.9

E5 NSOXXXX 31 13:39:15 | 2.08 | 332 | 00054 | 0.77 | 3.29

E5 MMXXXX 40 13:46:47 | 166 | 126 | 00114 | 058 | 7.00

E6 CBXXXX 45 13:50:20 | 2.28 | 187 | 0.0079 | 0.92 | 4.88

E6 POXXXX 54 13:56:26 | 0.76 | 173 | -0.0012 | 0.05 | 3.32

E6 ARXXXX 52 14:04:28 | 1.04 | 215 | 00015 | 0.05 | 0.92

E6 WBXXXX 45 14:12:24 | 1.36 | 315 | 0.0016 | 0.28 | 0.96

E5 BHXXXX 38 14:16:09 | 257 | 195 | 00098 | 092 | 6.04

E6 CBXXXX 31 14:23:10 | 2.66 | 263 | 0.0081 | 0.92 | 5.00

E6 TNXXXX 33 14:24:26 | 117 | 202 | 00014 | 019 | 0.84

E5 ACXXXX 46 14:33:28 | 429 | 218 | 00181 | 0.78 | 11.13

E6 7CXXXX 48 14:34:30 | 174 | 379 | 00132 | 043 | 8.12

E5 DSXXXX 51 14:3855 | 537 | 236 | 00178 | 0.96 | 10.93

E6 BIXXXX 43 14:43:14 | 053 | 186 | 0.0008 | 017 | 051
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E6 BAXXXX 42 14:44:29 | 0.88 147 0.0018 0.20 1.08
E6 TMXXXX 38 14:46:52 | 1.05 172 0.0028 0.20 1.75
E6 LLXXXX 25 14:54:05 | 0.59 253 -0.0009 0.10 1.61
E6 8CXXXX 21 14:57:32 | 0.33 246 -0.0004 0.02 1.12
E6 WOXXXX 18 15:00:08 0.4 175 0.0008 0.15 0.48
E6 3SXXXX 50.5 09:40:19 | 4.44 149 0.0234 0.80 14.37
E6 STXXXX 43 09:46:31 1.02 241 0.0012 0.04 0.71
E6 XXXXXX 29 09:56:28 | 0.55 220 0.0005 0.18 0.32
E6 PDXXXX 32.5 09:58:19 | 1.47 436 0.0023 0.88 1.41
E6 LIXXXX 39 10:04:28 0.68 151 0.0016 0.14 0.97
JUNE 6 E5 LMXXXX 49 10:13:39 | 0.93 134 0.0116 0.75 7.16
AM E6 BE4AXXXX 53 10:19:25 | 0.71 202 0.0008 0.16 0.46
E6 PMXXXX 53 10:24:10 | 0.68 142 0.0030 0.63 1.84
E6 SCXXXX 43 10:29:56 | 0.65 171 0.0015 0.25 0.91
E5 ADXXXX 29 10:39:28 1.05 106 0.0085 0.62 5.25
E6 B1XXXX 39 10:55:00 | 0.96 145 0.0029 0.37 1.80
E5 BHXXXX 435 10:58:21 | 5.11 221 0.0219 0.91 13.46
E6 B6ZX XXX 46 10:59:18 1.8 213 0.0021 0.07 1.28
E6 BHXXXX 53.2 12:27:22 | 3.64 166 0.0192 0.61 11.82
E6 SKXXXX 52 12:32:43 | 0.57 157 0.0014 0.21 0.88
E6 SEXXXX 47 12:33:47 0.8 143 0.0002 0.01 0.13
E6 VEXXXX 42 12:39:08 1.33 159 0.0009 0.01 0.58
E6 IBXXXX 37.5 12:41:58 | 1.57 138 0.0032 0.24 1.94
E6 SKXXXX 30.5 12:49:54 | 3.92 366 0.0111 0.94 6.84
E5 3AXXXX 32.5 12:51:33 | 1.67 282 0.0049 0.66 2.98
E6 NZXXXX 41 12:56:24 | 0.83 164 0.0036 0.43 2.19
E6 JEXXXX 46 12:59:16 | 0.77 90 0.0033 0.39 2.00
E6 QAXXXX 46 13:00:47 | 0.83 241 0.0004 0.07 0.26
E5 H8XXXX 54.5 13:06:07 | 1.11 137 0.0047 0.55 2.87
JUNE 6 E6 2SXXXX 52 13:20:19 | 0.64 349 0.0003 0.04 0.20
PM E3 4AXXXX 49.5 13:28:41 | 2.07 321 0.0050 1.00 3.04
E4 4ZX XXX 41 13:35:40 | 2.05 173 0.0053 0.58 3.25
E5 WAXXXX 38 13:38:23 | 1.21 106 0.0032 0.36 1.97
E6 ARXXXX 30.5 13:47:19 | 1.16 349 0.0010 0.53 0.62
E6 MMXXXX 31 13:48:27 | 0.72 152 0.0009 0.07 0.55
E6 1SX XXX 39 13:52:54 | 0.53 100 0.0002 0.01 0.15
E6 5IXXXX 455 13:56:12 | 1.25 128 0.0098 0.84 6.04
E6 1BXXXX 475 13:57:35 | 0.94 361 0.0013 0.28 0.80
E6 PBXXXX 49 13:58:40 | 1.75 308 0.0039 0.93 2.37
E6 4ZXXXX 55 14:02:28 | 0.67 170 0.0006 0.03 0.37
E6 TEXXXX 45 14:16:00 | 0.56 136 0.0011 0.05 0.68
E6 EZXXXX 44 14:58:07 | 0.79 187 0.0036 0.46 2.22
E6 GBXXXX 38 15:01:30 | 0.64 205 0.0005 0.05 0.29
E6 KWXXXX 45 08:58:08 | 0.73 122 0.0011 0.06 0.69
E6 TTOXXXX 47 08:59:43 | 0.67 221 0.0006 0.02 0.35
E6 AKX XXX 54 09:04:51 | 0.67 165 0.0017 0.08 1.02
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E6 1B4AXXXX 52 09:09:57 0.94 119 0.0016 0.14 0.98

