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SUMMARY

The interest of using alcohols, and especiallyrathas vehicle fuel is high in Sweden. The
advantages are many, such as; being renewabletttarol can be produced locally and it is
easily mixed with gasoline. Alcohol fuels are calesed to be a substantial part of the
alternative fuel market, especially in Brazil, USAd Sweden.

With this growing interest it is of most importanceinvestigate the emission performance of
vehicles fuelled with alcohols. The focus in thisdy is on measurement and calculation of
hydrocarbon emissions.

The emission regulations in different countriesehdifferent ways to treat alcohol fuelled
vehicles. When alcohols are used as blending coemsrin gasoline, uncombusted alcohols
from the fuel are emitted in the exhaust in variao®unts. If a Flame lonization Detector
(FID) is used to measure hydrocarbons, the uncotedwecohol will be included in the
measurement. The alcohol is, per definition, howexd a hydrocarbon (hydrocarbons
contains only hydrogen and carbon). In the US @#guiis, the alcohol content is measured
separately, and the FID measurement is adjustettiéaalcohol part. This is not performed in
the European regulations.

The aim of this project is to highlight the need &adiscussion regarding the methodology for
measuring hydrocarbon and alcohol emissions frexilile fuelled vehicles operating on
alcohol fuel blends.
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This project is divided in three main parts:

1. A literature survey on the topic “Measuremeetimodologies for alcohol fuelled
vehicles”. Regulations, instrumentation and measerd procedures has been
investigated.

2. Measurement of ethanol calibration gases éémint concentration and oxygen content.

Different FID analyzers have been compared, andea$gonse factor has been
investigated.

3. An ethanol-fuelled vehicle has been testednassis dynamometer; measurements of

regulated compounds, alcohol and aldehydes havepg®&rmed at three different
temperatures.
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ABBREVIATIONS

C,HsOH Ethanol

C3-C8 Substances containing 3-8 carbon atoms
CARB California Air Resource Board

CRV Critical Flow Venturi

CHs;CHO Acetaldehyde

CH;0OH Methanol

CH, Methane

CO Carbon Monoxide

CGO, Carbon Dioxide

CVS Constant Volume Sampler

DNPH DiNitroPhenylHydrazine

EU European Union

EUDC Extra Urban Driving Cycle

FFV Flexible Fuelled Vehicle

FID Flame lonisation Detector

FTIR Fourier Transform InfraRed

FTP75 Federal Test Procedure 75

GC Gas Chromatography

GMPT General Motors Powertrain

HCHO Formaldehyde

HEPA High Efficiency Particulate Air (Filter)
HPLC High Performance Liquid Chromatography
LDV/LDT Light Duty Vehicle / Light Duty Truck
LEV Low Emission Vehicle

MS Mass Spectrometer

MTBE Methyl Tertier Butyl Ether

NEDC New European Driving Cycle

NMHC Non Methane Hydrocarbon

NMOG Non Methane Organic Gases

NOX Nitrogen Oxides

PAS Photoacoustic sensor

PM Particulate Matter

Ppm Parts per million

ppmC Parts per million of Carbon

RHO Aldehydes

ROH Alcohols

SAE Society of Automotive Engineers International
SULEV Super Ultra Low Emission Vehicle
THC Total Hydrocarbon

UDC1 Urban Driving Cycle 3 part

uDC2 Urban Driving Cycle ¥ part

ULEV Ultra Low Emission Vehicle

US EPA Environmental Protection Agency
VCC Volvo Car Corporation

VTT Technical Research Centre of Finland
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1 INTRODUCTION

In recent years, hydrocarbon, aldehyde and aldalipipe emissions from flexible fuelled
vehicles operated on alcohols, or blends of alhwve received an increased attention in
Sweden together with an increased and expandiagesttin alternative fuel for vehicle
propulsion.

However, in the European regulations with respeemission measurements from motor
vehicles, the emission testing of flexible fuellexhicles are based upon that the vehicles are
fuelled by gasoline only. No special limit values flexible fuelled vehicles are implemented
in Euro 4 and earlier Euro-classes. Future EU eanisegulations (Euro 5/6 for LDV) are
adopted to also include regulations for flexiblelfed vehicles operated on E85. To evaluate
emission performance of vehicles fuelled with atdshit has frequently been questioned
how to define THC emissions — if the current THCasw@ement method is applicable for
FFV tailpipe emission measurements (calibration 3 temperature, etc), and if it is
necessary to include aldehydes and alcohol measuatsimto the regulation as in the US
regulation.

Due to the fact that alcohol fuel blends have déife fuel properties compared to
conventional fuels such as gasoline/diesel, inigdrtant to study factors which affect the
reproducibility and repeatability of the THC measuent from such vehicles. It is therefore
important that the instrumentation, test procedaressampling methods are designed to
cope with both conventional (fossil) fuels and &laicfuels. In this study, parameters such as
FID type and temperatures, measurement routinesyman time between sampling (diluted
exhaust gas in Tedlar bags) and analysis has heestigated.

The study was divided into three main parts.

Part 1: Literature survey of the topic measuremanethodologies for alcohol fuelled
vehicles

Comparison of regulations for alcohol fuelled védsan countries where alcohol fuels are
commercially available in significant numbers. Céddions, measurement procedures and
instrumentation were investigated.

Part 2: Measurement of ethanol calibration gasesdifferent concentration and oxygen
content, FID analysis

Different models of FID analyzers were tested, ggthanol gases of different concentration
and oxygen content. The FID response to ethanoinvastigated. The influence of storage
time (in sample bags) was also studied.

Part 3: Vehicle tests

Tests were carried out with a flexible fuelled \@iusing ethanol blends as fuel. The vehicle
tests were carried out on a chassis dynamometerding to 70/220/EG in accordance with
NEDC driving cycle. The effects of different tempeires and exhaust dilution levels on
exhaust emissions have been studied.
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1.1 Introduction — alcohols and aldehydes

Aldehydes are formed in an oxidation reaction @aijary alcohols, such as methanol and
ethanol.

Basic reaction:

H H O
RS i /7
I A L
H-C-C-0O—-H — H—(_C—C
P I \

Figure 1: The ethanol molecule f430OH) is oxidized into acetaldehyde (gEHO).

Methanol (CHOH) is oxidized into formaldehyde (HCHO). In thehexists from a flex

fuelled vehicle using methanol, unburned methaiomaldehyde and formic acid are

present. In the exhausts from a vehicle using eththie exhausts contains unburned ethanol,
acetaldehyde and acetic acid. The formaldehydé&ien carcinogen, whereas acetaldehyde
is considered to be “probable” carcinogen.

The alcohols are by definition no hydrocarbons albbse the molecule contains oxygen. The
FID, which is used to measure the emissions of iiCetrtification testing of vehicles and
engines, is however a non-selective detector alidespond to all substances being ionized
in the flame, i.e. all substances containing carlban flex fuelled vehicles the THC will also
include the substances mentioned above. Thistiseucomplicated by the fact that different
substances have different response factors. Fertpuirocarbons without, for instance,
oxygen, the FID response is proportional to thé@aratoms in the molecule. When another
functional group, such as oxygen, is present tierEsponse is decreased. This means that
the measured total hydrocarbons (by FID) is notemrfor alcohol fuelled vehicles, since
substances which should not be classified as hgdooas are included.
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2 Part 1: Literature study

This part is divided into:

1. Regulations concerning emission measurement tesgynalf exhaust emissions from
E85 fuelled passenger cars including definitionkyafrocarbons (EU, CARB, US
EPA, Brazil)

2. Measurement technology

2.1 Emission regulations
In this study we have chosen to look into the eimiskegislation in countries where ethanol

fuelled vehicles are offered on a commercial basie. focus is on hydrocarbon emissions,
and alcohol / aldehyde emissions where applicable.

2.1.1  European Union

Table 1: Emission standards - EU

Limit values - vehicle category Mand N ; class 1
co THC NMHC NOx THC + NOx PM® Particle number @
mg/km mg/km mg/km mg/km mg/km mg/km mg/km
Pl Cl PI Cl PI Cl Pl Cl Pl Cl pI® Cl PI Cl
Euro 4 2005.01 1000 500 100 - - - 80 250 - 300 - 25
Euro 5 2009.09* 1000 500 100 - 68 - 60 180 - 230 5,0/4,5 5,0/4,5 - 6,0 x 10M
Euro 6 2014.09 1000 500 100 - 68 - 60 80 - 170 5,0/4,5 5,0/4,5 - 6,0 x 10

Pl = Positive Ignition, Cl = Compression Ignition

(1) A revised measurement procedure shall be introduced before the application of the 4,5 mg/km limit value.
(2) Euro 5: A new measurement procedure shall be introduced before the application of the limit value.

