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ABSTRACT

Ethanol, at low concentrations in motor gasoline, is known to impact both the fuel
consumption and emissions from vehicles. Because ethanol has a lower energy
content per litre compared to conventional hydrocarbon gasoline, a vehicle’s
volumetric fuel consumption generally increases when running on ethanol/gasoline
blends. In principle, factors such as the higher octane number and high latent heat
of vaporisation for ethanol could allow better engine efficiency which could mitigate
this effect to some extent. The degree to which modern vehicles can compensate
for the lower energy content of ethanol compared to conventional gasoline is not
reliably known, however. This is an important question because it impacts the
interpretation of Well-to-Wheels results for biofuel blends used in conventional
vehicles. For this reason, an assessment of published literature up to 2006 was
completed in order to evaluate the impact of ethanol content on fuel consumption.

The scope of this literature assessment was on the use of low-level ethanol/gasoline
blends, specifically 5% (E5) and 10% (E10) v/v ethanol in gasoline. These blends
are the most common ethanol levels in Europe today and have been formalised in
the CEN EN 228 standard for motor gasoline. This literature review did not evaluate
the impact of other oxygenate types that are also allowed in the EN 228 standard.

Although many publications were evaluated, the number of studies containing
relevant data was limited primarily because the experimental variability in fuel
consumption results was relatively large. From this analysis, the following
conclusions could be made from the evaluated publications:

e There is a relatively high incidence of incorrectly derived fuel consumption
data, usually resulting in an underestimate of the increase in fuel consumption
from ethanol-containing gasolines.

e For some studies on gasoline blends containing up to E20, the increase in
mass fuel consumption (FC) was typically only about 50% of the expected
value, based on simply the loss in calorific value from ethanol addition. In the
most extreme case, fuels with almost identical energy contents showed a fuel
consumption difference of more than 4%, although for the majority of vehicles,
the difference was generally less than 2%. For the largest data set (7 vehicles
using up to 10 test fuels), the overall trend showed a 3.97% increase in fuel
consumption with a 3.4% reduction in fuel energy content.

e Itis not clear that this variation in FC results was related to variations in fuel
parameters other than the ethanol content. Rather, it is assumed that the
variability in FC was primarily a consequence of experimental variation and
poorly controlled test procedures. The variability found in these published
studies limits the firm conclusions that can be drawn about the influence of low
levels of ethanol on vehicle fuel consumption.

These conclusions suggested that a more definitive vehicle study was warranted to
determine whether modern vehicles can or cannot compensate for the lower energy
content of ethanol-containing gasoline through better engine efficiency. Such a study
has now been completed by the JEC* Consortium and is reported elsewhere [5].

1 Three organisations comprise the JEC Consortium: the Joint Research Centre (JRC) of the European
Commission, the European Council for Automotive R&D (EUCAR), and CONCAWE
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SUMMARY

Ethanol, at low concentrations in motor gasoline, is known to impact both the fuel
consumption and emissions from vehicles. Because ethanol has a lower energy
content per litre compared to conventional hydrocarbon gasoline, volumetric fuel
consumption (FC) generally increases when running on ethanol/gasoline blends. In
principle, factors such as the higher octane number and high latent heat of ethanol
could allow better engine efficiency, which could also mitigate this effect to some
extent. The degree to which modern vehicles can compensate for the lower energy
content of ethanol is not reliably known, however. This is an important question
because it impacts the interpretation of Well-to-Wheels results for biofuel blends and
conventional vehicles. For this reason, an assessment of published literature up to
2006 was completed in order to evaluate the impact of ethanol content in gasoline
on FC.

The scope of this assessment was on the use of low-level ethanol/gasoline blends,
specifically 5% (E5) and 10% (E10) v/v ethanol in gasoline. These blends are the
most common ethanol levels in Europe today and have been formalised in the CEN
EN 228 standard for motor gasoline. This literature review did not evaluate the
impact of other oxygenate types that are also allowed in the EN 228 standard.

A literature review, completed on references up to 20062, identified approximately
25 studies for more detailed analysis that were considered to be most relevant on
the impact of ethanol in gasoline on vehicle FC. Although some studies included
information on much higher ethanol concentrations, such as E85 and E95, vehicle
modifications would be required at these ethanol contents and the impact of FC
alone could be confounded by hardware changes. For this reason, this literature
assessment is limited to low-level ethanol blends in motor gasoline.

Although many studies were evaluated, the final set of relevant data was very
limited. It was also evident from the available data that the degree of variability in FC
results was relatively large. Thus non-ethanol data sets were also examined to
evaluate the variability in FC that can typically be expected from vehicle testing
programmes.

From the analysis of the available literature data, the following conclusions could be
made:

e There is a relatively high incidence of incorrectly derived FC data, usually
resulting in an underestimate of the FC from ethanol-containing gasolines. In
some cases, this was due to the use of an unadjusted carbon weight fraction in
the carbon-balance equation. In other cases, the gasoline equation from the US
Environmental Protection Agency (EPA) was used that attempts to correct for
differences in fuel calorific value.

e For some studies on gasoline blends containing up to 20% v/v ethanol (E20), the
measured increase in mass FC was typically only about 50% of the expected
value, based on simply the loss in calorific value when a certain volume of
ethanol was added. For example, with an E10 blend, a 2% mass FC increase
was measured compared to the 4% mass FC that was expected.

2 This literature review was completed several years ago in order to complement the development of
specifications for low-level ethanol/gasoline blends that were in progress at the time.
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¢ In the most extreme case, fuels with almost identical energy contents showed a
fuel consumption difference of more than 4%, although for the majority of
vehicles, the difference was generally less than 2%.

e For the largest data set (7 vehicles using up to 10 test fuels), the overall trend
showed a 3.97% increase in fuel consumption with a 3.4% reduction in fuel
energy content. However, the evaluation of individual vehicles with more limited
fuel sets could lead to very different conclusions.

e Itis not clear that this variation in FC results could be related to variations in fuel
parameters other than the ethanol content. Rather, it is assumed at this point
that the observed variability in FC was a consequence of experimental variation
and poorly controlled test procedures.

e The variability found in these studies limits the conclusions that can be drawn
about the impact of low levels of ethanol content on vehicle FC.

