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Preambl e

The following preamble is a brief overview of the expectations and conclusions which
can be drawn from the present work. The main focus is done on a detailed
consideration of the ethanol content between 15% and 25% (named E20/25 in this
study). To get a comprehensive overview of the effects of ethanol as a blending
component, higher mixing rates were examined with a comprehensive meta-analysis
too (up to 100 % ethanol).

It should be noted, however, that the current study represents an actual state of
currently available global literature and do not reflect specific directly done research
results on this field. The vehicles and engines investigated in the literature sources
are mostly production engines available on the market and were used for the
combustion of ethanol, but were usually not optimized for E20/25. In summary there
is a variety of different boundary conditions in the individual studies, therefore
comparability is limited for some cases. Therefore, the literature was selected
according to specific criteria, to create comparative conditions across all the studies.
Furthermore, it should be noted that in addition to the current E10 (10 % ethanol
blend rate) vehicles and the specially adapted flexible fuel vehicles (FFV) which allow
operation up to an ethanol concentration of 85%, neither vehicles specifically
designed nor produced for the range of E20/25 are currently available. In addition to
extensive modifications in the engine control software (motor electronics) further
adjustments to mixture formation, ignition, fuel circuit and material adaptation need to
be made to the engine corresponding to the higher ethanol content in the fuel.

With 1% September 2014 the EURO 6 emission standard for type approval for
passenger car and light duty trucks comes into effect, registration and sale for new
types of vehicles are following on 1% January 2015. During the study EURO 6
engines were only sporadically available on the market. For this engines however,
there are no scientific studies regarding E20/25. Therefore, no EURO 6 vehicles are

considered in this study.
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Abbreviati on

ASTM American Society for Testing and Materials
BMEP Break mean effective pressure
BSFC Brake specific fuel consumption

C Cylinder

C2H> Acetylene

CeHe Benzene

CA°bTDC Crank angle before top dead centre
CADC Common Artemis Driving Cycles
CARB California Air Resources Board

CH, Methane

CO Carbon monoxide

CO; Carbon dioxide

Cov Coefficient of variance

CR Compression ratio

CVS Constant volume sampling

DI Direct injection

DIN German Institute for Standardization
DOHC Double overhead camshaft

DOl Duration of injection

ECE15 Urban Driving Cycle of the NEDC
ECU Engine control unit

EPA Environmental Protection Agency
FC Fuel consumption

FFV Flexible fuel vehicles

FID Flame ionization detector

FSN Filter smoke number

FTIR Fourier transform infrared spectroscopy
FTP Federal Test Procedure

May 2014

B14003




H,O Water vapour

IMEP Indicated mean effective pressure
ISFC Indicated specific fuel consumption
MBT Maximum break torque

MON Motor Octane Number

MPI Multi point injection

NA Naturally aspirated

NEDC New European Driving Cycle
NMHC Non-methane hydrocarbons
NMOG Non-methane organic gas
NONMHC Non-oxygenated non-methane hydrocarbons
NOy Nitrogen oxide

OBD On-board diagnostics

PAH Polycyclic aromatic hydrocarbon
PFI Port fuel injection

PM Particulate matter

PN Particle number

RON Research Octane Number

RVP Reid vapour pressure

SFC Specific fuel consumption

SI Spark ignition

SOHC Single overhead camshaft

SOl Start of injection

TC Turbo charged

THC Total hydrocarbons

TWC Three-way catalyst

US06 Supplemental Federal Test Procedure (SFTP)
VVA Variable valve actuation

WOT Wide Open Throttle
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Executive Summary

In this study, the Institute for Powertrains and Automotive Technology, Vienna
University of Technology, has collected a variety of literature sources on the subject
of ethanol blends. The focus of this study is on ethanol blending rates from 15% to
25%. For a better understanding of the influence of ethanol on fuel consumption and
emissions, ethanol blends have been considered up to 100% ethanol additional. This
study does not cover evaluation of evaporative emissions from the fuel tank system
or the compatibility of plastics with ethanol.
In a first step, the selection of literature according to the PRISMA (see chapter 2.1)
scheme was made. Studies that have been found to be relevant were used for the
meta-analysis. The main focus of this analysis was the influence of the ethanol
content in the fuel on the following parameters:

1 Specific fuel consumption (fuel consumption based on the generated engine
power)
Efficiency
CO; emissions
CO emissions
HC emissions

NO, emissions

= =4 4 -4 A -

Particle emissions

The summary is based on a scientific analysis of an established literature review and
presents the current state of research, which has general (global) validity. The
different studies have different boundary conditions, which are not necessarily explicit
in the literature. The literature was selected following criteria to create comparative
conditions. No optimised E20/25 production vehicles exist, thus limiting meaningful
insights at the moment. But previous experience do not show any fundamental
problems, considering that the provided materials and control algorithms of the
engine electronics are designed to operate this ethanol content. The technologies
investigated in the studies are vehicles from serial production and engines which are
adapted for the engine test bench. At the time the study was conducted only a few
EURO 6 engines were available. However, no scientific studies regarding E20/25

have been carried out for those engines so far.