Euro 6: A number standard is to be defined for this stage for positive ignition vehicles.

(3) Positive ignition particulate mass standards shall apply only to vehicles with direct injection engines.

(4) 2011.01 for all models.

Driving cycle: New European Driving Cycle — NED@¢sFigure 2).
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Figure 2: The New European Driving Cycle — NEDC.

The Euro 5 regulations is applicable from Septen20&9, and Euro 6 from September 2014.
In Euro 4 and earlier regulations, the manufactuodiflexible fuelled vehicles were allowed
to use only the conventional (fossil) fuel in theetdication testing. From Euro 5 both fuels
must be used at the certification testing. Testinipw ambient conditions (i.e. Type 6-
testing) will be demanded for both fuels from 2@plkease see footnote in Table 2). The tests
required for flexible fuelled vehicles are demoatsd in Table 2.

Table 2: Test requirements for type-approval andresions (according to European
Commission Regulation (EC) No 692/2008):

Vehicle category Vehicles with positive ignition engines including h ybrids
Reference fuel Flex fuel
Petrol (E5)
Ethanol (E85)
Test type
Gaseous pollutants (Type 1 test) Yes (both fuels)
Particulates (Type 1 test) Yes (direct injection) (both fuels)
Idle emissions (Type 2 test) Yes (both fuels)
Crankcase emissions (Type 3 test) Yes (petrol)
Evaporative emissions (Type 4 test) Yes (petrol)
Durability (Type 5 test) Yes (petrol)
Low temperature emissions (Type 6 test) Yes®? (both fuels)
In-service conformity Yes (both fuels)
CO, emissions and fuel consumption Yes (both fuels)

@ Test on petrol only for vehicles type-approved before 1 September 2011 for new types of vehicles and
from 1 January 2013 for all new vehicles sold. The test will be performed with both fuels on or after these dates.

In EU regulations total emissions of hydrocarbomd aon-methane hydrocarbons are
regulated. The mandated measurement procedureusithy a FID-instrument, calibrated
with propane in synthetic air. Flexible fuelled ias are tested according to the same
procedure as gasoline fuelled vehicles.

10
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The gas density used for calculation of emissiomsifgasoline fuelled vehicles is
0,619 g/drﬁ, for E85 the gas density is 0,932 gfc(mrith hydrocarbon ratio of {H, 7400 3s9.

The calculation:

Vinix x Qi x Ky x C; x 10°
d

Mi:

Mi = mass emission of the pollutant i in grams per kilometre,

Vmix = volume of the diluted exhaust gas expressed in litres per test and corrected to standard conditions
(273,2 K and 101,33 kPa),

Qi = density of the pollutant i (for example hydrocarbons, where the density for gasoline is 0,619 g/dm?, for E85
0,932 g/dm3) in grams per litre at normal temperature and pressure (273,2 K and 101,33 kPa),

kn = humidity correction factor used for the calculation of the mass emissions of oxides of nitrogen (there is no
humidity correction for HC and CO),

Ci = concentration of the pollutant i in the diluted exhaust gas expressed in ppm and corrected by the amount of
the pollutant contained in the dilution air,

d = actual distance corresponding to the operating cycle in km.

In reality, the change of Qfor THC from 0,619 to 0,932 g/dileads to an increase of
approximately 50% in the calculation of THC emissi® from flexible fuelled vehicles.

212 USA

The federal emission standards (set up by US ERAY) tve met by all new vehicles sold in
the US. California has however been granted, byClean Air Act, to adopt its own emission
standards which are stricter than the federal stalsd These standards are set up by the
Californian Air Resource Board (CARB). Some othiatess have followed and adopted the
Californian standards.

The US emission standards are neutral regardingftetechnology, meaning the same
emission limits is applied regardless of the fue angine/vehicle technology.

2.1.2.1 USEPA

In the Tier 2 regulation, effective from 2004, g@me emission standards apply to all vehicle
weight categories, i.e. cars, minivans, light-dutycks and SUVs have the same emission
limit.

The Tier 2 emission standards are structured iffitereint bins, where the vehicle
manufacturer can choose to certify the vehicld toto any of the available bins. The
manufacturer’s fleet average on N@ust however not average more than 0,07g/mile
(equivalent to bin 5 level, full useful life).

11
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Table 3: Emission standards — US EPA

Bin# Intermediate life (5 years / 50,000 mi) Full useful life
NMOG CcOo NOy PM HCHO NMOG Cco NOx PM HCHO
g/mi g/mi g/mi g/mi g/mi g/mi g/mi g/mi g/mi g/mi
Temporary Bins
11 0.280 7.3 0.9 0.12 0.032
10 0.125 3.4 0.4 - 0.015 0.156 4.2 0.6 0.08 0.018
9 0.075 34 0.2 - 0.015 0.090 4.2 0.3 0.06 0.018
Permanent Bins
8 0.100 3.4 0.14 - 0.015 0.125 4.2 0.20 0.02 0.018
7 0.075 34 0.11 - 0.015 0.090 4.2 0.15 0.02 0.018
6 0.075 34 0.08 - 0.015 0.090 4.2 0.10 0.01 0.018
5 0.075 3.4 0.05 - 0.015 0.090 4.2 0.07 0.01 0.018
4 0.070 2.1 0.04 0.01 0.011
3 0.055 2.1 0.03 0.01 0.011
2 0.010 2.1 0.02 0.01 0.004
1 0.000 0.0 0.00 0.00 0.000

Driving cycle: Federal Test Procedure — FTP75 Egare 3)

0
Cold start phase Transient phasa Hot start phase
B0 - 05055 505-1369 s 0-505s
a0
E
= 0 -
3 a0- ﬂl I ﬂl i
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Time, s
Figure 3: Federal Test Procedure — FTP75.

Besides the emission requirements presented ireTahbhere testing is performed using the
FTP75 driving cycle, there are supplemental exhamsssion standards that needs to be
fulfilled in the certification process. Here the @Sand SCO03 driving cycles are used. The
supplemental exhaust emission standards must howevée fulfilled for alternatively

fuelled LDV/LDTs or flexible fuelled LDV/LDTs whepperated on a fuel other than gasoline
or diesel. The supplemental exhaust emissions atdadre not presented in this report.

The EPA regulations for alcohol fuelled vehicles based on methanol fuel; therefore the
formaldehyde emissons are regulated.

12
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As can be seen in Table 3, NMOG (NonMethane Org@aises) are regulated. The definition
of NMOG is the emissions of NonMethane Hydrocarb@®HC) and oxygenated
hydrocarbons. The weighted mass (wm) emissiondM®S shall be calculated as follows:

NMOG ym = SNMHC i + SROHyym + SRHOym 1)

ROH are the alcohol content in the exhaust emissidhe alcohol can be measured with
Photoacoustic Sensor (PAS) or sampled by the ingpingethod (Method 1001, see
Measurement Technology Specification for descriptid he impinger sample is thereafter
analysed by Gas Chromatography.

RHO are the aldehydes (and ketones) content iexhaust emissions. They are sampled in
DNPH-cartridges (Method 1004, see Measurement Ta@ogy Specification for description).
The cartridges are thereafter analysed by HPLC.

To calculate the NMOG emissions, the first stefpisorrect the FID measurements for the
presence of methane and oxygenated hydrocarbons:

NMHC = |:|DTHC - (rCH4 X CH4) - (rC2H5OHX 2 X CzH5OH)

rp THC is the THC measured by FID in ppm C.

I'cha, feonson are the FID response factor for £&hd GHsOH respectively. The response
factors are determined by the use of gas bottlé#s kmown concentration (within £2% of the
specified concentration).

The pollutant concentration is presented in pprheéice the factor 2 for ethanol.

The FTP75 driving cycle is divided into three pavtsich are weighted differently. The mass
emissions from the respective part are calculasddlbows (alcohol is used in this example,
can be applied to any of the pollutants with itspexctive density):

ROHmass= ROH:onc* ROHdens* 10_6 * VMIX

To achieve the weighted mass emission of ROH, ififrereint parts of the driving cycle are
weighted as follows:

ROH _ ROHmassl + ROHmassz ROHmasss + ROHmassZ
wm = 0.43 +0.57

Dphasel + Dphasez DphaseS + Dphasez

To calculate the NMOG, the oxygenated hydrocarlawaghereafter added back according to
equation 1.