These conclusions suggested that a more definitive vehicle study was warranted to
determine whether modern vehicles can or cannot compensate for the lower energy
content of ethanol-containing gasoline through better engine efficiency. Such a study
has now been completed by the JEC Consortium and is reported elsewhere [5].
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1. INTRODUCTION

In 2005, CONCAWE's Gasoline Task Force (FE/STF-20) agreed to evaluate the
effect of ethanol in gasoline on fuel consumption (FC) and regulated exhaust
emissions. The primary focus of this evaluation was on FC, because this information
was needed as an input to the JEC Consortium’'s work on the Well-to-Wheels
(WTW) analysis of current and future fuels and powertrains [1].

This evaluation began by assessing literature published before 2006 covering these
topics. A comprehensive literature search was completed from scientific databases
and about 25 papers, considered to be the more relevant publications, were
selected for more detailed assessment.

The scope of this assessment was on the use of low-level ethanol/gasoline blends,
mostly 5% v/v (E5) and 10% v/v (E10) ethanol in gasoline. These blends were
selected because they were considered at the time to be the most relevant blends
for broad market gasoline use in Europe over the coming decade. Some papers
included information on higher ethanol concentrations, including E85 (or E95 in one
case) but, at these ethanol concentrations, flexi-fuel vehicle (FFV) modifications
were required such that fuel effects could be confounded with hardware effects.

Even from this relatively small number of literature reports, the relevant data on FC
effects was very limited and additional sources of data were sought. Useful data
became available at about the same time from another JEC Consortium study on
evaporative emissions [3], which evaluated vapour pressure changes due to
ethanol. From this study, it was also evident that the variability in FC results was
relatively large. For this reason, non-ethanol data sets were also examined to
evaluate the variability in FC results that could not be due to ethanol effects.

This report describes the conclusions from published studies through to 2006 that
were selected for further evaluation and summarises the overall effect of ethanol
content on FC.
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2.1

2.2.

THEORETICAL EFFECTS

INTRODUCTION

The physical and chemical properties of ethanol differ substantially from those of
refinery derived gasoline and give rise to several different ways in which the
measured FC of a gasoline engine could be affected. The main influences of ethanol
compared to fossil gasoline are:

e A lower energy content (Lower Heating Value (LHV)) of ethanol, requiring a
greater mass of fuel to be combusted compared to gasoline in order to release
an equivalent amount of energy.

e Higher density of ethanol, requiring a smaller volume of fuel for a given mass of
fuel. This density effect is relatively small so the energy content per litre of
ethanol is also lower than for conventional gasoline.

e Lower carbon weight fraction and a higher oxygen content in ethanol/gasoline
blends, reducing the mass of air required to combust a given mass of fuel. These
factors may change the effective mixture strength in the combustion chamber,
and thus change the combustion efficiency of the engine.

e Higher octane value of ethanol may allow the engine to operate under more
optimised ignition timing at higher engine loads (if these are encountered during
the driving cycle), leading to higher combustion efficiency.

e The combination of heating value and stoichiometry also affects the airflow
requirements at a given power output. This will impact the throttle setting which
has a strong influence on the overall efficiency of the engine.

e The high latent heat of vaporisation of ethanol can potentially provide a high
level of charge air cooling, increasing the air density and thus increasing the
mass of fuel in the engine cylinder. This may also impact the throttle setting, as
mentioned above.

e The volume of fuel in the cylinder depends on its mass and density. The mass of
ethanol will be higher due to the lower LHV and the density (as a gas) will be
lower due to ethanol's relatively low molecular weight (compared to gasoline).
The greater the volume occupied by the fuel, the lower the volume available for
air, and thus the need to reduce the throttling in order to maintain the air flow.

o Different volatility characteristics (and a higher latent heat of vaporisation) for
ethanol/gasoline blends leading to changes in fuel-air mixing and combustion
characteristics.

e Chemical kinetic effects of ethanol reaction products on the laminar flame speed
and thus the combustion efficiency.

The objective of this literature review then was to assess the relative importance of
these potential factors in conventional vehicles operating on low-level
ethanol/gasoline blends.

TYPICAL PROPERTIES

Some typical properties for gasoline and ethanol are compared in Table 1,
excluding volatility-related properties. The influence of ethanol content on volatility
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and vapour pressure are not trivial, however, and have been considered in detalil

elsewhere [2].

Table 1 Key physical properties of gasoline (Unleaded Gasoline 95RON) and ethanol
0 0
Unleaded % change | % change
: from from
Parameter Gasoline Ethanol :
gasoline to | ethanol to
(95RON) X
ethanol gasoline
Density (kg/litre) 0.745 0.794 6.6% -6.2%
Research Octane Number (RON) 95 >100 == ==
Lower Heating Value (MJ/kg) 43.2 26.8 -38.0% 61.2%
Lower Heating Value (MJ/litre) 32.2 21.3 -33.9% 51.2%
Carbon weight fraction 0.864 0.522 == ==
Hydrogen weight fraction 0.136 0.130 == ==
Oxygen weight fraction 0.0 0.348 == ==
Stoichiometric Air-Fuel (A/F) ratio 14.57 8.94 -38.6% 63.0%
(AFR)
Carbon emissions (gCO2/MJ) 73.3 71.4 -2.6% 2.7%
Mean Molecular Weight 88.6 46.1 == ==
Latent Heat of vaporisation (MJ/kg) 306 855 == ==

Based on the properties in Table 1, it can be seen that going from a typical
hydrocarbon-only gasoline to pure ethanol would require 61% higher mass fuel flow
(or 51% higher volume fuel flow) to provide the same fuel energy content. Thus, if
there were no change in the overall thermal efficiency of the engine due to the fuel
change, this difference would substantially impact the fuel consumption (FC) of the
vehicle.

Because fuel is purchased by the litre, the volumetric FC change is more relevant to
consumers, although the handling of mass FC data removes one additional
processing step. For example, based only on the lower energy content of ethanol
compared to gasoline:

e For a 10% v/v ethanol/gasoline blend (commonly called ‘E10’), the volumetric
FC should increase by 3.5% and the mass FC should increase by 4.2%.

e  For a 5% v/v ethanol/gasoline blend (commonly called ‘E5’), the volumetric FC
should increase by 1.7% and the mass FC should increase by 2.1%.