E6 28V XX XX 49 09:11:40 1.49 303 0.0007 0.04 0.43

E5 B6XXXX 43 09:16:05 | 4.76 166 0.0199 072 | 12.21

E3 5A9XXXX 35 09:20:04 | 1.84 66 0.0245 0.57 | 15.08

E6 AR3XXXX 31 09:29:20 | 1.21 339 0.0022 0.47 1.35

E5 BH1XXXX 32 09:30:33 | 2.67 443 0.0055 0.87 3.41

E5 MS4XXXX 40 09:36:05 | 1.96 273 0.0049 0.88 3.01

E5 AE2XXXX 45 09:39:31 | 1.61 188 0.0066 0.81 4.08

E5 A4Z5XXXX 48 09:41:53 | 2.19 286 0.0038 0.63 2.33

E6 TNAXXXX 53 09:45:36 | 0.69 228 -0.0002 0.00 1.35

ES5 31DXXXX 52 09:53:19 | 1.75 193 -0.0029 0.07 2.32

E5 VBOXXXX 51 09:54:56 | 1.97 197 0.0030 0.66 1.84

E5 31FXXXX 43 09:59:43 | 2.08 244 0.0037 0.72 2.29
JUNE 7 E3 BB4XXXX 36 10:04:59 | 1.23 97 0.0162 0.76 9.93
AM E6 SA2XXXX 31 10:12:42 | 1.27 183 0.0054 0.78 3.30
E6 WLAXXXX 41 10:18:18 | 1.41 115 0.0057 0.61 3.51

