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The importance of alternative fuels, especially bioethanol and biodiesel, rises due
to the limited oil sources, secure supply, prices changes, and environment pollu-
tion. Bioethanol is an alternative fuel which will be important in future, as a fuel
produced from different crops and lignocelluloses materials. The quality of
bioethanol has significant influence on the characteristics of mixtureswith gasoline
and engine performance.

Theinvestigationswer e performed with the bioethanol obtained as by-product from
sugar industry, which is not denaturated and produced according the requests pre-
scribed by standardsfor ethanol used in mixtureswith gasoline. Main target wasto
examine the possibility of utilisation of bioethanol obtained as by-product and
without additional technologiesfor purification and additional costs. Theresults of
standard and non-standard investigations and engine tests of bioethanol and gaso-
line mixtures are presented.
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Introduction

Transport completely depends on oil supply and it is the source of important part of
greenhouse gas emission. All predictions for the future have shown that the transport will in-
crease and that it isimportant to find the solutionsfor secure fuel supply and the possibilitiesfor
pollution reduction [1, 2]. One of the solutionsfor these problemsis utilisation of alternativefu-
els which where examined as possible fuel for S| engines at the beginning of the 20" century.
Thefirst attempts of ethanol use were made by H. Ford while R. Diesel predicted the use of veg-
etable oils. Theimportance of investigations of aternativefuelsfor Sl enginesriseswith oil cri-
ses and with the knowledge about importance of pollution reduction.

Directive 2003/30/EC sets up guidelines for adopting biofuelsin all transport fuelsin
the EU [3]. European Community program predicted the increase of biofuels utilisation from
2% in 2005 to 5.75% in 2010, with the final goal to meet 20% in 2020 [4]. The main objectives
of the Directive are to reduce emissions of carbon dioxide from transport across Europe, and to
reduce the EU future reliance on external energy sources (fossil oil). Both reasons suggest the
necessity of introducing bioethanol and biodiesel as engine fuels[5].

Thereason for the trend of increased use of bioethanal is, among others, a positive net
energy balance, meaning that the energy contained in aton of bioethanol is higher than the en-
ergy needed to produce it. Bioethanol could be produced from different crops, such as sugar
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beet, sugar cane, corn, wheat, etc. The conventional technologies (fermentation process) are
used for bioethanol production from these crops (first generation of bioethanol). Further, itisex-
pected that the second generation of bioethanol will be produced from lignocelluloses materials
using more advanced technologies — hydrolysis and fermentation [6]. Numerous investigations
have been made related to the production technologies, bioethanol quality and possibilities of
utilisation as afuel for Sl engines[7].

In the primary phase, bioethanol could be used in mixtures with gasoline. The prob-
lems of bioethanol use in mixture with gasoline are increased vapour pressure, corrosion, mix-
ture stability (phase separationin cold conditions), and poor lubricity. The content of bioethanol
in mixture with gasoline could vary depending on the quality (denatured or non-denatured). The
mixtures of gasoline with up to 15% of bioethanol could be used, because mgjority of the vehi-
cles can operate without significant changes of engine and fuel supply system. The increase of
percentage of bioethanol in gasolinewould inevitably lead to adjustment of engine and fuel sup-
ply system. In USA, content of up to 10% v/v of bioethanol in a mixture with gasolineisin use
(Gasohol E10), in Brazil 20-25% v/v and in European Community content of bioethanol as an
oxygenate, as well as an octane buster, was restricted depending on maximum permitted oxy-
genate content (2.7% m/m) in gasoline. The maximum content of ethanol in gasoline according
EN 228is5% v/v. However, the mgjor part of ethanol produced for transport isused in the form
of ETBE and added in gasoline.

The actual investigations are oriented to the examination of the possibility to increase
the bioethanol content and the effects on hot and cold weather driveability of modern vehicles
[8], emission from vehicles[9], and demands for bioethanol quality [10, 11].

In this paper, the results of standard and non-standard investigations and engine tests
of bioethanol and gasoline mixtures are presented. For all tests, the bioethanol of non-standard
quality is used with the intention to determine the possibility of its utilization in mixture with
gasoline.

Experiments

The experiments were carried out with the bioethanol produced in the sugar industry
and with the unleaded gasoline produced in domestic refineries. The bioethanol obtained from
sugar industry has not been additionally treated and denaturised. The quality of bioethanol was
non-standard related to the requirements defined in the standards for ethanol used for blending
with gasoline for automotive Sl engine (ASTM D 4806-03, ASTM D 5798-99, and prEN
15376:2007). The characteristics of used bioethanol and gasoline are given in tabs. 1 and 2.
Threedifferent mixtureswereinvestigated: gasoline mixtureswith 1, 3, and 5% v/v bioethanol.