This apparent non-linearity in the % FC increase is because the energy content of
the ethanol/gasoline blend is taken as the denominator for the calculation and
becomes a smaller number as the ethanol fraction increases. The response is
shown in Figure 1 on a volumetric basis and in Figure 2 on a mass basis.
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Figure 1 Relative benefit in volumetric calorific value for hydrocarbon-only gasoline
compared to ethanol/gasoline blends
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Figure 2 Relative benefit in mass calorific value for hydrocarbon-only gasoline
compared to ethanol/gasoline blends
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Figure 3
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Although the FC is higher for ethanol/gasoline blends, the total carbon emissions
per unit of energy (g/MJ basis) are slightly lower for ethanol. This is because the
C/H ratio for ethanol is lower than that for conventional gasoline. The tailpipe carbon
dioxide (CO2) emissions are directly related to the total carbon emissions, except for
a very small effect due to changes in carbon monoxide (CO) and hydrocarbon (HC)
emissions. For 100% ethanol then, it is estimated that the CO2 emissions will be
2.6% lower than for hydrocarbon-only gasoline, assuming that the same energy
efficiency is maintained by the engine. For E10, the CO2 emissions will be 0.18%
lower, while for E5, the CO2z emissions will be 0.09% lower, as shown in Figure 3.

Relative reduction in CO2z emissions for ethanol blends compared to
hydrocarbon-only gasoline

Properties of Ethanol Blend Fractions
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2.3. THEORETICAL EFFECTS OF LATENT HEAT AND THROTTLING
Properties of ethanol
Gasoline, ethanol and air have the following typical properties:
Table 2 Key properties of gasoline (Unleaded Gasoline 95RON), ethanol, and air
Gasoline Ethanol Air
Hc lower heating value (MJ/kg) 43.2 26.8
A/F stoichiometric air/fuel ratio (AFR) 14.57 8.94
hvap vaporization latent heat (kJ/kg) 306 (1) 855 (1)
Cp specific heat at constant pressure (kJ/kg-K) 2.05 (2) 2.47 1.004
M molecular mass (g/mol) 88.6 46.1 28.97

(1)
(2)

From Bromberg, Cohn and Heywood 2006 [6]
Calculated for a typical gasoline
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2.3.1.

The effect of airflow and throttling

In stoichiometric Port Fuel Injected (PFI) and Direct Injection (DI) gasoline engines,
engine power is controlled by the amount of fuel/air mixture that is allowed into the
engine. By altering the position of the throttle valve, more or less air is allowed into
the engine and the appropriate amount of fuel is injected downstream, either in the
intake port or the cylinder. Since the throttle acts as a restriction to air flow, some
energy is lost as the air passes through the throttle, and this loss is greatest when
the throttle is at smaller opening positions, i.e. at lower engine loads.

Any change that increases the amount of intake gas needed to produce a given
power will require a wider throttle opening to allow the higher volume through; this
would directionally improve the efficiency of the engine. Such changes could, of
course, affect engine operation in other ways as well, so this is just one factor to
consider. As an example, the use of Exhaust Gas Recirculation (EGR) increases the
mass of intake gas needed to deliver a given mass of fuel into the engine. For our
present purpose, the presence of ethanol in the fuel will affect the air/fuel ratio for
stoichiometry and the potential impact of this effect is discussed in this section.

By definition:
N=nm, H, @

Where:

. N is power (Watts)
. n is thermal efficiency

. m, is mass flow of fuel (kg/s) and
. Hc. is the Lower Heating Value of the fuel (J/kg).

Therefore:

N
nH.
For a stoichiometric engine, by definition:

.= A ®)

Where ma is the mass flow of air and A/F is the stoichiometric air-fuel ratio (AFR).

m; 2

Thus, for a given power N, the following values are obtained:

Gasoline Ethanol
kw
m, fuel mass flow (kg s™) 2.31x107 M 3.73x10°° M
1 gas Meton
_ kW kw
m, air mass flow (kg s) 33.7x107° M 33.4x107 —( )
Mgas Teron

With these properties of gasoline and ethanol, there is no significant difference in
the air mass flow for both cases, assuming the thermal efficiency is unchanged.



@@[ﬁ]@@W@ report no. 13/13

2.3.2.

Thus, with this small change in airflow, throttling should have no significant effect on
cycle efficiency.

Effect of latent heat of vaporisation (1)

When using ethanol, the amount of fuel injected and the latent heat of vaporisation
are greater. Thus, the final temperature at the end of the intake stroke should be
lower. This, in turn, decreases the tendency for engine knock at the end of the
compression stroke. Therefore, if the engine is able to adapt its ignition timing, the
spark may be advanced for ethanol fuel compared to gasoline. This change may
increase the mean effective pressure and, in turn, increase the engine efficiency.

In order to obtain a rough approximation of this effect, the temperature at the end of

the intake stroke can be calculated. By definition, the amount of heat needed to
evaporate the fuel is given by:

Q=m, h, (4)

Thus, for a given power output, N, the following values are obtained:

Gasoline Ethanol

Q Heat absorbed in vaporization 7.08x107° M 31.90%x10°2 N (kW)

(kJ/s) 17 gas T eton

This means that, for equal engine efficiencies, the amount of heat needed to
evaporate ethanol is 350% greater than that required to evaporate gasoline.

Assuming that the heat is removed from the mixture of fuel and intake air at constant
pressure, this heat equals:

Q=m, c, AT +m, c,, AT ()

Therefore:

aT=— @ ©)
mf Cpf +ma Cpa

Substituting the heat absorbed in the vaporization process:
mf hvap

AT =— : @)
Mg C +mM, C,

Finally:

hvap
AT = 8)

Cor + % Cpa

Substituting numbers into this equation gives the following values:

Gasoline Ethanol

| Temperature difference (°C) 18.3 74.7
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2.3.3.

As was pointed out earlier, this latent heat effect for ethanol reduces the combustion
temperature and the tendency of the engine to knock. Therefore, if the engine is
able to adapt to the new fuel blend, it can also advance the spark timing in order to
take advantage of this cooling effect.

The effect of latent heat (2)

In addition to increasing the efficiency of the engine in some cases (through
adaptive spark timing), the extra charge cooling provided by ethanol evaporation, in
theory, allows the engine to reach a higher peak power. The following paragraphs
offer an explanation of this effect.

On one side, for equal efficiencies, the power of the engine is proportional to the
product (r’hf xHC). On the other side, for a given engine at a given intake

pressure, the maximum amount of air/fuel mixture that can fit inside a cylinder is a
consequence of the complete filling of the cylinder, that is, when the engine is
charged with the maximum amount of mixture, it is not possible to push more inside.

To a first order approximation, this maximum is given by the final pressure reached
at the end of the intake stroke. That is, when the pressure inside the cylinder equals
the pressure inside the intake manifold (atmospheric pressure or turbocharger
pressure), the air mass flow will stop.