May 2014 B14003



Vi

The results of the meta-analysis confirm the physical explanations. In particular, the

results obtained from the study for E20/25 are in the respective trend from E5 to

E100. The most important results of the meta-analysis are as follows:

T

Influence of E20/25 on specific fuel consumption

With E20/25 the over all specific fuel consumption increases about 3% in
average.

Influence of E20/25 on engine efficiency

For E20/25 the thermodynamic efficiency (energy based) increases by 5% in
average.

Influence of E20/25 on CO, emissions

The CO; end-of-pipe emissions decrease by about 2% for E20/25 in average.
Influence of E20/25 on CO emissions

Generally the CO engine-out emissions decrease by up to 10% in average
and the CO end-of-pipe emissions decrease by about 20% in average for
E20/25.

Influence of E20/25 on HC emissions

The HC engine-out emissions are also reduced by about 10% for E20/25 in
average. The HC end-of-pipe Emissions decrease by about 5% for E20/25 in
average.

Influence of E20/25 on NOy emissions

The NOy engine-out emissions increase for E20/25 by 20% in general. The
NOy end-of-pipe emissions are equivalent to EO.

Influence of E20/25 on Particle emissions

The Particle emissions have to be investigated further. In general there is the
ability to decrease the particle emissions with E20/25.

The engine-out emissions give a good overview of the effects of ethanol on the

combustion. This allows the evaluation of the combustion quality and the advantages

of the used fuel. On the contrary, the end-of-pipe emissions show the emissions that

are emitted into the environment. The reason for this is the exhaust aftertreatment

system, which is located between the engine and the exhaust pipe. This is used to

reduce the engine-out emissions so far thus the emission regulations are complied.

A summary of these results especially for E20/25 compared to EO can be seen in
Figure 0-1.
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Figure 0-1: Results from the meta-analysis for E20/25 vs. EO

In addition to the results shown above, the addition of ethanol as a splash blend
(admixture of different ethanol contents without changing the base fuel) increases the
RON of the fuel. The higher knock resistance achieved in this way for E20/25-fuels
offers the possibility to optimise the design of the engine (compression ratio) and thus
increase the efficiency. But this assumes that only E20/25 or higher blending rates
are used. The full exploitation of the ethanol/fuel potential therefore requires that the
engines are only operated with the applied fuel (eg: E20/25). If you are forced to
operate the engine with different fuels, the full theoretical potential of the fuel cannot
be used. Exemplary the problem of bivalent vehicles (vehicles able to run on different
fuels) should be mentioned here, such as vehicles that run on gasoline and CNG

have shown.

As the studies evaluated for the meta-analysis have shown, especially for the use of
E20/25 for internal combustion engines the following gaps could be identified:
1 Particle emissions:
In general there is the ability to decrease the particle emissions with E20/25.
But it is essential to optimize the engine for higher ethanol contents.
1 Optimized engines for E20/25
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At the present time, no studies specifically for E20/25 optimized engines are
available. The vehicles used in these studies were mainly for E20/25 capable
cars. In order to realize the full potential of E20/25 an optimization of the
engine operation is necessary.
1 EURO 6 engines (passenger cars & light duty trucks)

No study specifically for EURO 6 vehicles with regard to ethanol fuel is
presently available. However, some studies show that particulate emissions
can be significantly reduced using an appropriate motor design for ethanol
fuels. This provides great potential - regarding to the upcoming limitation of the
particle number with EURO 6.

Recommendation:
Ethanol blends between 15% and 25% (named E20/25 in this study) provide

interesting potential regarding exhaust emissions and efficiency increase.

However, no adequate studies on modern engines (EURO 6) for E20/25 with
respect to the full utilization of the theoretical potential of ethanol are available.
Further research is required, especially regarding the optimization of fuel

consumption and the emission of particles.
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Page 1

1 Moti vati on

The present work is Task 2 of the E20/E25 technical evaluation study under
agreement between the Commission of the European Union and the European
Standardization Committee, CEN (ENER/C2/GA/449-2012/S12.641582): Meta-

analysis of E20/25 trial reports and associated data.