13



METEV £ NCEDWOTOR FUELS
Measurement Technologies for Ethanol Fuelled Vehicles [
%&n-

My -

The densities of interest in this study:
Per CFR, calculations are based on standard tetnpei@nd pressure of 20°C (68°F) and
1 atm:

NMHC: 16,33 g/ft (13,88 g/mole)
C,HsOH: 54,23 g/ft (46,07 g/mole)
CHsCHO: 51,85 g/ft (44,05 g/mole)
HCHO: 35,34 g/ft (30,03 g/mole)
CHa: 18,88 g/ft (16,04 g/mole)

Response factors:

The FID instrument response is calibrated for HGrgas — typically propane. Because its
response is different for oxygenated hydrocarboasraethane, its output must be corrected
to account for the presence of these compound®imeasured exhaust. Measured response
factors are determined for each compound knowretpresent and known to affect FID
response.

The US EPA recommends the FID to be heated to @¥8r°’methanol fuelled vehicles
(instead of 190 °C which is used for gasoline aedel fuelled vehicles).

2.1.2.2 California ARB

The emission standards in California differ froma thS EPA, as can be seen in Table 4.

Table 4: Emission standards, passenger cars -oQadifARB

50,000 miles / 5 years 120,000 miles / 11 years
NMOG CcoO NOy PM HCHO NMOG Cco NOyx PM HCHO
g/mi g/mi g/mi g/mi g/mi g/mi g/mi g/mi g/mi g/mi
LEV 0.075 34 0.05 - 0.015 0.090 4.2 0.07 0.01 0.018
ULEV 0.040 1.7 0.05 - 0.008 0.055 2.1 0.07 0.01 0.011
SULEV - - - - - 0.010 1.0 0.02 0.01 0.004

Driving cycle: FTP75 (see Figure 3)

As in the US EPA regulation, the hydrocarbons amt @f the NMOG emissions. The
calculations are the same, but California has etmrs concerning both methanol and
ethanol fuelled vehicles. The response factortferrespective alcohol is determined and
applied in the calculation.

As in the federal regulations, there is a fleetrage to consider for the vehicle manufacturer.
In California the fleet average is for NMOG emisso

14
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2.1.3 Brazil

Brazil has an extensive production of ethanol, ethéinol fuelled vehicles is commonly used.
All gasoline sold is blended with 20-25% ethanal] @almost nine of every ten new cars sold
in the Brazilian market are Flex Fuelled VehiclEsere is a wide range of fuels on the
market, where:

E100 (93% ethanol + 7% water)

E22 (22+ 2% ethanol + gasoline)

Certification required with E22 fuel for E22 velgcE22/E60/E100 for a flex fuel vehicle,
E22/E60/E100 and CNG for a tri-fuel vehicle. Th&cakations for E22/E60/E100 are the
same.

Table 5: Emission standards, passenger cars - Brazi

Limit values - Passenger cars
co HC NOy PM RCHO Idle CO
g/km g/km g/km g/km g/km (% vol)
Proconve L-4 | 2005.01" 2.0 0.16* 0.25° 0.05 0.03 0.5
2006.01° 2.0 or or 0.05 0.03 0.5
2007.01° 2.0 0.30° 0.60 0.05 0.03 0.5
Proconve L-5 | 2009.01 2.0 0.05* or 0.30° | 0.12° or 0.25" 0.05 0.02 05

Idle CO limits apply to Otto cycle engines only
PM limits apply to Diesel cycle engines only
RCHO limits apply to Otto cycle engines only; Natural gas vehicles exempted

(1) At least 40% of annual production (passenger vehicles + light commercial vehicles

(2) At least 70% of annual production (passenger vehicles + light commercial vehicles
(3) 100% of annual production (passenger vehicles + light commercial vehicles

(4) NMHC

(5) THC; limits apply to natural gas vehicles only

(6) Otto cycle engines

(7) Diesel cycle engines

Driving cycle: FTP75 (see Figure 3)

The calculation for NMHC is:

NMHC = THC - CH

The density for THC is 576,8 gfiregardless of fuel type.

The vehicle manufacturer has however the rightéasare the unburned ethanol and
discount this value from the NMHC emissions. Irsttése the calculations are similar to the
US EPA. The ethanol is sampled with impingers dreddistilled water from the impingers is

analyzed with Gas Chromatography (GC). A respoas®f for the ethanol is measured by
using gas bottles with known concentration of etthan

15
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2.2 Measurement technology specification

Instruments and sampling methodologies used fosgon measurements of flexible fuelled
vehicles will be presented in this chapter. Thaifowill be on instruments and methods
measuring hydrocarbons, alcohols and aldehyddiermission regulations presented in the
previous chapter.

2.2.1  Flame lonization Detector (FID)
Used for: Hydrocarbons.

The technigue of flame ionization detection (FIBljes on the ionization of molecules during
high temperature combustion in the reaction zorte®fID-flame to determine the total
hydrocarbon concentration within a gaseous samphe analyzer has an adjustable heated
oven (60 to 200° C) which contains a heated samyotep and burner in which a small flame
is elevated and sustained by regulated flows adirair 100% hydrogen or a 40/60% mixture
of hydrogen and helium. The burner jet is usednaslectrode and is connected to the
negative side of a precision power supply. An aodél electrode, known as the "collector”,
is connected to a high impedance, low noise elpict@amplifier. The two electrodes establish
an electrostatic field. When a gaseous sampternsduced to the burner, it is ionized in the
flame and the electrostatic field causes the clibpageticles (ions) to migrate to their
respective electrodes. The migration creates a smnaent flow between the electrodes. This
current is measured by the precision electrometgifier and is directly proportional to the
hydrocarbon concentration of the sample.

2.2.2  Mass Spectrometer (MS)
Used for: Ethanol

The Mass Spectrometer separates molecules instrgasn by using the quote between the
mass and the charge of the molecules (when ionised)

Measurement with the Mass Spectrometer is notw@atgy procedure and is mostly used for
research purposes for determination of unregulateidsions.

Basic principle:
The MS consists of four parts and the incoming ks are treated in the different stages;
the ionisation, the accelerator, the separatoitlamdetector stage.

In the MS the atoms/molecules are first ionisedidoge, into positive ions. The ions are then
accelerated and thereafter immediately deflecteddarved magnetic field according to their
masses. The lighter molecules are deflected marettie heavier ones. The level of

deflection is also dependent of the positive chaifghe molecule — if more than one electron
has been knocked off, the molecule has a strorigage — and is more deflected. It is only

the ions with the correct mass/charge relationitap passes through to the detector stage. By
varying the magnetic field ions with different ma$grge relationship can be analyzed.

16



sovmceonorosFUELs
METEV s

Measurement Technologies for Ethanol Fuelled Vehicles L3
lgA.V'
@ 4 =" -
/ z
1‘} ‘. .
°+ .-__..' &
‘oo | ©

1. Primary lon Source

2. Octopole Seperation Device
3. Charge Exchange Cell

4. Quadrupole - Mass Filter

5. Particle Detector

6. Vacuum System

7. Gas Inlet System

Figure 4: Schematic view of the V&F Airsense masscsrometer (Source:
vandf.agindo.infp

The MS is a fast response instrument; it is posgiblget modal measurement at a speed of up
to 50 Hz. This makes it possible to measure asiesh conditions. It can be used for raw
exhausts as well as for diluted exhausts.

It is possible to detect many different moleculéthwhe MS, different molecules will be
distinguished through their different molecule weidf however the concentration of
specific substance is an issue, the instrumentseeble calibrated with a known
concentration of the specific substances.

2.2.3  Fourier Transform InfraRed (FTIR)
Used for: Ethanol, methanol, acetaldehyde and forin@hyde.

Measurement of alcohols and aldehydes with FTIkbisa standard procedure, and is used
mainly for research purposes.

The FTIR uses the fact that different substanceeraldifferent frequencies of infrared light
unequally. The FTIR analysis produces absorpti@kgeorresponding to the frequencies of
vibrations between the bonds of the atoms in a cutge Since different molecules are
consisting of different combinations of atoms, itieared spectrum is unique for a specific
substance. This makes FTIR very useful for anatyrmany different compounds. The size of
the peaks is also corresponding to the amounteo$tibstance.
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The infrared beam from the source is divided bganhsplitter, dividing the beam into two
optical beams. One of the beams is reflected off @dn-mobile mirror back to the
beamsplitter. The other beam is reflected off amirror which is mobile (only a few
millimeters) back to the beamsplitter. The mobilierar makes it possible to differentiate the
beams. The two reflected beams are recombinea ddghmsplitter, and the signal exiting the
“interferometer” is a result of these two beamgeifering” with each other. The resulting
signal is called an interferogram, which has thigum property that every data point (a
function of the moving mirror position) which makes the signal has information about
every infrared frequency which comes from the seuftis means that as the interferogram
is measured, all frequencies are being measuradtaimeously.