If we assume that the mixture is an ideal gas, then:

m
pvanngRT:ma +—f}RT ©

a f

Where:

p is pressure

Vis volume

n is the number of moles of gas (air + fuel)
R is the universal gas constant

T is the temperature

m is the mass (ma air or ms fuel)

M is molecular mass (Ma air or Mt fuel).

If the engine operates with a stoichiometric mixture, then:

M o1
V=m/|l+—+—|RT 10
p f M. M (10)

f

Thus, the mass of fuel charged inside the cylinder (my) is:
pVv

B 1
RT
!
Ma Mf

m; 11)

Where:
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. p is pressure
. V is the volume of the cylinder and
. T is the temperature at the end of the intake stroke.

Up to this point, we have been working with mass flows. However, to apply the ideal
gas equation, we also need the mass. This may be done using the following
relationship:

m
m=—— (12)
we
Where:
. m is the mass charged inside one cylinder
o m is the mass flow entering the engine
. w is the engine speed (in rev/second) and
. e is the number of admission strokes per revolution of the engine (for a four-

stroke engine, this is the number of cylinders divided by two).

Substituting in the general equation:

_— 1 pVawe (13)
f
P | B
M a M f
And multiplying by (77 Hc), one obtains:
N = 1 pVawe nH. (14)
»y 1 RT
VE, 1
M, M;

Where the temperature, T, which appears in the equation represents the
temperature at the end of the admission stroke.

If we call 6 the temperature of the air in the intake manifold, then the temperature, T,
at the end of the admission stroke, allowing for fuel evaporation, is given by:

Gasoline Ethanol

T temperature at the end of the
admission stroke (in K)

©-183 0-747

Substituting values into this equation, we obtain:

For gasoline:

N

Ngas PV @€
R

And for ethanol:

1

(9(K)-18.3) 4o

—84.01(kJ mol )
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N 1
——=81.14 (kJ mol’l)— (16)
Neon PV @E (Q(K)_ 74'7)
R
Assuming equal efficiencies for gasoline and ethanol, the power represented by the
N
factor ————— is then given in the following graph (Figure 4):
npVeoe
R
Figure 4 Power factors due to the charge cooling effect of ethanol compared to

gasoline at different intake temperatures
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As can be seen in this graph, the charge cooling effect achieved during the
vaporization of the fuel increases the density of the mixture and allows extra
charging of the cylinder. This is the case even though ethanol has a LHV
approximately 39% lower than that of gasoline and requires 3.5% more mixture
mass flow for a given power.

2.4. EPA FUEL CONSUMPTION CORRECTION

In light-duty emissions testing, the FC is normally calculated by the Carbon Balance
method, using the measured carbon emissions during the test cycle. More details on
this are given in Appendix 2. For gasoline vehicles, the EPA version of this
equation contains an empirical energy correction formulation with an R-factor of 0.6.
This effectively means that only 60% of any increase (or decrease) in calorific value
is reflected in the change in fuel consumption. The background to the development
of this empirical relationship does not appear to be referenced by the EPA FC
equation, however the outcome is still of interest because it implies that vehicles on
which this equation was based did not observe a 1:1 relationship between fuel
energy content and fuel economy.

10
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3.1

3.2.

LITERATURE ASSESSMENT

A list of the 29 published studies up to 2006 that were assessed for this report is
given in Appendix 1. One of these reports is the JEC study of ethanol effects on
evaporative emissions [3] and is covered in more detail in Appendix 3. From the
remaining 28 studies, reliable information on the effect of ethanol on fuel
consumption was obtained from just 16 studies for the reasons described in
Appendix 1.

INFORMATION ON FUEL CONSUMPTION

Appendix 1 summarises the findings of the studies that provided FC information on
low-level ethanol/gasoline blends and shows which data were considered useful for
further analysis.

Based on our assessment of these publications, there is not in general a clear
picture of the effect of ethanol content on the measured FC. In many cases where
more than one vehicle was tested, the results show significant vehicle-to-vehicle
variation. For example, reference [A19] (see Appendix 1) shows that the change in
volumetric fuel economy (which is the inverse of FC) from the use of E10 varied
between a 12.4% increase and a 17.8% decrease. Efficiency changes of this
magnitude between vehicles seems unlikely, even if stoichiometry, octane and
volatility effects were combined in some manner. Based on the analysis in Section
2 we would expect a 5% decrease in volumetric fuel economy. For this reason, the
large variation in results suggests that there were problems with the experimental
procedure or measurements.

In other studies, the comparison between different fuels does not appear to be on a
fair basis. For example, in reference [A1l5], the gear ratios of an E85 flexi-fuel
vehicle were changed to reduce the engine speed by about 10%. In reference [A21],
results obtained on different fuels were compared between a conventional vehicle
having a single port injected (SPI) engine and a modified vehicle using multiport
injection (MPI) and an improved engine control system running on E95. However,
the effect of these high ethanol concentrations in dedicated vehicles is not the main
interest of this study.

FINAL FUEL CONSUMPTION DATA

From the published literature evaluated in Section 3.1, only a small number of
studies provided reliable FC data and some of these required recalculation due to
inconsistencies between the regulated emissions and the calculated FC data. The
resulting data are summarised in Table 3 in terms of the measured increase in mass
FC. Also included in this table is the associated decrease in mass Lower Calorific
Value (LCV)™.

In about half of the studies, the mass calorific value is provided, although in one
case the data are unrealistic (reference [A21]). The final column gives an estimated
LCV decrease for the particular fuel blend, which is based on the typical gasoline
and ethanol data given in Section 2, Table 1. This is used as a simple check on the
LCV data provided in the literature studies.

1 Lower Calorific Value (LCV) is an alternative name for the Lower Heating Value (LHV)
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Table 3 Fuel consumption data from published literature studies
Average Mass LCV Mass LCV
Reference Description Fuel Blend reported decrease decrease
(App 1) P mass FC |reported in the | estimated from
increase study Section 2.0
A5 Newer vehicles E20 +4.8% - 8.05% - 8.0%
A5 Older vehicles E20 + 3.5% - 8.05% - 8.0%
Al4 Full load conditions E85 +29% -27.2% - 32.6%
Al4 Steady state road E85 +32% -27.2% -32.6%
conditions
Al4 FTP a?gs?slghway E85 + 46% -27.2% -32.6%
The reported
data gave
- - 0,
A21 16,000 Iém of on-road E95 +37.7% 41.6%, but -36.2%
riving the gasoline
value was
incorrect
A25 NEDC E5 +0.99% Result not - 2.0%
reported
A26 Hot start (real world) E10 +1.24% Result not - 4.0%
cycles reported
A27 NEDC E5 +0.18% Result not -2.0%
reported
A27 NEDC E10 +2.19% Result not - 4.0%
reported
A28 FTP E10 +3.7% -4.4% -4.0%

12

The measured mass FC increase data from Table 3 have been plotted against the
expected mass FC increase, and the results are shown in Figure 5. The expected
mass FC increase is derived from the reduction in mass LCV, assuming no change
in the thermal efficiency of the engine. Except for the results from reference [A21],
the published mass LCV data have been used. For this reference, and all cases
where LCV data were not reported, the simple estimated value is used.