In order to assess whether the introduction of a new technology or a new energy
source has consistently positive effects, a prior meta-analysis can prove useful. On
the one hand, based on the available literature according to a comprehensive
literature search, the current state of knowledge can be summarized very clearly and
statistically processed. On the other hand, it reveals outstanding issues that need to
be further investigated in detail prior to the introduction of a new technology.

2 Me t-Aan ali s

2.1 Methodology

The analysis of the collected data is performed using a statistical analysis. As defined
in the contract a meta-analysis (1) can be performed. For this purpose, a systematic
approach has been carried out and the collected data is processed as follows.

The selection and filtering of the literature was performed according to the PRISMA

schema. Figure 2-1 illustrates the procedure for this method by means of flow chart.
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Figure 2-1: PRISMA Flow Diagram (2)

On the basis of a comprehensive literature search, in the first step (Identification) 200
studies were found. Subsequently the duplicates were discarded and on the basis of
the abstracts a pre-selection was made. Approximately 100 studies were left after the

Ascreeningd phase. Il n the eligibility p h
through in detail. On the basis of the boundary conditions and investigation priorities

contained in the studies about half of them were likewise sorted out. Finally, 50

studies were included in the meta-analysis. As is generally known, almost all vehicles

in Brazil are capable for ethanol-blends, but only a few studies have been included in

this study. This topic will be discussed in detail in chapter 4.3.

Each study recorded in this investigation proceeds to a record in the respective

category (emissions, fuel consumption, etc.). In studies, which contain more than one

result an average over all available values was built, so that for each study only one
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value is considered in the evaluation. Furthermore, each study was weighted by the
following criteria:

1 reputation of the study authors;

1 extent of the measurements; and

f boundary conditions (e.g. base fuel, engi
The resulting data sets are averaged over the respective ethanol content and in
addition, the 90% confidence interval is evaluated. For clarity and because of the
focus of the work on an ethanol content between 15 and 25 percent, the results are
divided into the following ethanol-gasoline blend groups:

1 EO: no ethanol content in fuel
E5/10: ethanol content >0% and <15%
E20/25: ethanol content between 15% and 25%
E30/50/70: ethanol content >25% and <75%
E85: ethanol content between 75% and 99%
1 E100: 100% ethanol

Figure 2-1 shows the ethanol fractions of the respective studies, which were included

1
1
1
1

in the meta-analysis. The y-axis shows the reference number of the investigated
studies (see chapter 6.1). On the x-axis the different ethanol content of the individual
studies are shown. A point in the figure indicates that in the particular study (line) the
respective ethanol content (column) was examined. As can be seen from Figure 2-2
the data, included in the meta-analysis, in the range between 15 and 25 percent
ethanol have a very good density focused on E20.
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Figure 2-2: Investigated ethanol contents in the literature used for the meta-analysis.

To be able to compare the results from different studies it is necessary to normalize
the results. So the base fuel (EO) always is represented by 100% and the variance for
EO is therefore always zero. In three literatures the base fuel was in the range of
E5/10. For this studies, the influence of the ethanol content on the engine efficiency
and emissions were based on the specific base fuel. To make the results comparable
with the results of the studies with EO as base fuel an offset was added to the data.
The offset is obtained from the average value for the specific ethanol content of the
base fuel, which was determined by the studies with EO as base fuel.

If the value of an ethanol-gasoline blend group decreases below 100%, the absolute
value is smaller than that of the comparative fuel (EO). If the value increases,

however, this means that the absolute value also increases.
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3 Basics for usage ofSleahdgiemeasati ve

This chapter serves as an introduction to the topic of alternative fuels for a better
understanding of the results of the meta-analysis without being a technical expert in

the field of internal combustion engines.

3ll ncreasing the efficiency by ADownsi

The increase in efficiency is an important step towards reducing fuel consumption.
Figure 3-1 show the effect of shifting the actual operating point (A) toward higher
loads and lower speeds (B) at the same power of 30kW. This so called downsizing is
achieved by an increase of the load especially at low speeds. Due to the reduction of
losses like the charge exchange losses, mechanical losses and the wall heat losses
a higher efficiency is achieved. This subsequently results in a lower specific fuel

consumption.
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Figure 3-1: Characteristic fuel consumption map of a Sl engine (3)