The analyzer requires a frequency spectrum in doderake an identification. This means

that the individual frequencies need to be “dectdetlich is accomplished via a well-known
mathematical technique called the Fourier transébion.

Michelson interferometer

: fixed mirror :
L ] I
1
1
S\ 1 BS | F
| I \._/ : ] moving mirror
1
1
R I
detector sample :___ | _ X ________1
IR source

Figure 5: Schematic view of the principles of tHdR (Source www.uni-ulm.dg
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Figure 6: The working principle of the FTIR (Souraevw.mmrc.caltech.edu

The FTIR measurement is performed on raw exhaussems.

One advantage with the FTIR instrument is that fossible to measure many substances at
the same time, with a fast response.
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2.2.4  Photoacoustic sensor (PAS)
Used for: Ethanol

The Photoacoustic sensor is approved by the US &l ACalifornia ARB for measuring
ethanol emissions in vehicle exhaust.

The principle of the PAS is based on the fact tlifé¢rent substances absorb different
frequencies of infrared light unequally, similarthe FTIR instrument.
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Figure 7: Schematic view of the Photoacoustic Sef®ourcewww.lumasense.jlk

The sample is drawn into the measurement chamban loyternal pump. Light from an
infrared light source is reflected off a mirrorspad through a mechanical chopper, which
pulsate it, and then through one of the optic#fd in the filter wheel.

The gas being monitored, causing the temperatufeeojas to increase selectively, absorbs
the light transmitted by the optical filter. Becaubke light is pulsating — the gas temperature
increases and decreases — causing an equivalesdsecand decrease in the pressure of the
gas (an acoustic signal) in the closed cell.

Two microphones mounted in the cell wall measuig dhoustic signal, which is directly
proportional to the concentration of the monitogad present in the cell.

The filter wheel turns so that light is transmittedough the next optical filter, and the new
signal is measured. The number of times this steppeated is dependent on the number of
gases being measured.

The PAS measures from bag after the end of theyest, online measurement is not
possible.
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2.2.5 Methods used for sampling alcohols and aldetigs

2.2.5.1 Method 1001: Sampling alcohols with Impingesampling system

Sampling alcohol in impingers are a standardizedguiure (Method 1001) approved by both
the US EPA and California ARB.

The impingers are filled with deionised water atatpd on ice to reduce vaporization of
water. Diluted exhausts are led into the upper giattie impinger, through a tube down into
the water where the gas is bubbled; the ethar@nse dissolved into the water.

After the test, the sample is transferred to bettled is kept below@. According to
Method 1001 the sample should be analyzed witlday®. The sample is analyzed through
Gas Chromatography.

The method recommends two impingers in seriese@d@eh phase of the FTP75 test cycle), to
prevent eventual breakthrough.

2.2.5.2 Method 1004: Sampling aldehydes with DNPH

Sampling aldehydes by using DNPH (2,4-DiNitroPheétygrazine) is a standardised
procedure (Method 1004) approved by both the US BRACalifornia ARB.

The DNPH can be either as liquid or in a cartridge.

Liquid DNPH:

This procedure is similar to the impinger samplilegcribed above (Method 1001: Impinger
sampling system), but the ionized water is repldoethe absorbent 2,4-DiNitrophenyl-
Hydrazine mixed with sulphuric or perchloric ackdter the test, if sulphuric acid has been
used, the impingers should be kept, without th@tidin a waterbath with temperature of 70-
8CrC for 30min. If perchloric acid has been used, iisot necessary. The impingers should
be allowed to cool in room temperature before fiemsd to glass bottles.

The liquid sample is analyzed through HPLC.
DNPH-cartridge:
The liquid is replaced by a cartridge containing BNPH absorbent. For the first phase of

the test cycle, two cartridges in series shoulddssl in case of breakthrough.

The cartridge is kept in a freezer both before aftet the test, and should be analyzed within
2 weeks after the test. The cartridge is also aealyhrough HPLC.
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Mass flow controllers Alcohol sampling Aldehyde sampling

Figure 8: Setup of the alcohol and aldehyde samystem in the METEV project. The
alcohol is sampled by impingers (two in seriesd, dldehydes are sampled with DNPH-
cartridges (two in series).
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3 Part 2: Calibration gas measurement

The US EPA recommends the FID to be heated to €X8r’methanol fuelled vehicles
(instead of 190 °C which is used for gasoline aedal fuelled vehicles). This is based on the
fact that exhaust from methanol-fuelled vehiclesggelly has much higher water vapor
content than conventional vehicles, which can leadater condensation under certain
testing conditions. Since both methanol and forelayde are soluble in water, this can be an
accuracy problem in the testing. The temperatuoglsihnot be too hot since the methanol can
undergo decomposition reactions.

In the European regulation, the alcohol fuellediclels are tested in the same way as for
gasoline fuelled vehicles.

The FID instrument response is calibrated for HGrgas — typically propane. Most
hydrocarbons respond nearly identically as propdtte notable exceptions being oxygenated
hydrocarbons such as alcohols and aldehydes comgrfaamid in engine exhaust. See Table 6
for FID sensitivity.

Table 6: Sensitivity of the FID towards selectechpounds relative to the hydrocarbon n-
heptane (@), which is set to 1.00 (Dietz, 1967).

Hydrocarbons: Alcohols: Organic acids:
Methane 0.97 Methanol 0.23 Formic acid 0.01
Ethane 0.97 Ethanol 0.46 Acetic acid 0.24

In the European regulation, the FID is assumeédpand to all hydrocarbons identically as it
responds to propane in determining the concentraticarbon atoms in a gas sample.

In the US EPA regulation, the difference in resgoisstaken into account and response
factors are established for oxygenated hydrocaraodsmethane. The measurements are
thereby corrected for the presence of these contgsomnthe measured exhaust. Measured
response factors are determined for each compoumarkto be present, and to affect, the
FID response.

Response factors should be measured directly oRlIbénstrument being used for HC
measurement. Note that FID response to ethanoloaajow due to ethanol adsorption on
walls of supply tubing. This should be taken inte@unt when determining FID response and
when determining sample time for THC measuremehbetoertain an accurate response to
ethanol is obtained.
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According to US EPA, the FID response factor tolrarbl is calculated as follows:
r = FIDppm / SAMppm

r = FID response factor
FIDppm = FID reading in ppmC
SAMppm = methanol concentration in the sample,ax lgpttle, in ppmC

In order to test the FID response of ethanol teste performed with calibration gas bottles
with a known concentration. A total of 5 gas battigth different concentrations of ethanol
was used in this study, and 6 ethanol concentmitiere studied.

Gas bottles specification:
- 30ppm ethanol in synthetic air
- 30ppm ethanol in 6% oxygen / 94% nitrogen
- 30ppm ethanol in 12% oxygen / 88% nitrogen
- 70ppm ethanol in synthetic air
- 15ppm ethanol / 7ppm propane

A gas divider was also used to produce a concérrat 5Sppm ethanol.

The FID was calibrated with its ordinary calibratigas.

The study was divided into different parts:

1. Measurement of ethanol calibration gases wifler@int concentration and oxygen content
2. Measurement of ethanol calibration gases in haitsdifferent waiting time

3. Measurement of ethanol calibration gases usiifereint types and individuals of FID
instruments

3.1 Measurement of ethanol calibration gases in lga with different
concentration and oxygen content

The FID response curve for ethanol is prolongedbse of ethanol adsorption in the
measurement system. In this part, the response canv be observed as well as the effect of
FID oven temperature.

Experimental

The gas bottle was connected to the sampling bag and the sampling bag was filled with

the calibration gas. The FID instrument was thdeeafsed to analyze the sampling bag. No
time limit was set; all gas in the bag was analyzed
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3.1.1 Effect of FID oven temperature

The FID response was studied using two differemipieratures: 113°C and 190°C. In the US,
113°C are specified for methanol-fuelled vehiclE¥0°C is the usual setting for the FID oven
for gasoline- and diesel-fuelled vehicles. In thétBere is no change in this setting for
alcohol fuelled vehicles.

Please note that the concentration is presentpdra€1. In practice, this means that the
concentration of the ethanol gas is multiplied ksirite the ethanol molecule contains two
carbon atoms (§s0H).