Figure 5 shows all of the data from Table 3, including some E85 and E95 blends
giving high percentage changes in FC. The plot also includes a trend line (linear)
and lines with gradients of 1.0 and 0.5. The gradient of the trend line is 0.84,
indicating that 84% of the estimated increase in mass FC is typically measured in
the vehicle tests. Since the gradient of the trend line is highly influenced by the fuels
with high ethanol blend concentrations, the analysis has also been performed with
these data points excluded, as shown in Figure 6.
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Figure 6 also includes a trend line and other lines with gradients of 1.0 and 0.5. The
gradient of the trend line is 0.52, indicating that only about half of the estimated
increase in mass FC is typically measured in the vehicle tests. There is no evidence
that the data at the E5, E10 and E20 levels differ significantly from the overall trend,
since the trend line essentially goes through the origin.

Figure 5 Comparison of measured and expected mass FC increases for all data
reported in Table 3.
Summary of Ethanol Fuel Consumption Data
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*
b
3 40% 4
E .
o . y = 0.8437x - 0.0093
% 30% o
£
[
g
o 20% A
<
10%
0% A ; ; ; ; ;
0% 10% 20% 30% 40% 50% 60%
Expected mass FC Increase
Figure 6 Comparison of measured and expected mass FC increases for fuels
containing no more than 20% ethanol, data reported in Table 3
Summary of Ethanol Fuel Consumption Data
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4. CONCAWE DATA

4.1. JEC EVAPORATIVE EMISSIONS PROGRAMME

While this literature review was in progress, the JEC Consortium also completed an
evaporative emissions study on ethanol/gasoline blends [3] and the results from this
study were relevant to this report’s FC question.

In [3], ten test fuels were prepared using two base gasolines (A and B) having
different Reid Vapour Pressures (RVP). Using each base fuel, E5 and E10 fuels
were made as splash blends (S series) and as matched RVP blends (E series). A
total of seven vehicles were tested in this study, although not all vehicle and fuel
combinations were run. The variation in fuel calorific value with ethanol content is
shown in Figure 7.

Figure 7 Variation in fuel calorific value (LHV) with ethanol content for ten test fuels [3]
Summary of Ethanol Fuel Consumption Data
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The matrix of vehicle and fuel combinations that were run is shown in Table 4. In the
first two vehicles, all ten fuels were tested, while only five of the fuels were tested in
the second vehicle (the BMW).
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Table 4 Vehicles and fuel from reference [3]
Vehicles A ASE | A10E | A5S | A10S B B5E | B10OE | B5S | B10S
Ford Focus X X X X X X X X X X
VW Polo X X X X X X X X X X
Renault Megane X X X X X X X X
Toyota Corolla X X X X X X X
Lancia Y10 X X X X X X
VW Golf X X X X X X
BMW 7 Series X X X X X

4.2.

The fuel consumption results for these seven vehicles are shown in Appendix 3.1.
For the seven vehicles taken together, the increase in FC (3.97%) is close to that
expected from the 3.4% reduction in fuel energy content for the E10 blends. For
individual vehicles, a relatively high level of unexplained variation (noise) is evident,
that is, fuels with relatively similar calorific values can have FC values that varied by
2% to 3%. Thus, with a limited data set (one vehicle and two fuels), the measured
trends could be much more extreme than those seen on this fleet study.

CONCAWE GASOLINE EMISSIONS PROGRAMME

A set of eight test fuels was blended to investigate variations in aromatics, olefins,
volatility and Final Boiling Point (FBP) [4]. The variation in calorific value was due to
these other property changes, mainly from the variation in aromatics content. The
maximum LCV was 43.68 MJ/kg from a 24% aromatic fuel, while the minimum LCV
was 42.95 MJ/kg from a 40% aromatics fuel. The relationship between aromatics
and LCV is shown in Figure 8. This 1.7% difference in LCV is slightly less than that
seen from an E5 splash blend and less than half the variation seen in the
evaporative emissions study (described in Section 4.1). Four vehicles were tested
on these eight test fuels.

15
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Figure 8 Variation in LCV with aromatic content for the eight test fuels [4]
CONCAWE STF-20 4-Car Emissions Results 2003 - Car D
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The FC results for these four vehicles are presented in Appendix 3.2. Although two
of the vehicles (Cars B and D) showed a trend toward increasing FC with lower fuel
energy content that was close to a constant energy relationship, the other two
vehicles gave very poor correlations between these two parameters. For these two
vehicles, the measured FC on different fuels having the same energy content varied
by more than 4% (Car C). However, in the majority of cases, the FC varied by +/-1%
for fuels having the same energy content.

Because all fuels were tested on all vehicles, the results could be combined to give
a mean result. For all eight test fuels, the mean result showed a 0.8% increase in
FC for a 1.7% reduction in fuel energy content, however this trend was not
significant at the 95% confidence level.
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5. CONCLUSIONS

Theoretically, there are a nhumber of primary and secondary mechanisms through
which the blending of ethanol in gasoline can affect the FC of a vehicle over mixed
driving conditions.

Lower heating value of ethanol requires a greater mass of fuel to release a
given quantity of energy. With an E10 gasoline compared to hydrocarbon-only
gasoline, this effect is estimated to increase the FC by 4.2%.

Higher density of ethanol requires a smaller volume of fuel for a given mass.
This effect applies only to volumetric FC and is estimated to decrease the
volumetric FC by -0.7% for an E10 gasoline compared to hydrocarbon-only
gasoline.

The lower carbon weight fraction and higher oxygen content in ethanol
reduces the mass of air required to combust a given mass of fuel. This may
change the effective mixture strength in the combustion chamber, and thus
change the combustion efficiency of the engine.