E6 RIXXXX 46 10:21:54 | 0.88 123 0.0000 0.00 0.02

E6 NPOXXXX 48 10:23:45 | 3.01 150 0.0178 0.92 | 10.95

E6 RDXXXX 54 10:27:37 | 1.34 301 0.0064 0.81 3.94

E6 WGMXXXX 52 10:35:24 | 0.75 214 0.0004 0.01 0.23

E6 BUIXXXX 50 10:44:34 | 1.39 149 0.0007 0.05 0.43

E6 EW1XXXX 42 10:46:01 | 1.27 286 0.0022 0.38 1.33

E4 4J2XXXX 37 10:48:29 | 2.44 156 0.0127 0.90 7.78

E5 VLIXXXX 31 10:58:38 | 4.34 226 0.0191 098 | 11.74

E6 BHOXXXX 40 11:04:07 1 92 0.0044 0.14 2.71

E5 E7XXXX 46 11:09:57 | 4.03 177 0.0175 0.88 | 10.77

E6 BB2XXXX 43 12:35:50 | 1.41 136 0.0073 0.72 4.52

E3 TPBXXXX 38 12:39:29 | 2.12 114 0.0155 0.88 9.55

E5 RDXXXX 30 12:46:32 | 1.83 246 0.0074 0.82 4.52

E5 ONXXXX 32 12:47:37 | 0.87 122 0.0036 0.38 2.21

E5 BGBXXXX 33 12:49:21 | 1.14 57 0.0186 0.64 | 1141

E5 PP8XXXX 40 12:53:05 | 0.78 110 0.0025 0.36 1.53

E6 1BXXXX 45 12:56:42 | 0.77 148 0.0014 0.09 0.84

E6 1BZXXXX 47 12:58:13 | 0.64 117 0.0021 0.27 1.26

E6 5EMBXXXX 54 13:02:02 | 0.86 159 0.0019 0.31 1.14
une7 R BALXXXX 52 13:08:36 | 343 | 151 | 00199 | 0.94 | 1226
PM E6 5PEXXXX 43 13:14:10 | 0.95 85 0.0029 0.59 1.77
E2 8S2X XXX 38 13:17:33 | 3.79 186 0.0169 0.90 | 10.40

E6 1BRXXXX 29 13:31:37 | 0.69 309 0.0009 0.27 0.55

E6 PO7XXXX 40 13:34:27 | 07 120 0.0008 0.17 0.51

E6 BTIXXXX 45 13:42:31 | 1.78 130 0.0080 0.69 4.89

E6 5Z6XXXX 47 13:44:32 | 0.79 147 0.0016 0.14 0.98

E4 PAXXXX 55 13:49:00 | 1.6 179 0.0046 0.81 2.83

| e | BAEXXXX 52 13:5556 | 081 | 216 | -00008 | 002 | 230
E6 SEAMXXXX 49 13:57:37 | 0.69 295 0.0003 0.04 0.17

E6 NS3XXXX 38 14:.05:42 | 0.7 168 0.0010 0.04 0.58
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E4 DS9XXXX 30 14:13:43 | 245 | 272 0.0083 0.91 5.12
E5 CECXXXX 32 14:15:01 | 0.72 | 151 0.0021 0.26 1.29
E6 ARLIXXXX 40 14:20:27 | 1.09 | 303 0.0019 0.51 1.15
Table 6. 1 Summary of vehicles measured with their Euro Standards and concentration of
NO Emissions
NO/CO: ratio was calculated at the first and then concentration of NO was calculated in
grams per Kilowatt-hours (g/kWh) which was included in the final tabular column.
Euro Vehicle D1 (KM) TIME (;\I‘D%) &g'ﬁn) '\il?r/] S;:Z R? NO
Standards Details HIGHWAY : g/kWh
average average regressmn)

E5 BH 3XXXX 42 13:11:56 2.76 127 0.013 0.86 8.43

E5 BH 3XXXX 42 13:12:15 3.73 175 0.018 0.99 11.30

E5 NPOXXXX 33 13:26:44 1.32 104 0.006 0.96 4.13

E5 NPOXXXX 33 13:27:16 1.43 135 0.006 0.94 4.25

E6 PA33XXXX 31 14:07:46 0.99 268 0.003 0.96 2.37

E6 PA33XXXX 31 14:07:59 1.04 399 0.001 0.67 1.04

E6 PA33XXXX 31 14:09:38 0.70 302 0.002 0.81 1.74

E5 4J2XXXX 40 14:16:47 1.50 189 0.004 0.68 2.87

E5 4J2XXXX 40 14:17:31 1.52 162 0.007 0.87 457

E5 AT3LIXXXX 26.5 14:44:17 2.12 126 0.009 0.95 5.86

E5 AT3LIXXXX 26.5 14:45:22 3.40 208 0.012 0.92 7.86

E5 AT3LIXXXX 26.5 14:46:07 2.29 142 0.012 0.93 7.43

Table 6. 2 Summary of highlighted repeated vehicle details from Table 6.1

The Table 6.2 shows the highlighted section from Table 6.1 which gives the test to test

repeatability. From the table, it looks like the measurements were repeated multiple times.