The downsizing concept as it is used today in many vehicles, has great potential for
reducing CO, emissions. Downsizing and downspeeding are combined in order to
achieve the desired fuel savings. An increase in the mean effective pressure is for
such a fuel saving strategy essential (3) (4) (5). However, this increases the problem

of irregular combustion phenomena.
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Limits for downsizing
But this downsizing trend is limited by the high mean effective pressures and other

increasing demands which lead to numerous restrictions:

knocking
pre-ignition phenomena
higher thermal and mechanical load

CO, emission limits

= =4 4 A4 -2

costs

A modern more fuel-efficient engine must meet the following requirements today (3)
(5) (6):

1 high torque resp. quick response, even at low speeds in the stationary and
dynamic operation
the optimization of the tendency to knock at high loads
high compression ratio (possible by direct injection)
optimized centre of combustion which leads to higher efficiency

reduced charge exchange losses even in the partial load range

= =4 4 4 -2

reduction of the area with mixture enrichment, especially at high loads and
speeds according to component protection reasons

These requirements can only be achieved through the combination of different
technologies and strategies, such as gasoline direct injection, variable valve train,
supercharging, EGR, increasing the charge motion (swirl or tumble), and so on. As
gasoline direct injection has a direct influence on the usable potential of alternative

fuels, it is discussed in more detail below.

Gasoline Direct Injection (GDI)

By the gasoline direct injection the heat of vaporization of the fuel spray cools down
cylinder charge, whereby the temperature of the cylinder charge is reduced. Cooling
has also a positive effect on the knock- and pre-ignition tendency. Due to the cooling
of the cylinder charge a higher compression ratio can be achieved. Furthermore the
volumetric efficiency of the engine is also increased by the cooling of the cylinder
charge.
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In combination with variable valve trains substantial improvements in gas exchange
are possible. Thus, the direct gasoline injection in combination with a supercharged
downsizing engine is an essential part of modern gasoline engines (3) (5) (6).

3.2 Influence of Ethanol on RON (Knock-Resistance)

For fuel economy at part load modern gasoline engines have a high compression
ratio. This results in highly supercharged engine concepts in the full load to critical
conditions in the combustion chamber. Due to the propagating flame front a critical
state occurs in the further compressed end gas and leads at one or more locations to
self-ignition. The resulting very high pressure gradient (see Figure 3-3) spread in the
form of pressure waves in the sound speed range and can cause severe material
damage. Knocking combustion also produces a high thermal stress, which in turn can
be trigger so called glow-ignitions (see pre-ignition phenomena).

Measures to improve the knock resistance are:

1 more knock resistant fuels

1 sufficient cooling of the combustion chamber and the intake air
91 appropriate combustion chamber layout

 retarding the ignition timing (thermal efficiency 2)

f reducing the boost pressure (thermal efficiency 2)

f reducing the compression ratio (thermal efficiency 2)

The above measures to avoid the knock problem show that in many ways only
"trade-off" solutions can be found. Their optimization is a major challenge for engine
designers (3) (4) (5) (7) (8).

Through the use of ethanol, almost all the points mentioned above can be

positively influenced. As can be seen from Figure 3-2 the RON increases with

increasing ethanol content.
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Figure 3-2: Influence of Ethanol content on RON for splash blends for base fuel RON
98

This characteristic is valid for all splash blends, regardless of the base fuel (possible
country-specific differences in the base fuel - USA, Europe, China, Brazil must be
considered). In match blends, however, the RON is kept constant over the

proportioning rate. This is achieved by base fuels with lower RON.

Pre-ignition phenomenon

One of the main limits of downsizing engines are irregular combustion phenomena
that mainly occur at high pressure, high temperature and low speeds. In contrast to
knocking, the ignition of the mixture takes place before the combustion can be
initiated by the spark. Knocking combustion can be prevented by a retardation of the
ignition timing, whereas a pre-ignition is only partially influenced by the ignition
timing. In Figure 3-3, the difference of a normal- and a knocking combustion as well

as a pre-ignition are illustrated by their cylinder pressure curves.
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Figure 3-3: Cylinder pressure curves of a normal- and a knocking combustion as well

as a pre-ignition (9)

Since pre-ignitions lead to a significant increase of the cylinder pressure (up to
250bar) often severe engine damage will occur. For this reason, the following pre-
ignition causes must be avoided by appropriate measures:
9 oil droplets and deposits (partially avoidable through crankcase ventilation and
a good oil separator)
1 "Hot spots” (critical hot spots, such as the spark plug can be constructively
reduced)
1 chemical reaction kinetics (e.g. radicals caused by high EGR-rates resp. hot

residual gas can be avoided by appropriate valve timing) (5) (9)