The combination of heating value and stoichiometry will affect the airflow
requirements at a given engine power output. This will impact the throttle
setting, which has a strong influence on the overall efficiency of the engine.

The volume of fuel in the cylinder depends on the fuel's mass and density. For
ethanol, the mass will be higher due to the low heating value and the density
(as a gas) will be lower due to ethanol's relatively low molecular weight
compared to gasoline. In the combustion chamber, the greater the volume
occupied by fuel, the lower the volume available for air, and thus the need to
reduce throttling in order to maintain the air flow.

The higher octane value of ethanol may allow the engine to operate under
more optimised ignition timing regimes at higher loads (if these are
encountered during the test cycle), leading to higher combustion efficiency.
The engine could potentially be adapted to take advantage of this effect.

The very high latent heat of vaporisation of ethanol can potentially provide a
high level of charge air cooling, increasing the air density and thus the mass of
fuel in the cylinder. This may also impact the throttle setting, as mentioned
above.

Different volatility characteristics for ethanol and a higher heat of vaporisation
could result in changes to fuel-air mixing and combustion characteristics. The
magnitude of this effect on FC was not estimated in this report.

Ethanol could also introduce chemical kinetic effects on the laminar flame

speed and thus the combustion efficiency. The magnitude of this effect on FC
was not estimated in this report.

17
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Our review of the published literature through 2006 resulted in the following
conclusions:

e There was a relatively high incidence of incorrectly derived FC data, usually
resulting in an underestimate of the FC for ethanol-containing fuels. In some
cases this was due to the use of an unadjusted carbon weight fraction in the
carbon-balance equation. In other cases, the EPA gasoline equation was used
which attempts to correct for differences in fuel calorific value.

e For tests with fuel blends up to E20, the typical increase in mass FC was about
50% of the expected value, based simply on the decrease in calorific value with
ethanol addition. For example, for an E10 blend, a 2% mass FC increase was
measured compared to the 4% expected from the decrease in calorific value
when ethanol was added.

o From the information provided above, it is estimated that approximately 50% of
the increase in mass FC is compensated by the listed mechanisms.

From the analysis of the two CONCAWE vehicle and fuel studies [3,4], the following
conclusions can be made:

e In the most extreme case, fuels with almost identical energy content showed a
FC difference of more than 4%, although for the majority of vehicles the
difference was generally less than 2%.

e This variation in FC did not appear to be related to fuel parameters other than
the ethanol content. However, if it were due to other parameters, the effects are
vehicle specific. Based on the results, it is assumed that the variation in results
are most likely due to measurement variability (noise).

e This level of variability affects the conclusions that can be drawn on the impact of
low levels of ethanol in gasoline on FC unless the experimental study is specially
designed to answer the FC question. Consumers are unlikely to see small FC
effects in real world driving but the quantitative impact of ethanol on FC is
important on a fuel demand and CO2 emissions perspective.

e For the largest data set (7 vehicles using up to 10 test fuels), the overall trend
showed a 3.97% increase in FC with a 3.4% reduction in fuel energy content.
However, the evaluation of individual vehicles with more limited fuel sets could
lead to very different conclusions.

These conclusions suggested that a more definitive vehicle study was warranted to
determine whether modern vehicles can compensate for the lower energy content of
ethanol-containing gasolines through better engine efficiency. Such a study has been
completed by the JEC Consortium and will be reported separately [5].



@@[ﬁ]@@W@ report no. 13/13

6. GLOSSARY
AIF Air / Fuel
AFR Air / Fuel Ratio
CO Carbon Monoxide
CO2 Carbon Dioxide
CR Compression Ratio
CWF Carbon Weight Fraction
DVPE Dry Vapour Pressure Equivalent
E5/E10/E20 2.713.717.4wt% oxygen in gasoline, which is equivalent to
5710/ 20% vlv ethanol in gasoline
E85 85% v/v ethanol in gasoline
EGR Exhaust Gas Recirculation
EN 228 European standard for automotive gasoline
EPA Environmental Protection Agency (USA)
EUCAR European Council for Automotive R&D
FBP Final Boiling Point
FC Fuel consumption
FFV Flexi-Fuel Vehicle
FTP Federal Test Procedure
HC Hydrocarbon
JEC JRC/EUCAR/CONCAWE
JRC Joint Research Centre (of the European Commission)
LCV Lower Calorific Value (same as LHV)
LHV Lower Heating Value (same as LCV)
MJ Megajoule
MPGE Miles Per Gallon Equivalent
MPI Multi Port Injection
NEDC New European Driving Cycle
RON Research Octane Number
rpm revolutions per minute
RVP Reid Vapour Pressure
SPI Single Port Injection
WOT Wide Open Throttle
WTW Well-to-Wheels
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In addition to the reports listed in Appendix 1, data were also taken from the
JRC/EUCAR/CONCAWE (JEC) study on the effects of ethanol content on
evaporative emissions [3], which is also Report A29 in the above table. This study
included emissions tests over the NEDC on seven test vehicles. Fuel consumption
was calculated from carbon balance. Carbon weight fraction and calorific value were
derived from GC analysis of each fuel. The fuel matrix consisted of two base fuels, A
and B, and eight additional test fuels. Four of the additional fuels were blended from
each base fuel, generating 5% and 10% ethanol blends, both as splash blends and
as RVP-matched blends.

The overall conclusion from the FC data in this fleet of vehicles was that the
increase in FC directly corresponded to the loss in calorific value, thus indicating no
change in engine thermal efficiency. Interestingly, it was noted that the two base
fuels had almost identical calorific values (42.805 MJ/kg and 42.812 MJ/kg) although
they did not have the same fuel consumption. The difference in results between
these two base fuels was vehicle dependent. This implies that there could be an
influence of fuel properties other than ethanol (or oxygen) content on the measured
FC, which prompted the investigation of other datasets — see Appendix 3.
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APPENDIX 2 CARBON BALANCE FUEL CONSUMPTION

A2.1.

30

BASIC EQUATION

The fundamental equation for carbon balance fuel consumption is:

Fo - (CWF,,, x HC +0.429x CO +0.273x CO,)

CWFe in g/km (A1)

Where:

. FCm is the calculated mass fuel consumption in g/km

CWFFrue is the carbon weight (mass) fraction of the fuel, e.g. 0.864 for a
typical gasoline, but reduces significantly with the addition of ethanol
CWFex is the carbon weight (mass) fraction of the exhaust hydrocarbons
0.429 is the carbon weight (mass) fraction of CO (i.e. 12/28)

0.273 is the carbon weight (mass) fraction of CO: (i.e. 12/44)

HC is the calculated HC emissions for the test in g/km

CO is the calculated CO emissions for the test in g/km

CO: is the calculated CO2 emissions for the test in g/km

This equation will automatically produce results in g/mile, if all the emissions data
are in g/mile. The equation can be applied to each phase of the test cycle or steady-
state test sequence, or even to the second-by-second (modal) data as long as a
fully consistent (time-aligned) set of emissions data are available.