But the measurements were taken only once in a stretch. This is done in order to show a better

correlation by individual events and NO/CO: ratio are comparable between tests.

The Figure 6.1 clearly indicates the percentage of vehicles measured during this experimental

campaign with their corresponding Euro Standards. Out of 235 trucks measured, majority of

the trucks chased during our study were Euro 6 which contributed around 66%, around 24%

were Euro 5, around 3% were Euro 4, around 4% were Euro 3, 1% was Euro 2 and remaining

2% of the measured trucks were not known as the vehicle number were not clear in some of

the trucks chased and in some other trucks, Euro Standards obtained were not certain.
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Percentage of Trucks measured - Euro Standards

Unknown
2% mEes 156 trucks

WES 55 trucks
ME4  8trucks
®e3 10 trucks
WmE2  1truck

B Unknown 5 trucks

Total 235 trucks

Fig 6. 1 Measured Heavy-Duty vehicles with their Euro Standards

6.2 Area covered during the measurement

This experiment was conducted for a week in a small city named Benesov, in the vicinity of
Prague early in the Summer 2019. The goal is to identify tampering, high NOx tampering
where cooling is minimized by running engine in high load and maintaining the SCR in warm

condition.

The area shown in Figure 6.2 was selected as it has less traffic compared to main cities like
Prague. The experimental measurement is conducted in this area as this vehicle chase study
would be more efficient in highway. In congested or traffic cities, movement of lot of vehicles
in simultaneous time would increase uncertainty in the measurement which would be very
hard to predict the exact high emitters. Though high pollution can be found in traffic and
urban cities than in highway as SCR performance is less efficient in low speed and high
traffic zone, but the performance of SCR and DPF can be improved by additional heating
device which would decrease the excess emissions and improves the air quality in concerning

environment and human health. The Start and End point mentioned in the map shown in
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Figure 6.2 means that the measurements happened in both the direction (start to end point

and end to start point) of D1 highway.
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Fig 6. 2 Area of D1 highway covered for measurement of excess emitters [42]

6.3 Road profile

|
I}

Ce

Emissions from the vehicle are possibly not only due to tampering of some after treatment

devices, but can be also possible due to driver’s behaviour, profile of the road and so on. The

experiment was carried out in both the directions of D1 highway.
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Fig 6. 3 Road profile of covered distance for measurements

The elevation profile of the road covered for our measurements and study had a maximum
attitude of 490 metres and minimum altitude of 270 metres above the sea level which is
shown in the above figure 6.3. The road profile was identified by the covered area during the
measurement in the D1 motorway kilometres and they were plotted by the help of Czech
website mapy.cz which gave the altitude of the road. This road profile was generated in order

to find whether they are responsible for high emitters.

6.4 Road profile showing the captured trucks

The road profile mentioned in the figure 6.3 is smooth and not sharp as shown. Though there
was a difference of 220 metres in altitude, it doesn’t have a direct rise or fall in profile, but
with multiple steps of rise and fall. This means the fall in road profile from higher altitude to
lower altitude will not have significant cooling effects and inefficient working of SCR and
DPF. But still quite a high NOx concentration was found from the vehicle mostly at the
downgrade of the road which is very strange though that’s not a big fall in gradient. The main
reason for these can’t be predicted for surety unless and otherwise it was noted by some On
Board Diagnostic (OBD) or some special camera which tracks driver’s attributes during the
drive, but possibly it may be due to cooling of SCR and low engine load which decreases the
effective functioning as Oxides of Nitrogen that requires certain operating temperature

needed for Urea decomposition.
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Fig 6. 4 Trucks chased towards the direction of Brno for about 55 kilometres.

The figure 6.4 shows the measured trucks with the road elevation profile in the direction
towards Brno in D1 highway and from the above graph we’ve quite a lot of trucks which
were chased resulted in higher concentration of NO. The three brown circles from the graph
shows a down slope of the road in which the trucks measured in this region had significant
concentration of NO. These high emitters which were described in the previous chapter could
be due to ineffective function of SCR in which the exhaust gas would have been cooled and
this results in poor conversion efficiency of Catalytic converter which converts oxides of
Nitrogen to Nitrogen. The blue circle also denotes some excess NOx emitting trucks, but the

road profile in this area is almost straight with a negligible down slope.