Thermal and mechanical load

Increased thermal stress on the components that are in direct contact with the hot
combustion gases, is also a result of high mean effective pressures, as it is the case
for downsizing engines. Primarily, these are the cylinder head, piston and cylinder
liner. Enhanced cooling measures are therefore an integral part of such concepts.
The necessary of retarding the ignition timing by the knock control system causes an
increased thermal load of the exhaust components. Exhaust valves, turbocharger
and three-way catalyst must therefore be adequately protected. Although a mixture
enrichment protects exhaust valves, turbocharger and three-way catalyst from
thermal overload, but leads to an increase in fuel consumption, as well as to

increased CO and HC emissions. The cooling effect of the cylinder charge by
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using ethanol, as explained before, has a positive effect on above-mentioned
problems (4) (5).

3.3 Alternative fuels for gasoline engines

Generally, there are several alternatives for the use of alternative fuels in
conventional Sl engines. Taking into account the engine characteristics, sustainability
of fuels and the production expenses/ production facilities the following fuel

components have great future potential.

methanol (one C-atom)
ethanol (two C-atoms)
ethanol with a water content of 7 vol%

1-propanol (three C-atoms)

= =4 A -4 -

1-butanol (four C-atoms)

In Figure 3-4 the relevant properties of the substances listed above are shown.

Fuel Methanol Ethanol 1-Propanol 1-Butanol
Number of C — Atom 1 ey 2 ) 3 * 4
Heating Value [MJ/kg] 19,9 ﬁ 26,8 ﬁ 30,6 # 33,3
Boiling Point [°C] 65 ) 7¢ s 97 mmmmp 118
RVP[mbar] 129 ﬁ 58 q 20,3 q 6,7
Densitiy [g/dm?] Fa0 790 800 810
Oxygen [%M] 49,9 * 34,7 * 266 * 21,6
Heat of Vaporization
[kJ/k] 1100 * 910 + 693 * 583
The higher the the higher the lower
amount of C.Atoms the Heating Value the Heat of Vaporization
the Boiling Piont the Vapour Pressure
the Stochiometric Air requirement

Figure 3-4: Properties of different alcohols (10)

The listed fuel properties have a significant influence on the combustion process.
Here especially the higher heat of vaporization of alcohol fuels in contrast to regular

gasoline should be mentioned, which result in increased cooling of the cylinder
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charge. The higher heat of vaporization of alcohol fuels leads to a number of positive
effects on the combustion process.

Improved cooling of the mixture, among other things leads to a higher cylinder filling,
and results in an increase of engine torque. This effect can be utilized much better in
DISI engines than PFI engines. Strong wall wetting with fuel (due to high boiling
points of the alternative fuels) ensure in PFI engines that the heat required for
evaporation is partially removed from the intake manifold. In the homogeneous DISI
engines the heat for evaporization is mainly removed from the cylinder charge. The
cooling and, consequently, an advanced combustion position (MFB50% - defines the
centre of combustion - is closer to the TDC) also provide a lower exhaust gas

temperature.

The usually, at higher loads required enr i c hment pratect <edigine
components, thus largely unnecessary. The normally required mixture enrichment at
higher loads for component protection is for this reason largely unnecessary. A
further advantage is the mitigation of knocking (undesirable combustion phenomena
which can damage the engine). Especially in the knock-limited full load operation of
the engine ethanol allows compared to regular gasoline a more efficient location of
the centre of combustion.

An optimal centre of combustion not only leads to better efficiency, but also to a
higher torque as is required for efficient downsizing engines. Further the use of
ethanol allows an increase of the compression ratio due to the mitigation of the knock
problem and thus lead to a further improvement of the thermal efficiency. Also, the
lower the C-atom number and the higher the mass-based oxygen content of alcohols,
the shorter the burning duration and the ignition delay (shown in Figure 3-5), since
the higher the oxygen content increases the reactivity.