30ppm Ethanol

70

60 <€ 60

50
G 40 — 113
?‘L 30 /,—--~ ——190

ol

0 ‘ ‘ ‘ ‘ ‘

0 50 100 150 200 250 300
Time (sec)

Figure 9: Comparison of FID response curve duefterdnt FID temperatures. In this figure,
the 30 ppm ethanol gas bottle is presented. Tloevguoints out the actual concentration of
C1in the ethanol gas.

If the concentration after a sampling time of 96asels is used, the response factors for the
different temperatures are:

Rf: 0,67 (113 °C)
Rf: 0,48 (190 °C)

The response factor for the bottles with differesricentration of ethanol is presented in
Figure 10.
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Figure 10: Comparison of FID response to diffeeth&anol concentrations and FID

temperature.

The US EPA recommendation of FID oven temperatetéos113 °C (for methanol-fuelled
vehicles) is based on the higher water vapor oharail, and the fact that methanol can

undergo decomposition reactions if the oven ishob
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3.1.2  Effect of oxygen concentration

The effect of oxygen concentration in the gas bstivas also investigated. Three gas bottles
containing 30ppm ethanol together with differemaentrations of oxygen was used.

70

60 | ot

50
- _ — e —A
3] S ——
g_ —B
o C

0 T T T T T T

0 50 100 150 200 250 300
Time (sec)

Figure 11: Comparison of FID response measurenait$3 °C with gas bottles containing
different concentration of oxygen. The arrow poiis the actual concentration of C1 in the
ethanol gas.

A - 30ppm Ethanol (+ synthetic air (20% Oxygen))

B - 30ppm Ethanol + 6% Oxygen + 94% Nitrogen

C - 30ppm Ethanol + 12% Oxygen + 88% Nitrogen

No effect of FID response to different oxygen canie the ethanol could be observed.

3.2 Measurement of ethanol calibration gases in ga with different waiting time

The NEDC test cycle is 1180 sec, or almost 20 toing. As can be seen in the following
chapter where the vehicle tests have been presentet of the emissions are emitted at the
cold start phase of the test cycle. The bags alyzad after the finish of the test cycle. In
this part we wanted to see if the concentratiomgbd during the waiting time.

Experimental
The bag was filled with gas from the gas bottlefse A15 min the valve was opened and the
bag was analyzed for 150 sec before closing ov#ihee. This was repeated after 20 min and

after 25 min. At 25 min the rest of the gas pregethe bag was analyzed, and therefore the
valve was not closed after 150 sec. The resulta tros part are presented in Figure 12.
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Figure 12: The gas was analyzed after 15 min, 20and 25 min.

In Figure 12, it can be observed that the FID raspas so prolonged for the ethanol gas and
the measurement has not reached stabilizationtaidirst 150 seconds (at the 15 min
reading). After 20 min the curve almost reachekilstation. This is probably due to the
adsorption characteristic of ethanol, where thesmeament system (i.e. bags, tubing etc) has
been saturated in the first measurement.
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Figure 13: Results from measurement of ethanolgjiaskeags with different waiting time.

In the results presented in Figure 13, it appdaatthe concentration readings are higher the
more prolonged the waiting time. Taking Figure d@iaccount, it is clear that stabilization
was not reached (especially in the first readifigrd5 min). The conclusion is therefore that
the ethanol gas is not affected by the waiting timiéne bag.
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3.3 Measurement of ethanol calibration gases usirdijfferent types and individuals
of FID instruments

The FID has a low response for ethanol (see Tableus is this depending on the type and
individual of the FID? This was investigated instipart of the study. The different
laboratories participating in this project, exceptVTT, analyzed the gas bottles with
different FID:s, and the result from the analyzEthe gas bottle with 30ppm ethanol is
presented in Figure 14.

1,00

0,90 - 0,84

0,80 +—073 0,74 0.9 ik 0,76
S 0,70 + B AVL MTC Pierburg AMA4000
& 060 1 O AVL MTC Horiba FMA125
] 0.50 O AVL MTC Pierburg AMA4000
§ ’ B AVL MTC Pierburg PM2000
¢ 0401 mVvCce
2 0,30 B GMPT AVL i61

0,20 -

0,10 -

0,00 1

FID types

Figure 14: Comparison of FID analyzers and theaerse factor for ethanol. In this
comparison, the gas bottle with 30ppm ethanol vnasyaed.

The response factor varies between 0,73 to 0,8dthanol beween the different FID:s. In this
comparison the calibration gas inlet on the anatyneas used.
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4 Part 3: Vehicle tests

4.1 Experimental

The vehicle tests have been performed at threerdiif laboratories — AVL MTC, VCC and
VTT. At AVL MTC the effect of different ambient tgmeratures has been investigated. The
testing at VCC has investigated whether the ditudbexhausts (by using different venturies
in the CVS) is affecting the results. At the VCGtieg, GMPT has been assisting by
measuring alcohol emissions with their INNOVA Plaatoustic detector. The testing at VTT
has been performed at cold climate conditions.céanparison between the different test
laboratories, all test labs have performed test2atC.

Since the focus has been on ES85 testing, no tesithggasoline has been performed in this
project.

4.1.1  Test program

Test lab Temperature | Fuel Flo3vv rate HC Alcohols Aldehydes
(m~/min)
FID
AVL MTC +22C E85 9 Diluted: bag, | FTIR, MS, FTIR, DNPH-
CVS online Impinger cartridges
Raw: online
FID
AVL MTC +10C E85 9 Diluted: bag, | FTIR, MS, FTIR, DNPH-
CVS online Impinger cartridges
Raw: online
FID
AVL MTC 7T E75 9 Diluted: bag, | FTIR, MS, FTIR, DNPH-
CVS online Impinger cartridges
Raw: online
FID FTIR, MS,
Diluted: bag, | Innova FTIR, DNPH-
VCC (GMPT) | +22T E85 9 CVS online photoacoustic | cartridges
Raw: online detector
FID FTIR, MS,
Diluted: bag, | Innova FTIR, DNPH-
VCC (GMPT) | +22T E85 12 CVS online photoacoustic | cartridges
Raw: online detector
FID FTIR, MS,
Diluted: bag, Innova FTIR, DNPH-
VCC (GMPT) | +22T E85 15 CVS online photoacoustic | cartridges
Raw: online detector
FID FTIR, DNPH-
VTT +23C E85 Diluted: bag, | FTIR cartria s
CVS online 9
-7C wio FID FTIR, DNPH-
VTT E75 Diluted: bag, | FTIR S
blockheater . cartridges
CVS online
. FID
VT TCwith g Diluted: bag, | FTIR FTIR, DNPH-
blockheater . cartridges
CVS online
. FID
-15C with - FTIR, DNPH-
viT blockheater 2 | E7° Diluted: bag, | FTIR cartridges
CVS online

1) Blockheater used for 1 hour prior to testing.
2) Blockheater used for 2 hours prior to testing.
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At VTT, the testing at cold climate was performexdrbwithout and with engine block heater.
In the -7°C tests, when the engine block heateragéige for 1 hour, the temperature of the
engine was -3°C at the start of the tests. In1BEC tests, when the engine block heater was
active for 2 hours, the temperature of the engias ¥°C at the start of the tests.

41.2 Testvehicle

A Skoda Octavia FFV, certified to the Euro 4 enuasstandard, was used in the testing. The
road load curve for the vehicle was kindly suppligdthe vehicle manufacturer.

Table 7: Vehicle specification

Make Skoda

Model Octavia 1,6
Model year 2008
Emission standard Euro 4
Odometer (km) 9903

Inertia mass (kg) 1350
Displacement (cm3) 1595

Power (kW) 75

Gearbox M5

Fuel Gasoline / E85
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41.3 Test fuel

The vehicle was fuelled with E85 for the tests parfed above zero degrees, for the tests at

-7°C and -15°C E75 fuel was used. For E85 fuel ifipations, see Table 8.

Table 8: Fuel specification

Spec according to

Parameter Unit SS 155480 Result of fuel analysis
Density g/ml - 0,7855

Water content % wiw max 0,3 vol% 0,25 =0,15 vol%
pHe pH 6,5-9 6,7

Ethanol (see below) % wiw min 70 vol% 86,4 = 858680
Methanol % wiw max 1,0 vol% 0,3 =<0,1 vol%
Isobuthanol % wiw - 0,4

MTBE % wiw ethers max 5,2 vol% 2,2 = 2,3 vol%
Petrol % viv min 14 vol% 14,05

Ethanol:

Sulphur mg/kg max 10 mg/kg 0,78

C3-C8 mg/kg max 2,0 vol% 1782 = 0,2 vol%
Chlorides mg/l max 1 mg/l <0,1

Appearance - clear liquid -

* According to SS 155422 Petrol, MTBE and Isobutiaare counted as petrol components.
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4.1.4  Driving cycle

The vehicle was tested according to the legisItiZ®C test cycle, this test cycle is used for
emission certification of light duty vehicles infBpe. The first part of the cycle includes four
identical parts, representing the Urban Driving EY&JDC). The UDC can be further divided
into two parts, UDC1 and UDC2. This enables yolotk at cold start performance
compared to the warm engine. The UDC part is folldwy a part with higher speed, the
Extra Urban Driving Cycle (EUDC). The total lengihthe test cycle is 1180 s.