The figure 6.5 shows the measured trucks with the road elevation profile in the direction
towards Prague in D1 highway. The brown circle denotes the excess amount of NO
concentration which was measured in a small downgrade of road where one of the
possibilities is that sufficient temperature is not obtained for the effective performance of
after treatment system at that instant or some poor maintenance and tampering. The blue
circle shows some excess emitters in which all the European Standards of trucks plays a

major role irrespective of negligible down slope (gradient) of road profile.
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Figure 6.6 shows the chasing of Euro 6 Trucks in both the directions of Prague and Brno. An
interesting fact noted from Figure 6.6 is that most of the Euro 6 trucks resulted in excess NOx
emitters in the direction of Prague to Brno when compared to the trucks which were travelling
in the direction of Brno to Prague. One of the possible reasons is that the legislation is not
strictly followed, and so lot of trucks may possibly use some tampering and manipulation
devices which results in emitting excess NOx. In order to protect the environment and human

health, the legislation provided should be strictly followed and all the tampering devices must
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7 Conclusion

The main target of this work was to analyze the data from the experimental campaign focused
on NO emissions. The concentrations were measured by FTIR installed in a van. The
‘Vehicle Chase method’ used in this experimental campaign is one of the interesting methods
to measure the exhaust gas of vehicles in real drive and on road. This measurement campaign
started from a small city called Benesov and this happened early in Summer 2019 for a week
from 3" of June to 7" of June 2019 in D1 highway connecting Prague and Brno.

Initially, the data obtained from the measurement were considered and for further analysis,
the background noise and unwanted signals were differentiated. To differentiate these
unwanted noises, baseline was created first, and the detection limit of CO> was created.
Detection limit was calculated as the product of 3.3 times the standard deviation of
background response of measurement before the concentration is detected. Any
concentration which are measured above this detection limit are the useful concentration
detected to analyze in this work. Detection limit of NO and CO> was calculated as 0.78 and
52 ppm. The detected response above this detection limit were analyzed by three different

approaches to calculate NO/CQO; ratio.

The NO/CO:; ratio were calculated by linear regression approach, Numerical Integration of
Area through Peak Area approach and Ratio of maximum point of concentration approach.
All these approaches were compared in order to find consistency between them in evaluating
NO/CO:. ratio from the data for analysis. To be detailed, the vehicle with registration number
3Z1XXXX and Euro 4 had a very good correlation and the NO/CO. ratio was found to be
0.035, 0.035 and 0.034 by peak area approach, maximum point of concentration of NO/CO
and linear regression approach. This had a very good consistency and this truck was found
to have a high NO Emission factor of 21.39 g/kWh as detailed in Table 5.5.

The approaches were compared with the measured data to get the Emission factor. The results
were evaluated and summarized to detect excess NO emission irrespective to their Euro
Standards. From this measurement and analysis, most of the high Emission factor was found

to have consistent NO/CO- ratio when compared between these approaches.
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Discussion and Suggestion

The data were collected from the measurement during the experimental campaign which was
obtained from Fourier Transform Infrared Spectroscopy with a fast response gas analyzer.
The measured data were analyzed. NO/CO; ratio was calculated by three different
approaches. They are Linear regression, peak area approach and maximum point of
concentration in the regime. The maximum concentration and peak area approach to calculate
NO to CO> ratios are possibly better than linear regression approach because regression
approach resulted in negative Emission ratio when there is poor correlation or negative slope.
As Emission ratio is only positive value (can’t be negative), SO area approach is the best

approach to get accurate concentration of NO.

High Emitters gained consistent NO/CO; ratio from all the three approaches as the higher
correlation corresponds to consistent value of NO to CO; ratio. Also, excess concentration
of NO was measured from all vehicle standards which can be due to some effective
performance of tampering devices which were installed by vehicle manufacturers or by some
smart technician, manipulation device and improper maintenance of the vehicle or due to
ineffective performance of NOy after treatment devices or there was no after treatment
devices installed. This also creates a question regarding the legislation whether it’s strictly
followed or just an announcement of Emission norms. So, the RDE should be strictly
followed by the government in order to protect human health and environment. In addition
to this, emissions measured in the test bench is quiet less compared to the measurement in
the real drive which may be due to different operating conditions, traffic and diluted gases
from the previous vehicles in the air. So, conformity factor plays a major role in this case and
nowadays, researches are trying to bring the conformity factor to 1 which means emission

during testing in the bench and RDE are equal. This is very hard to achieve.