This equation requires two pieces of information that are fuel related (CWFFruer and
CWFEexn). Since we do not generally measure CWFex it is normally assumed that
this is the same as CWFrue. Alternatively, it is possible to use a constant (i.e.
standard) value for CWFex: It has very little impact on the overall calculation (since
the majority of the Carbon is contained in the CO2). However, it is evident that any
error in CWFruer will have a direct (proportional) effect on the calculated Fuel
Consumption. Thus it is imperative that the correct CWFrue value is used. The
largest change in CWFruer usually results from the use of oxygenated components
such as ethanol. Since the CWFruer reduces with the addition of oxygen, the fuel
consumption will tend to be underestimated for an oxygen containing fuel if it is not
correctly adjusted for the presence of oxygen. There is evidence that this error has
occurred in more than one set of published data.

Converting the Mass Fuel Consumption (equation 1) to Volumetric Fuel
Consumption requires the fuel density.

FC
FC,=—"—
5Gr,q ¥1000 in litres/km (A2)
Where:
. FCy is the calculated volumetric fuel consumption in litres/km
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A2.2.

o SGruel is the density (specific gravity) of the fuel in kg/litre (i.e., 0.745 for
typical gasoline).

The fuel consumption (FC) can be calculated in terms of the European units of
litres/100km:

FC,

SGgq x10 in litres/100km (A3)

FCI/lOOkm =

Fuel efficiency parameters (e.g. km/litre or km/gram) can be simply calculated by
inverting equations (2) and (3). However if the UK or US formats of miles/gallon are
required, some additional factors are also needed:

. 1.609344 km/mile
4.5461 litres/Imperial Gallon
. 3.7854 litres/US Gallon

This results in the following equations:

MPG,,, = _ 45461

FC, x1.6093 in miles/Imperial Gallon (Ad)
MPG,, = _ 37854

FC, »1.6093 in miles/US Gallon (A5)

EPA GASOLINE EQUATION

For US gasoline vehicle tests (e.g. FTP tests), the equation used for fuel economy
calculations (and referenced to the EPA and the federal register) is:

4
5174x10" x CWF x SG (A6)

MPGy, =
U (CWF x HC +0.429x CO +0.273x CO, )x (R, x SG x NHV )+5471)

Where:

e MPGus is the calculated fuel efficiency in miles per US-gallon

CWEF is the carbon weight (mass) fraction of the fuel. Note that the same value is
used for both the fuel and the exhaust gas HC.

SG is the specific gravity (density) of the fuel in kg/litre

0.429 is the carbon weight (mass) fraction of CO (i.e. 12/28)

0.273 is the carbon weight (mass) fraction of COz (i.e. 12/44)

HC is the calculated HC emissions for the test in g/mile

CO is the calculated CO emissions for the test in g/mile

CO: is the calculated CO2 emissions for the test in g/mile

Rris stated as “The ‘R’ factor as described in Federal Register Vol. 51, used to

account for sensitivity of vehicular fuel economy to heat energy of test fuel”. The

typical value used for gasoline is 0.6.

e NHVis the Net Heating Value (Net Calorific Value) in Btu/lb

The above equation (A6) can be expressed (by simple manipulations) in two
components:

31
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(CWF x SG x10° x3.7854) 10" x1366.83 (A7)

MPGy, = x
(CWF x HC +0.429xCO +0.273xCO, ) " ((R, xSG x NHV )+5471)

This manipulation is performed so that the left-hand component of this equation
represents the fundamental equation for the carbon balance fuel efficiency, derived
from a combination of equations (1), (2) and (5). In the above formulation, the factor
1.6093 is removed since the emissions are already in g/mile (not g/km), while the
factor of 3.7854 converts litres to US-gallons.

The right-hand component is an empirical factor which corrects the fuel efficiency
depending on the NHV of the test fuel. Thus, if a fuel of high NHV is used, there is a
correction downwards in the fuel efficiency, and vice versa. Further understanding of
the nature of this correction factor is given below.

This factor is given the name (in this Appendix) of “EPAfactor”. Thus:

13668.3
EPAucor = ((R; xSG x NHV )+5471)

(A8)

Taking some typical values of R¢ (0.6), SG (0.740 kg/litre) and NHV (18487 Btu/lb,
which is equivalent to 43000 kJ/kg), this factor comes out as 0.9992. So for this
typical fuel, the difference between the fundamental carbon balance FC and the
EPA equation is less than 0.1%. Figure A2.1 shows the potential variation in this
factor for a range of typical fuels, when Rs is taken as 0.6. In this case, the factor
varies by about +2% from unity.

Figure A2.1. Variation in the calculated EPAtactor With gasoline fuel properties (in terms of

the Volumetric Heating Value)

Variation on EPA_factor with Volumetric Heating Value for typical Gasoline Fuels

1.02

EPA_factor
i
o
= =

o
©
©

0.98 -

SG =0.72; NHV = 42,500

SG x NHV = 31,778 kflitre SG = 0.76 - NHV = 43.500

0.97
30,000

32

30,500 31,000 31,500 32,000 32,500 33,000 33,500
Volumetric Heating Value [SG x NHV], kJ/litre

In Figure A2.1, the highest value of the factor is given by the fuel properties
SG 0.72 kg/litre and NHV 42,500 kJ/kg (resulting in a volumetric heating value of
30,600 kJ/litre) and the lowest value of the factor is given by the fuel properties
SG 0.76 kgl/litre and NHV 43,500 kJ/kg (resulting in a volumetric heating value of
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Figure A2.2

EPA_factor

33,060 kJ/litre). The factor has a value of 1.0 when the volumetric heating value is
31,778 kJllitre.

The same data can be plotted with a normalised x-axis, as shown in Figure A2.2.
Over this relatively small range of x- and y-values, the data lie almost on a straight
line, with a gradient equal to -Rs (i.e., —0.6).