Before the start of the test cycle, the vehicle prsonditioned by driving an NEDC cycle
before soaked in a temperature-controlled ared,thetengine oil temperature did not differ
more than £2°C from the ambient temperature.
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0 200 400 600 800 1000 1200
time (s)
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Figure 15: The NEDC driving cycle.
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4.2 Test conditions — AVL MTC

4.2.1 Chassis dynamometer

The vehicle was tested on an electric
Clayton DC500 500mm double roller
chassis dynamometer. The dynamometer
settings were applied according to the
corresponding regulation 98/69/EC.

4.2.2  Exhaust sampling system

A Constant Volume Sampler (CVS) (Horiba
CVS-9300T) was used in the study. The
dilution tunnel (total length of 3150mm,
inner diameter 250mm) is connected to the
tailpipe. Cleaned and HEPA filtered test cell
air is introduced into the exhaust stream.
The dilution tunnel flow rate is controlled

by the use of a 9 #min critical venturi.

4.2.3  Emission measurement

The regulated emissions were measured
according to the test procedures
corresponding to the current emission
regulation (98/69/EC). A Horiba Mexa
9000 series (9400D) was used for CO, HC,
NOx and CQ analysis. The measurement
principles for the different components are
presented in Table 9. The diluted exhausts
were sampled in three bags for the
different parts of the NEDC test cycle
(UDC1, UDC2 and EUDC).

Figure 16: The test vehicle on the chassis
dynamometer.

Figure 17: Horiba MEXA measurement

system.
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Table 9: Measurement principles

Emission component Measurement principle

Total hydrocarbons (THC) FID (flame ionization d&te, detector temp 190°C)
Carbon monoxide (CO) NDIR (Non-dispersive infraeathlyzer)

Nitrogen oxides (NQ) CLA (Chemi-luminescence)

Carbon dioxide (CQ) NDIR (Non-dispersive infrared analyzer)

Fuel consumption (FC) Carbon balance of HC, CO@@¢

4.2.4  Online measurements of regulated components

The regulated emissions were also measured vialsanfppm the CVS. The same
instrumentation was used as for the bag measurement

4.2.5 Unregulated emissions
4.2.5.1 Ethanol

Ethanol was analyzed with FTIR, MS and by
the use of impingers. By using the FTIR and
MS one can get second-by-second analysis of
the ethanol emissions. The impingers collect
through the total cycle. The impinger
sampling system consists of two glass
impingers containing distilled water. After the
test, the distilled water (containing the
alcohol) is sent for analysis to an external
laboratory. No breakthrough was observed
between the two glass impingers.

The MS and impinger system samples from
the CVS tunnel.

The FTIR samples from the raw emissions.

4.2.5.2 Aldehydes
Aldehydes are formed in an oxidation reaction

of primary alcohols, such as methanol
(formaldehyde) and ethanol (acetaldehyde).

The aldehydes were analyzed with FTIR Figure 1¢ The FTIR, MS and Impinge

and DNPH (2,4-dinitrophenyl hydrazine)
cartridges. The FTIR gives second-by-
second emissions, and the aldehydes
sampled in the cartridges give a total value fertdst cycle.

measurement systems.
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Two DNPH cartridges in series were used
over each individual NEDC cycle, thus

the emissions are given as an integrated
value over the test cycle. After sampling,
the cartridges were stored in a freezer and
thereafter sent to an external analysis
laboratory. No breakthrough was
observed between the two cartridges.

The DNPH-cartridges samples diluted
exhausts emissions from the CVS tunnel.
The FTIR samples from the raw exhaust

emissions. _ _ .
Figure 1¢ Sampling of raw exhaust emissic

from the tailpipe.

T DNPH

cartridges

Figure 20: Aldehyde sampling system.

Figure 21: DNPH cartridges used for
aldehyde sampling, two in series.
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4.3 Test conditions — Volvo Car Corporation

4.3.1 Chassis dynamometer

At VCC the vehicle was tested on a 1220 mm MAHAEHEDM 48L 2WD chassis

dynamometer. The dynamometer settings were apatiedrding to the corresponding
regulation 98/69/EC.

4.3.2  Exhaust sampling system

A Constant Volume Sampler (CVS) (Horiba CVS 720E¥pivas used. Before the CVS, the
exhausts are mixed with dilution air through a logs mixing tee system. Four different
CFVs can be combined to achieve the wanted flowhigistudy three different flows were
used; 9, 12 and 15¥%min.

Figure 22: Horiba CVS- Figure 23: Critical flow venturi.
7200SLE sampling system.

4.3.3 Emission measurement

The regulated emissions were measured accordithg tiest procedures corresponding to the
current emission regulation (98/69/EC). A HoribaXd&200 SLE was used for CO, HC,

NOx and CQ analysis. The diluted exhausts were sampled inb&gs for the different parts
of the NEDC test cycle (UDC and EUDC).
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4.3.4  Online measurements of regulated components

The regulated emissions were also measured vialsanfipm tailpipe. The instrumentation
used for tailpipe analysis is a Horiba Mexa 7100 D.

4.3.5 Unregulated emissions

4.3.5.1 Ethanol

Ethanol was measured online with FTIR and MS. ThERAs an MKS, Multigas analyzer,

2030 model. The MS is a V&F Analystechnik, Airse2880 model. These instruments
sampled from tailpipe using heated lines.

Figure 24: The MS measures Figure 25: The FTIR measures ethanol
ethanol concentration online. and aldehydes concentrations online.

The ethanol content was also analyzed with an INRQB14 photoacoustic detector. This
instrument belongs to General Motors Powertrain f3@) and representatives from GMPT
were present at the testing at VCC.
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The INNOVA photoacoustic detector measures
ethanol concentration in bag emissions. After the
bag analysis was finished, the INNOVA was
connected to the bags (Figure 26) in the
following order: UDC (exhaust), EUDC
(exhaust), UDC (dilute), EUDC (dilute). The
ethanol concentration was measured for a
minimum of 3 sample points per bag.

Figure 26: Switch between bag analysis Figure 27: INNOVA 1314
and INNOVA. photoacoustic detector.

4.3.5.2 Aldehydes
VCC has a Horiba NMOG sample cart system for aldetsampling. A heated sample line is
used for sampling the diluted exhausts. For thepiagof ambient air, the line is not heated.

The number of cartridges makes it possible to diffate the emissions from different parts
of the test cycle. See Figure 28.

Figure 28: Horiba NMOG sample cart system (VCC).
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4.4 Test conditions — VTT
44.1 General
The testing at VTT was conducted using
European test method as a guideline, and all
equipment listed for regulated emissions testing
were fulfilling the requirements for Euro 4. In
principle, the laboratory has an official
accreditation to perform such testing (FINAS,
TOO1).
The testing was conducted in a climatic test cell,
where ambient temperature can be controlled
between +38C and -30C.
4.4.2  Chassis dynamometer Figure 2¢ The test vehicle on the chas

_ _ dynamometer.
The vehicle was tested on a chassis

dynamometer (FroudeConsine), single

roller with a diameter of 1,0 m. The
dynamometer settings were applied according to
the corresponding regulation 98/69/EC.

4.4.3 Exhaust sampling system

A Constant Volume Sampler (CVS) (Pierburg
12.5 WT) was used in the study.

4.4.4 Emission measurement

The regulated emissions were measured
according to the test procedures corresponding

to the Euro 4 emission regulation (98/69/EC). A

Pierburg AMA 2000 system was used for CO,

HC, NOy and CQ analysis. The diluted

exhausts were sampled in three bags for Figure 3¢ Pierburg AMA 200!
the different parts of the NEDC test cycle

measurement system.
(UDC1, UDC2 and EUDC).

! A new reference number shall be assigned starting 1.1.2010.
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4.45 Online measurements of regulated components

The regulated emissions were also measured viadnconis sampling from the CVS. For
analysis, the same instrumentation was used deddrag measurements.

4.4.6 Unregulated emissions
4.46.1 FTIR

The FTIR was a Gasmet CR2000,
sampling from raw exhausts
immediately after the exhaust tailpipe.
The FTIR was used to analyze ethanol
and aldehyde emissions.