Further, inspection should be done over a period to follow the Standard limits and those who
drive should care their own vehicle by periodical maintenance and service which would also
support everyone by giving clean emissions which would reduce air pollution in protecting

human health and environment.
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Also, aftertreatment devices play a major role in converting the harmful emissions to
harmless emissions. Exhaust Gas Recirculation (EGR) is a very important technique to
reduce the harmful emission of NOx. This is done to reduce the peak in-cylinder temperature
which were resulting in enormous concentration of Oxides of Nitrogen. Cooling of SCR is a
natural process which varies from operating conditions but still reducing the heat transfer
between the exhaust gas to the atmosphere through conduction and convection in exhaust
manifold would result in effective performance of SCR. Possibly SCR emulators play a major
role for these harmful emissions. They should be well educated as these tampering methods
have no increase in fuel usage, but indirectly causes other health and environmental issues

which causes respiratory diseases or destroy other beings in the environment.

In addition to this, from the figure 6.6, most of the Euro 6 trucks which were leaving Prague
towards the direction of Brno were resulting in excess concentration of NOx. One of the
possibilities is that manipulation devices and tampering devices would have been turned on
which results in poor performance of after treatment devices. So, an effective and strict
legislation should be followed in real drive measurement for healthy life and saving the
environment from harmful gases. During these measurements, some vehicles had a lower
concentration of NO at some period and the same vehicle had a high concentration which
were described as inconsistent emitters. This results in uncertainty in the measurement.
Detection limit was calculated by taking the standard deviation of background and multiplied
by 3.3 to measure the useful concentration. This seems to be a better method for calculating
detection limit. High concentration of NO measured from a vehicle can’t be judged as high
emitting trucks unless and otherwise they are measured for a whole WLTC, as possibly high
concentration was seen during the short measurement and maybe it can have less
concentration during the other period. Portion of the vehicle registration number is excluded
for personal data protection reasons and its denoted as XXXX. Though NOx comprises NO,
NO:z and so on, in this measurement the concentration of NO was detected and analysed, and
the Emission factor of NO was calculated. Emission factor of NOx can be higher than
Emission factor of NO if there is a presence of NO,. But NOx concentration can never attain

concentration lower than detected NO in this measurement.
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Nomenclature

BaCOs
BS
CO
CO2
DEF
DOC
DPF
ECE
ECU
EGR
ELR
EOBD
ESC
ETC
EU
FT-IR
g/kWh
H-0
HC
HCCI
HCLI
HO:
HPLI
IDL
LNT
LOD
LTC
MDL

Barium Carbonate

Bharath Stage (Indian Standards)
Carbon Monoxide

Carbon Dioxide

Diesel Exhaust Fluid

Diesel Oxidation Catalyst

Diesel Particulate Filter

Urban Driving Cycle

Electronic Control Unit

Exhaust Gas Recirculation

European Load Response

External On-Board Diagnostics
European Stationary Cycle
European Transient Cycle

Europe

Fourier Transform InfraRed

Grams Per Kilo Watt Hour of Power
Water

Hydrocarbon

Homogeneous Charge Compression Ignition
Homogeneous Charge Late Injection
Hydroperoxyl protonated form of superoxide
Highly Premixed Late Injection
Instrument Detection Limit

Lean NOx trap

Limit of detection

Low Temperature Combustion
Method Detection Limit

Monoatomic Nitrogen
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N2

NHs3

NO
NO/CO>
NO2
NOx

02
OH
PCCI
PM
PN
Pt

RCCI
RDE
SCR
SNR
WHO
WHSC
WHTC

cor SD

Molecular Nitrogen (Diatomic)

Ammonia

Nitric Oxide

Emission ratio or Emission Factor
Nitrogen Dioxide

Oxides of Nitrogen

Atomic Oxygen

Oxygen

Hydroxide

Premixed Charge Compression Ignition
Particulate Matters

Particle Number

Platinum

Correlation

Reaction Controlled Compression Ignition
Real Drive Emission

Selective Catalytic Reduction

Signal to Noise Ratio

World Health Organisation

World Harmonized Stationary Cycle
World Harmonized Transient Cycle
Mean

Standard deviation
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