Variation in the calculated EPAtactor With gasoline fuel properties (in terms of
the relative Volumetric Heating Value)

Variation on EPA_factor with Volumetric Heating Value for typical Gasoline Fuels

1.02 A

1.01 A

Negative Gradient = 0.6 (i.e. Rf value)

0.97
0.95

0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05
Normalised Volumetric Heating Value [SG x NHV]

The interpretation of this empirical factor (equations 7 and 8) is based on some
rounded constants. Looking at the form of the factor, it is likely that when the
properties for the reference fuel are used, and Rt is 0.6 the factor should equate to:

X

EPA =
R (0.6x +0.4x)

(A11)

Thus the constant 5471 should equate to 0.4x which gives x = 13677.5. Thus it is
proposed that the more correct form of the factor might be:

136775
EPAtsor = (R, xSGx NHV )+5471) (A12)

The difference between the constants 13677.5 in equation 12 and 13668.3 in
equation 10 is only 0.07%, and may have resulted from the rounding of a conversion
factor such as litres per US Gallon.

With this form of the equation, and Rr = 0.6, the factor should be equal to 1.0 when:

SGxNHV =31814 in kJ/litre (A13)

With the factor R = 0.6, this suggests that only 60% of the change in volumetric
heating value is actually seen as a volumetric fuel consumption change. There may
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34

be thermodynamic reasons why the other 40% of the change in volumetric heating
value is lost within the engine operation, and may relate to correlated changes in the
HC type which could affect octane and stoichiometric air/fuel ratio. If this factor has
been defined experimentally on older US vehicles (prior to 1986), it is possible that
this factor is not appropriate to current vehicle populations around the world.



CohCawe

report no. 13/13

APPENDIX' 3 RESULTS FROM CONCAWE TEST PROGRAMMES

A3.1.

Figure A3.1.1

JEC EVAPORATIVE EMISSIONS PROGRAMME

This section discusses results from a JEC Consortium study on evaporative
emissions from seven gasoline vehicles [3].

The measured variation in mass fuel consumption with fuel calorific value is shown
in the following figures for each of the seven vehicles. For all seven vehicles, there
is an overall trend for the mass fuel consumption to reduce as the fuel calorific value
increases. The figures also include lines of constant energy consumption. The two
outside lines are +1% and —1% energy consumption relative to the middle line. For
the Ford Focus (A3.1.1) and the Toyota Corolla (A3.1.4), the reduction in fuel
consumption with increasing fuel calorific value is less than would be expected from
a constant energy hypothesis, although for both vehicles there is possibly one fuel
(circled in figures) that lies significantly off the overall trend, and could be having a
large impact on the outcome. The VW Golf (A3.1.6) shows the opposite trend and is
more responsive to fuel calorific value than would be expected from a constant
energy hypothesis. However, this data set also contains one very low fuel
consumption fuel (circled), which appears to be driving this outcome.

The other four vehicles all show responses that are relatively close to the constant
energy hypothesis. Apart from one fuel in each of the three cases mentioned above
(Focus, Corolla and Golf), the spread of fuel data is about +/-1% to +/-1.5% from a
constant energy hypothesis. Within this fuel set, the variation in fuel calorific value is
just under 4% (base fuel to E10). With this level of noise to signal, the correlation
coefficients (R?) are only about 0.7 at best. The analysis contained within the JEC
report estimates a 3.97% increase in fuel consumption from an E10 blend, across
the fleet, compared to a calculated energy loss of 3.4%.

Ford Focus: trend appears to be different from the iso-energy lines, although
one fuel (circled) lies well away from the main set of data points
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Figure A3.1.2 VW Polo: the overall trend is similar to the iso-energy line
Summary of Ethanol Fuel Consumption Data
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Figure A3.1.3 Renault Megane: the overall trend is similar to the iso-energy line
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Figure A3.1.4 Toyota Corolla: trend appears to be different from the iso-energy lines,
although one fuel (circled) lies well away from the main set of data points

Summary of Ethanol Fuel Consumption Data
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Figure A3.1.5 Lancia Y10: overall trend is similar to the iso-energy line

Summary of Ethanol Fuel Consumption Data
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Figure A3.1.6 VW Golf: trend appears to be different from the iso-energy lines, although one
fuel (circled) lies well away from the main set of data points

Summary of Ethanol Fuel Consumption Data
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Figure A3.1.7 BMW 7 series: overall trend is similar to the iso-energy line
Summary of Ethanol Fuel Consumption Data
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A3.2. CONCAWE GASOLINE EMISSIONS PROGRAMME

This section discusses results from a CONCAWE study on regulated emissions
from four gasoline vehicles [4].

The measured variation in mass fuel consumption with fuel calorific value is shown

in the following figures for each of the four vehicles. For all four vehicles, there is an
overall trend for the mass fuel consumption to reduce as the fuel calorific value
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increases. The figures also include lines of constant energy consumption. The two
outside lines are +1% and —1% energy consumption relative to the middle line.

For Car A (A3.2.1) and Car C (A3.2.3), the change in fuel consumption with fuel
calorific value does not follow the iso-energy trend: In both cases, the trend fitted to
the measured data is probably influenced by one or two results for the low calorific
value fuels, which are giving low fuel consumption and high calorific value fuels,
which are giving high fuel consumption. Red circles on the figures highlight these
points. For both of these vehicles, the relationship between fuel consumption and
calorific value is not significant at the 95% confidence level.

For the other two cars, the overall trend given by the data is very close to the iso-
energy line and the relationship between fuel consumption and calorific value is
significant at the 95% confidence level. For these two cars, almost all of the data lie
within the +/-1% iso-energy lines. For Car A and Car B, this would also be the case
if the points circled in red were omitted.

Figure A3.2.1 Car A: overall trend appears to be different from the iso-energy line, mainly
due to the lower fuel consumption of the low calorific value fuel and the higher
fuel consumption of two high calorific value fuels (three circles)
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Figure A3.2.2

Figure A3.2.3

40

Car B: overall trend is similar to the iso-energy line
CONCAWE STF-20 4-Car Emissions Results 2003 - Car B
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Car C: overall trend appears to be different from the iso-energy line, mainly
due to the lower fuel consumption of the two low calorific value fuels (two
circles)
CONCAWE STF-20 4-Car Emissions Results 2003 - Car C
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Figure A3.2.4

Car D: overall trend is very similar to the iso-energy line

CONCAWE STF-20 4-Car Emissions Results 2003 - Car D
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Figure A3.2.5 Mean of 4 cars: overall trend is somewhat similar to iso-energy line, but the
relationship reflects the poor response of Cars A and C
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