In Figure 3-5, different engine operating parameters are shown during a boost
pressure variation. In Figure 3-5 a regular gasoline (E5 RON95) and two splash
blends E20 and E85 are compared. The benefits of ethanol are clearly visible. With
E85, the most optimal centre of combustion (MBF50%) can be achieved without any
knock phenomena. The CoV value characterizes the engine running smoothness.
Due to the most optimal centre of combustion E85 also shows the lowest CoV level.
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The short ignition delay time and the fastest burning duration is explained in the
higher reactivity of ethanol caused by the high content of oxygen. The importance of
richer air-fuel-ratio to reduce thermal load, as seen in Figure 3-4, is not necessary
with ethanol because of the cooling effect. The retardation of the ignition timing was
only necessary on the basis of peak pressure limit (see PMAX-diagram in Figure
3-5). Accordingly, with E85 the highest indicated mean effective pressure and peak

pressure can be achieved.
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Figure 3-5: Engine parameters for different fuels at 2000rpm, WOT (5)

Alcohols with a lower number of carbon atoms, such as ethanol, have a lower
stoichiometric air-to-fuel ratio, and a lower heating value. Due to the lower
stoichiometric air-to-fuel ratio, more fuel must be introduced into the cylinder at the
same air mass. The resulting additional cooling effect (more fuel to be evaporated)

amplify above aspects, the disadvantage of the lower heating value (higher
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gravimetric and volumetric fuel consumption for the same energy content) remains,
however. The higher boiling temperature and the lower vapour pressure of ethanol
are responsible for their poor cold-start performance. At higher ethanol blend rates
such as ES85 the boiling temperature is, for example, higher than the beginning of the

boiling range of regular gasoline.

Influence on the efficiency

Almost all the above factors lead to an increase in efficiency. A cooler combustion
process has | ower wall heat | osses. Al
temperatures thereby largely mitigated, which leads to a reduced fuel consumption
and emissions advantages. Due to the higher knock resistance with appropriate
engine application and a more optimal centre of combustion further efficiency
benefits can be achieved. A shorter combustion duration and a more efficient
combustion, as in the case of ethanol, also give an increase in the efficiency (5) (10)
(11) (12) (13)

Influence on the pre-ignition tendency

The use of ethanol as a mixing component for regular gasoline (E5 RON95) lead to a
significant decrease in pre-ignition frequency as described in (14). Depending on the
different blend rates pre-ignitions can significantly be reduced. With E85 the best
results were achieved. In (15) oxygenates, such as ethanol, are described to have a
high resistance against pre-ignitions, assuming an ignition in the gas phase.
Considering an ignition on hot surfaces so-called "hot spots" a decrease in the pre-
ignition resistance with increasing ethanol content is observed in (16). A direct
comparison between a DISI- and a MPI-engine during a boost pressure variation
shows generally a higher pre-ignition frequency with external mixture formation. Due
to admixing of ethanol a higher intake manifold pressure is reached in both cases.
But only the DISI engine can utilize the full potential of ethanol, which is clearly
evidenced by a very low pre-ignition frequency at high ethanol content and internal

mixture formation (see Figure 3-6) (5) (17).
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Figure 3-6: Pre-ignition frequency of the tested fuels during a boost pressure

variation for a DISI- and a MPI-engine (17)

Cold start behaviour of ethanol

One reason for the poor cold-start performance of E100 is that as single component

fuel it has a fixed boiling point of 78°C and thus the volatile components as in regular

gasoline are missing. Another reason is the high heat of vaporization, which is

responsible for additional cooling of the mixture (18). In Figure 3-7 the different

boiling temperatures and heat of vaporizations are plotted for gasoline and alcohols.
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Figure 3-7: Difference of evaporation properties of different fuels (18)

However, this study focused on ethanol blending rates E20/25, thus no cold

start problems are expected.
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4 Results fromnahegesimet a

The results of the evaluation of the meta-analysis are presented in this chapter and
will be discussed in detail. The results are based on the literature listed in Chapter

7.1. The effects of ethanol blends were examined for the following properties:

Fuel Consumption and Energy Efficiency (Chapter 4.1)

Carbon dioxide emissions (CO,) (Chapter 4.2)

Carbon monoxide emissions (CO) (Chapter 4.2.2)

Hydrocarbon emissions (HC) (Chapter Error! Reference source not found.)

Nitrogen oxides emissions (NOy) (Chapter 4.2.4)

= =4 A4 4 A

Particle emissions (Particle) (Chapter 4.2.5)

To enhance the readability and clarity of the study the individual analysed groups are
divided always according to the same sequence. First, a brief understandable
introduction to each topic, followed by the results of the present meta-analysis and

the discussion of the results.

4.1 Fuel Consumption and Energy-Efficiency

Fuel Consumption and Energy Efficiency are one of the most important factors, when
evaluating an alternative fuel for gasoline. Beside the Fuel properties it is of peculiar

interest if there exist fundamental advantages and disadvantages.