4.4.6.2 DNPH cartridges sampling
(aldehydes)

A system for sampling diluted exhausts
with DNPH-cartridges was also used.

Two cartridges were used, separa-
tely for the UDC and EUDC parts,
respectively, of the NEDC test
cycle. After the tests, the cartridges were
analyzed for aldehydes by HPLC.

Figure 3:: Sampling from exhaust pipe, FT
and AMA.

Figure 32: The FTIR (left) and the DNPH
cartridges sampling system (right) at VTT.
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4.5 Test results

In this part of the project the focus is on emissiof concern for this study. The hydrocarbon
emissions, and unregulated emissions of alcohasaldehydes are presented here.
Emissions of CO, NQ CO, and fuel consumption is included in the Appendix.

The vehicle has been tested at three differensitest and to be able to compare the results it
is important that the vehicle has been treatetlérsime way during the testing. The vehicle
manufacturer provided the road load curve for teicle, which was used by all the test
sites. In figure 33, the fuel consumption at testformed at room temperature are shown,
and can be used for reason of comparison.

Please note that the scales can be different irdihgrams.

16,00
14,00 —
12,00 +—
10,00 +— @ VCC 9Im3
c ®VCC 12m3
X
S 8,00 + O VCC 15m3
2 OAVL MTC
6,00 |BvTT
4,00 +—
2,00 —
0,00
g/km g/km g/km
ubC EUDC Tot NEDC

Figure 33: Fuel consumption (in 1/100km) from tgs¢sformed at room temperature.
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45.1 Emissions of Hydrocarbons

Hydrocarbons are calculated using the density @gdnt) defined for the calculations of
HC in Euro 4 emissions standard. The hydrocarbomsn@asured by FID.

3,50
3,00 JE
1
2,50 1
£ 2,001 @ 20-30C
v
> 10T
Q
I 1,50 o-7C
1,00 1
0,50 | = —
0,00 : = : ;—i
upcl upC2 EUDC Tot NEDC

Figure 34: AVL MTC: HC emissions, effect of diffetteambient temperatures, presented for
each part of the NEDC and for total NEDC.

As can be seen in figure 34, the emissions of loattions are depending on the ambient
temperature. Almost all hydrocarbons are emittathduhe first part of the NEDC test cycle
(UDC1), the cold start.

0,16

0,14

—H

0,12

0,10

o9m3
0,08 | 12m3

s

0,04
- .
: I T 1 :

0,00
ubc EUDC Tot NEDC

HC g/km

0,06

Figure 35: VCC: HC emissions, effect of differeiitition ratios, presented for each part of
the NEDC and for total NEDC.

In the testing performed at VCC, different ventaneere used. This can be studied in

Figure 35. The emissions of hydrocarbons do nahgeebe dependent on dilution of the
exhausts.
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Figure 36: VTT: HC emissions, effect of differemilaient temperature and the use of block
heater. The emissions are presented for eachfpidue SIEDC and for total NEDC.

The testing at VTT in Finland included low temperattesting, with and without the use of
block heater. A similar pattern can be seen inMhe& testing as in the tests performed at
AVL MTC, emissions of hydrocarbons is very much eleglent on ambient temperature. The
absolute maximum is reached in the cold start p{idB€1) at -7°C. The use of block heater
at the same temperature lowers the emissions ignily.
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45.2  Alcohol emissions

Online emissions, measured by MS and FTIR, areepted in this first part. Comparisons are
made between different methods for measuring t@hal content in the emissions.
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Figure 37: Ethanol emissions, measured by MS (AVLOYl
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Figure 38: Ethanol emissions, measured by FTIR (AVLC).
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Figure 39: Ethanol emissions, measured by FTIR WTT

The ethanol emissions were measured online by MIS-aitR at AVL MTC, and FTIR at
VTT in Finland. The patterns are similar both bedwéhe instruments as well as between the
test sites. Almost all ethanol is emitted during $itarting phase of the test cycle.

The alcohol emissions are also (as well as thedrgadbon emissions discussed earlier)
temperature dependent, and tests performed atridvieat temperatures yields elevated
alcohol emissions. Tests performed at AVL MTC arkinNshows this temperature
dependency.

6,00

4,00 A

@ +20-30T

| -7T w/o blockheater
0O-7T w blockheater
0-15T w blockheater

Ethanol g/km
w
o
o

- .

UDC1 uDC2 EUDC Tot NEDC

Figure 40: Ethanol emissions in the different pdd®C and EUDC) of the NEDC cycle, and
total NEDC — different ambient temperatures. Ethaoacentration is measured with FTIR
(VTT).
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Ethanol emissions at -7C
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Figure 41: Ethanol emissions at -7°C, comparisdawéen measurements performed with
FTIR and MS. The different parts (UDC1, UDC2 and¥L) and total of the NEDC cycle
are presented (AVL MTC).

The ethanol emissions emitted in the differentgafithe NEDC cycle, measured with FTIR
and the MS at AVL MTC. The analyzing methods shogoad correlation, as can be studied
in Figure 41.

1200
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Figure 42: Ethanol emissions, comparison betweeamsorements performed with FTIR, MS
and the impinger sampling method (AVL MTC).

Figure 42 shows a comparison between differentnethemission measurements. The FTIR
and the MS instruments were used, and the exhaesésalso sampled in impingers. Since
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the impinger sampling (and further analyzed by HPisGhe only approved method this
should be considered to be the “reference methottiis comparison.

The correlation between the different methods iseqgood.
70
60
50
€ -
i‘; 40 o FTIR
E mMs
§ 30 + O INNOVA

20 +

HH

10 ==

9m3 12m3 15m3

Figure 43: Ethanol emissions measured at VCC. Cosp® are made between
measurements performed with FTIR and MS (by VC) thie INNOVA photoacoustic
detector (by GMPT). The tests were performed at Wit@ the help from representatives
from GMPT.

Figure 43 shows a comparison between the diffeshreinol emission measurements
performed at VCC, where different dilution ratiosn& studied. FTIR, MS and INNOVA
(Photoacoustic Sensor) is compared. Since the Rbotstic Sensor is the only approved
method among these, this should be considered tioeb@eference method” in this
comparison.
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Figure 44: Methanol emissions, measured by FTIRLAWTC).
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The methanol emissions are very low, and are n&gsare in this study. The emissions of
formaldehyde is however more interesting, evewoatlévels, because of its carcinogenic
properties.

4.5.3 Aldehyde emissions

The aldehyde emissions show the same pattern adctbieol emissions; almost all is emitted
at the cold start phase. It can also be seenhbatrhissions are very much dependent on
ambient temperature; low ambient temperature leadsuch higher levels of aldehyde
emissions. See Figure 46 and 47.

Tests at different temperatures were performedatly BVL MTC and VTT. Unfortunately,
the acetaldehyde emissions measured with the FTA¥k MTC were incorrect and will not
be presented in this report. This was due to actleéecalibration gas bottle, and the supplier
informed AVL MTC about this error after the testiwgs finished.
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Figure 46: Acetaldehyde emissions, measured by FVIR).
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Figure 47: Acetaldehyde emissions in the diffeparts (UDC1, UDC2 and EUDC) of the
NEDC cycle, and total NEDC - different ambient temgiures. Acetaldehyde concentration
is measured with FTIR (VTT).
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Figure 48: Formaldehyde emissions, measured by EAVR. MTC).

The emissions of formaldehyde are also temperakependent, as can be seen in figure 47.
For an ethanol fuelled vehicle, the levels of foleeayde are very low.
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Figure 49: Acetaldehyde emissions sampled with DMRHridges, different ambient
temperatures (AVL MTC).
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Figure 50: Acetaldehyde emissions, comparison Etvwmeeasurements performed with FTIR
and DNPH-cartridges sampling method (VTT).
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Figure 51: Acetaldehyde emissions, comparison lEtweeasurements performed with FTIR
and DNPH-cartridges sampling method (VCC).

In Figure 49 and 50, comparisons have been madesbatacetaldehyde emissions measured
by the FTIR and sampled by DNPH-cartridges. The BIMRrtridge sampling method should
be considered to be the reference method sinsafproved by the US EPA and California
ARB.
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4.5.4  Hydrocarbon emissions from flexible fuelled ehicles calculated according to
Euro 5

The Euro 4 and Euro 5 emission standards areriggtie flex-fuelled vehicles very
differently:

In Euro 4 the vehicle manufacturer performs the certificatiests using gasoline and no
requirements for flex fuelled vehicles are applieabhe density for HC used in Euro 4 is
0,619 g/dm.