Specific Fuel Consumption (SFC)

For a better understanding of the influencing variables of ethanol on the fuel
consumption different aspects of the fuels must be considered. Generally, there are
several possible alternative fuels for use in conventional S| Engine (see Chapter 3.3).
Table 4-1 shows the differences in the fuel properties between regular unleaded
gasoline and pure ethanol (19) (20) (21) (22).
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Gasoline Ethanol
Chemical formula aCs-Cy, C2HeO
Low Heating Value [MJ/kg] 43.5 26.8
Low Heating Value [MJ/I] 32 21.1
Latent heat of vaporization ? [kJ/kg] a3s0 920
Reid Vapour Pressure ? [kPa] 61 15.5
Stoichiometric air/fuel-ratio [-] 14.6 9
Density [kg/m°] 720-775 794
Oxygen [%w] 2.7 34.7
Auto ignition temperature [°C] 257 425
Laminar flame speed © [cm/s] a3a3 as3o
Boiling Point [°C] 27-225 78
Water solubility [%] 0 100
Aromatics volume [%0] 27.6 0
Research Octane Number RON [-] 95 109
Motor Octane Number MON [-] 85 90

Table 4-1: Fuel properties of unleaded regular gasoline and ethanol [3, 23, 28, 36]

a) at 25°C
b) at 37.8°C
c¢) laminar flame speed at 100kPa and 325°C

In particular, the following properties
1 Low heating value (leads to increased fuel consumption)
1 Latent heat of vaporization (influences knocking, enables aggressive
downsizing)
Reid vapour pressure (influences the cold-start performance)
Water solubility (due to the hygroscopic behaviour of ethanol phase separation
may happen when in contact with water)
have a strong impact on the key aspects of engine operation with pure ethanol resp.
ethanol-gasoline blends. As seen before ethanol has a lower heating value as
gasoline. That means, that one litre respectively one kilogram ethanol contains less
energy than the same amount of gasoline. To assess how much fuel an internal
combustion engine on the engine test bench consume we often use a so called

specific fuel consumption (SFC). The SFC gives the volumetric or gravimetric fuel
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consumption based on the generated engine power. Equation 4-1 shows the
relationship between fuel consumption and the generated engine power.
0Q a a
Y'O&——r§ ls—r —— Equation 4-1
QuWQ QuWQ v g
Figure 4-1 shows the results from the meta-analysis for the specific fuel consumption.
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Figure 4-1: Specific fuel consumption

It turns out, as seen in Figure 4-1, that the SFC is rising consistent with increasing
amount of ethanol in the fuel-blend, as mentioned before. Especially for E20/25 the
meta-analysis show an increase by 3% in average.

Taking into account the lower heating value of ethanol, there results the image

shown in Figure 4-2.

Theoretically, the fuel consumption when using E20/25 would rise by approximately
8%. The results from the meta-analysis, however, show only an increased
consumption of about 3%, which reflects the increased thermodynamic efficiency due
to the use of ethanol. These results are consistent with the data extracted from the

meta-analysis for the engine efficiency.
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Figure 4-2: Theoretical fuel consumption due to the lower heating value of ethanol

compared to the fuel consumption resulting from the meta-analysis
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4.2 Emissions

In this study a distinction is made between the raw emissions (engine-out) and the
end-of-pipe (tailpipe) emissions. The principal effect of ethanol blends on exhaust
emissions can be significantly better illustrated using the engine-out emissions. In a
real vehicle operation, the end-of-pipe emission of more importance as long as the
exhaust aftertreatment system (3-way catalyst) is working properly.

In order to give in the following sections a better overview of the results of the
emission results, the ideal chemical reaction equations for a particular gasoline

model fuel (Equation 4-2) and ethanol (Equation 4-3) are compared [9].

60 pwOl ogUYb X600 eHIPL oA TH DL Equation 4-2
08 D00 pwol oY eRHO pWOO o@) T DO Equation 4-3

According to the Equation 4-2 and Equation 4-3 it can be seen that ethanol has
approximately 30% more triatomic molecules in exhaust gas than gasoline. The
result is a higher specific heat capacity and therefore lower exhaust gas
temperatures, lower wall heat losses and consequently a higher thermal efficiency
[9]. This effect is further enhanced by the significantly higher latent heat of
vaporization. In the real combustion, however, incur additional components, which
results from incomplete combustion, for example. Among others the limited pollutants
CO, HC, NOx and patrticles.