In Euro 5 the vehicle manufacturer needs to perform thefipation tests using both fuels
for a flex-fuelled vehicle. For gasoline the HC siigyis 0,631 g/dr) for E85 the HC density
is 0,932 g/dm This leads to highly elevated HC emission lewelly due to the difference in
calculation.

In Figure 51, for the sake of comparison, the THdssions have been calculated with the
two different densities applicable in Euro 5.
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Figure 52: Comparison of THC emissions calculammbeding to Euro4 and Euro5.
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455 Calculations according to US regulations

In USA, both the federal EPA regulations and tigalations set up by CARB in California,
have included the hydrocarbon emissions in NMOGon Nlethane Organic Gases. The US
regulations are presented in the literature stakgpter 2.1.2. In this part, the emissions have
been calculated according to the US regulationardigg NMOG. Please note that the
vehicle used in this study is certified accordiagite Euro 4 emission standard.

The NMOG comprises of:

NMOG =SNMHC + SROH +SRHO

The FID have measured hydrocarbons, alcohols atehwgtles during the test. The alcohols
and aldehydes have also been measured separdtelynpingers and DNPH-cartridges,
respectively. The FID measurement is correctedhi®methane and alcohol part of the
emissions:

NMHC = |:|DTHC - (rCH4 X CH4) - (rC2H5OHX 2 X CzH5OH)
where,
rp THC is the THC measured by FID in ppm C.

I'cha, fconson are the FID response factor for £&hd GHsOH respectively. The response
factor for methane has not been investigated smghidy. For reason of comparison, the
response factors used for these calculations ame &rsample calculation of a M85 vehicle in
“California Non-Methane Organic Gas Test Procedures

rcna= 1,04

I'chson= 0,66

According to the response factor study in this refbe response factor for ethanol is
between 0,5-0,7.

To calculate the NMOG the oxygenated hydrocarboedtereafter added back. The
densities used in the calculation are from the éfftilations. The NMOG emissions are
presented in grams per mile.

NMOG = {[NMHCCOHC* NMHCdeng + [CZHSOHCOHC* CZHSOHden; + [CH3CHOC()nC*
CH3CHOden; + [HCHOconc* HCHOden;} * 10 6 * VM|X / mlleS
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Figure 53: Comparison of NMOG emissions at diff¢i@mbient temperatures (AVL MTC).

When the vehicle test is performed using the FT@#bng cycle, the emissions are weighed
for the different parts of the test cycle. This ce be applied to the NEDC test cycle used in
this study. It is therefore not possible to compgheeNMOG results with the US emission
standards.

The general principle is however interesting whemparing the US and EU regulations. In
the US the alcohol part is treated separately pgrsge sampling, measurement and
calculation. The alcohol measured by the FID is &d&en into consideration, when
subtracting the alcohol emissions with its respectesponse factor.
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5 DISCUSSION AND CONCLUSIONS

When alcohols are used as blending componentsswliga, uncombusted alcohols from the
fuel are emitted in the exhaust in various amourtere is therefore a risk that the FID
reading is overestimated, leading to estimatesypdrocarbon” emissions from flexible
fuelled vehicles to be higher than they really diebe able to make a valid comparison of
hydrocarbon emissions from gasoline and flexibkdléd vehicles, the hydrocarbons and
alcohols should be detected separately.

The emissions from alcohol fuelled vehicles arated very differently in different countries
and regulations. The US has specifications onlyiegpo alcohol fuelled vehicles; such as
FID oven temperature, establishment of respongeracsampling procedures for alcohols
and aldehydes etc. This is also taken into acoetieh calculating the total emissions, where
the emissions of alcohols and aldehydes are indlsdparately.

In the European regulation all “hydrocarbons” (#i®r also including alcohols which are not,
per definition, a hydrocarbon) are measured wighRID. There are however different
densities for hydrocarbons depending on which tffeel used in the testing.

In the Brazilian regulation, the vehicle manufaetunas the possibility to sample alcohols
separately in the same way as in the US regulation.

It is a known fact that the FID has a low respadiesexygenated compounds, such as
alcohols. The FID response to ethanol is also sk due to the adsorption of ethanol in the
measurement system. This was further investigaitéitis study.

In the US regulations, this discrepancy is adjusitedugh measurement, and establishment,
of FID response factors for alcohols and aldehyidbese FID response factors are used in
the test result calculations. In the European e, no special adjustments are performed
regarding this.

In the European Euro 5 emission standard a diftetensity will be applied in the
calculations of hydrocarbons, when the test isgueréd on E85 fuel. The higher density is
used since the ethanol molecule also contains oxglgesides carbon and hydrogen). This
change in the calculation will automatically leadan almost 50% increase of calculated
“hydrocarbon” emissions. The combination of high#d reading (due to uncombusted
alcohol from the fuel) and the higher density ukedalculation will make it more difficult
for ethanol fuelled vehicles to comply with the && emission standard. This will be even
more difficult when low ambient temperature (Typdest is added for E85.
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Appendix

AVL MTC:
The averaged test results are based on threaatdbis same temperature.
The results are presented for each part of the NE@h gives a good picture of the

difference between emissions emitted from a coffiren(UDC1 phase) compared to a warm
engine.

Emissions of CO, NO x, CO,, and fuel consumption:

@ 22T
@ 10T
o-7C

CO g/km

UDC1 ubCc2 EUDC Tot NEDC

Figure Al: CO emissions, presented for each patieoNEDC and for total NEDC.

@ 22T
@ 10T
o-7C

NOx g/km

UDC1 ubC2 EUDC Tot NEDC

Figure A2: NQ emissions, presented for each part of the NEDCfamidtal NEDC.
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350,0
300,0
250,0

£ 200,0 @ 22T

E’ @ 10T

8 1500 o-7C
100,0
50,0
0,0

UDC1 ubc2 EUDC Tot NEDC
Figure A3: CQ emissions, presented for each part of the NEDCfamidtal NEDC.

25,00
20,00

E 15,00 @ 22T

é @ 10T

s 10,00 o-7C
5,00
0,00

UDC1 ubc2 EUDC Tot NEDC

Figure A4: Fuel consumption, presented for eachqfahe NEDC and for total NEDC.
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VCC:

The averaged test results are based on two testerfturi setting 9 and 153nand one test

for 12 nf.

Emissions of CO, NO , CO,, and fuel consumption:

CO g/km

ubpc EUDC Tot NEDC

o9m3
| 12m3
0 15m3

Figure A5: CO emissions, presented for each patieoNEDC and for total NEDC.

0,14

0,12

0,10

0,08

NOx g/km

0,06

0,04

0,02

0,00

ubpc EUDC Tot NEDC

o9m3
= 12m3
0 15m3

Figure A6: NQ emissions, presented for each part of the NEDCfamidtal NEDC.
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300,0
250,0
200,0
E o9Im3
E’ 150,0 B 12m3
8 015m3
100,0
50,0
0,0
ubpc EUDC Tot NEDC
Figure A7: CQ emissions, presented for each part of the NEDCfamidbtal NEDC.
E o9m3
§ | 12m3
3 O 15m3
ubc EUDC Tot NEDC

Figure A8: Fuel consumption, presented for eachqfahe NEDC and for total NEDC.
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VTT:
The averaged test results are based on two téststhe temperature setting.

Emissions of CO, NO , CO,, and fuel consumption:

@ 23T

@ -7Tw /o blockheater
O-7Cw blockheater
O-15Cw blockheater

CO g/km

UDC1 ubc2 EUDC Tot NEDC

Figure A9: CO emissions, presented for each patieoNEDC and for total NEDC.

@ 23T

B -7Tw /o blockheater
O-7Cw blockheater
O-15Cw blockheater

NOx g/km

UDC1 ubc2 EUDC Tot NEDC

Figure A10: NQ emissions, presented for each part of the NEDCfaribtal NEDC.

62



METEV
Measurement Technologies for Ethanol Fuelled Vehicles

63

300,0

250,0

200,0

150,0

CO2 g/km

100,0

50,0

0,0

UDC1

@23T

B -7Tw/o blockheater
O-7Cw blockheater
O-15Cw blockheater

ubc2 EUDC Tot NEDC

Figure A11l: CQemissions, presented for each part of the NEDCfamnibtal NEDC.

FC 1/100km

UDC1

@23C

B -7Tw/o blockheater
O-7Cw blockheater
O-15Cw blockheater

ubC2 EUDC Tot NEDC

Figure A12: Fuel consumption, presented for eachgfahe NEDC and for total NEDC.
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