The exhaust aftertreatment system, for the S| engine, a 3-way catalyst has the task
of reducing undesirable combustion products (limited pollutant emissions) and
convert them into harmless components. The CO and HC are oxidized and the NOy

emissions are reduced, as shown in Equation 4-4, Equation 4-5 and Equation 4-6.

coOUv 0 9 ¢cov Equation 4-4
o O a T D OaGovu < Ov Equation 4-5
¢cOU ¢o 0% 0 cov Equation 4-6

As shown in Figure 4-3 this conversions only work in a small Air/Fuel-Ratio window

near the stoichiometric Air/fuel-Ratio.
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The more important the property of ethanol is to keep the enrichment requirement as
low as possible in the full load, as already explained above. Thus, the three-way
catalyst can fulfil its function over a wider operating range, compared to EO.
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Figure 4-3: Schematic influence of the Air/Fuel-Ratio on the conversion level of the 3-

way-catalyst (8)

4.2.1 CO, emissions

Carbon dioxide does not primarily belong to limited emissions, but is a final product of
ideal combustion. Therefore, the CO, levels in exhaust gas give a measure of

efficiency for the combustion.

Figure 4-4 shows the influence of different ethanol blends on the CO, emissions,
which were evaluated for the meta-analysis. As Equation 4-7 shows, the CO,
emissions in figure 4-4 are referred to the engine performance.

TQnQ

o S Equation 4-7
R V7o) a
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Figure 4-4: Engine-out CO, emissions

In the range between EO and E50, the CO, emissions tend to rise. This is a sign of
an improved combustion, especially in combination with reduced CO emissions (see
Chapter 4.2.2). The decrease in CO, emissions above E50 does not mean that there
is incomplete combustion again. There the favourable H/C ratio of ethanol comes into

play and therefore more H,O than CO, is formed.

The end-of-pipe CO;, emissions, see Figure 4-5, also decrease at low ethanol
content, as the conversion of CO and HC to CO, takes place in the catalyst. As has
been shown earlier the efficiency of the catalyst also increases with increasing
ethanol content. Apart from this, the catalyst can be operated in a wider range
without full load enrichment (lambda=1) with increasing ethanol content. Since
generally the CO- and HC emissions decrease in this area therefore CO, emissions

are even lower after the catalyst.
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Figure 4-5: End-of-pipe CO, emissions

As can be seen from the meta-analysis results the CO, end-of-pipe emissions after

complete combustion drop by approximately 5% for E100 compared to EO. This is

consistent with the theoretical reduction of CO, emissions through the better C/H

ratio of ethanol, as shown in Equation 4-2 and Equation 4-3.

4.2.2 CO emissions

Carbon monoxide results by combustion of fuel under oxygen deficient, if the carbon

cannot be burnt completely. A full oxidation to CO, is only possible with sufficient

oxygen. That means that the CO concentration in the exhaust gas increases with

decreasing o, as 1Is
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Figure 4-6: Pollutant formation as function of the air/fuel ratio (8)

Figure 4-7 shows the result from the meta-analysis for the engine-out CO emissions.
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Figure 4-7: Engine-out CO emissions

Figure 4-7 shows a clear reduction in CO emissions with increasing ethanol
concentration in blend. Especially for E20/25 the CO emissions can be reduced by
approximately 10% in average. On one hand the need for fuel enrichment in a wide
range of operating is unnecessary, which results in lower CO emissions due the
combustion process, as previously mentioned. On the other hand fossil fuel (EO)
contains about 30% more carbon than ethanol, which in turn can lead to a higher

percentage of unburned carbon. At the same amount of air and Lambda this effect is
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almost equalized, due to the higher amount of fuel required at higher ethanol content.
The faster and more complete combustion of ethanol, according to the higher oxygen
content (see Figure 3-4), leads to a reduction of the unburned carbon.

As can be seen from Figure 4-8 the CO end-of-pipe emissions also can be reduced
by increasing ethanol content in blend. The need for enrichment with EO has an even
greater importance here, because the three-way catalyst ensures only in a very
narrow lambda window high conversion rates (see Chapter 4.2). If the motor can be
operated stoichiometrically in a larger map range, as is possible with ethanol, the CO
emissions can be reduced further because of the higher conversion rate of the 3-
way-catalyst. Compared with Figure 4-7 the difference between EO and E20/25 is

guite more apparent and the advantage of ethanol is even better obvious.

Figure 4-8: End-of-pipe CO emissions

4.2.3 HC emissions

HC emissions are unburned hydrocarbons. These occur during the combustion
process mainlyfroml ack of oxygen and cool | ocal
rich engine operation (e<1) and formation of wall film, similar to the origin of the CO
emissions. Wall film is the agglomeration of fluid fuel on components like the cylinder
liner, the piston, and the cylinder head. At this places the flame front cools down so
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