The experimental program included determination of:

— physical and chemical characteristics of bioethanol and gasoline mixtures,

— phase separation of bioethanol and gasoline mixtures,

— aggressiveness of gasoline and bioethanol and gasoline mixtureson thefuel supply system,
— engine performances on test bench, and

— exhaust gas analysis.

The physical and chemical characteristics of bioethanol and gasoline mixtures were
determined according to the standard test methods used for pure gasoline (EN 228).

From the practical and technical point of view, it isextremely important that in all cli-
mate conditions bioethanol and gasoline mixture remain homogeneous. The bioethanol and gas-
oline mixtures exhibit separation in two phases— upper (gasoline) and lower (bioethanol), espe-
cidly in the case of high water and impurities content in bioethanol and with decrease of
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Table 1. Bioethanol characteristics

Characteristic Value
Ethanol content [% v/V] 96,3
Density [kgm™] 788
High heating value [kJkg™] 26.700
Taste and smell specific
Visual appearance clear and colourless
Barbet test 18 °C [min.] 34
Acid content, calculated as acetic acid (mg/l a. A.) 6.22
Ester content, calculated as ethyl acetate (mg/l a. A.) 18.26
Aldechides content, calculated as acetaldehyde (% viv a. A.) 0
Fusel oil content, calculated asisoamy! acohol (% viv a A.) 0

Table 2. Analysis of unleaded gasoline

Characteristic Unleaded gasoline Standard EN 228

Density at 15 °C [kgm™] 758 720-775
Copper strip corrosion (3 hours at 1a 1
50 °C)
Research octane number 95.5 min. 95

) 5 45-60*
Reid pressure [kPa] 50-80**
Ditillation:
% v/v distilled up to 70 °C, E70 24.8 20-48*, 22-50**
% v/v distilled up to 100 °C, E100 54.0 46-71
% vlv distilled up to 150 °C, E150 79.5 min. 75
Final boiling ponit (FBP) [°C] 195 max. 210
Distillation residue (% v/v), max. 1 max. 2

*  for period May 1 to September 30
**  for period October 1 to April 30

ambient temperature. Phase separation of gasoline-ethanol mixtures, as a non-standard investi-
gation included:
— determination of temperature at which the sampl e of bioethanol and gasoline mixture divides
in two layers — phase separation temperature, and
— selection of appropriate stabilizer to diminish this phenomenon, resulting in decrease of
phase separation temperature (if needed).
Determination of phase separation temperature of bioethanol and gasoline mixture
was performed according to the | SO 3015:1997. Phase separation temperature is defined as the
temperature during cooling, at which the separation of two phasesin the sample occurs. In some
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cases, when the bioethanol and gasoline mixture was separated at the room temperature, the
sample was heated to make it homogeneous, and afterwards it was cooled to determine phase
separation temperature. The heating was carried out up to temperature of 35 °C, to avoid evapo-
ration of light gasoline components.

Based on experiences from earlier investigations of ethanol-gasoline mixtures [12,
13], three stabilizers were used:

— stabilizer A —isopropyl acohol (1PA)
— stahilizer B — n-butyl alcohol, and
— stabilizer C —tertiary butyl alcohol.

A basic criterion for determination of optimum stabilizer concentration wasto achieve
homogeneous mixture (without the phase separation) with smallest concentration of stabilizer.
For proposed mixtures, the standard fuel tests were performed with the intention to determine
the influence of bioethanol and stabilizer on the most important characteristics.

Testing of theinfluence of bioethanol and gasoline mixtureson the fuel supply system
was made by static method. The representative parts of fuel supply system were submerged in
the gasoline and bioethanol and gasoline mixture with highest percent of ethanol (5% v/v, asthe
worst case) for 720 hours. The mass of each single part was measured before and after the test.
Every part was photographed before and after the test to check out possible deformations or cor-
rosion effects.

Tests, both on engine and vehicle, were carried out in parallel, with the primary gaso-
line sample and with the mixtures of bioethanol and gasolinein concentrations 1, 3, and 5% v/v
of bioethanol (respectively fuels E1, E3, and E5). According to the previous results of phase
separation, the mixtures E3 and E5 were prepared with the addition of stabilizer Cinthe amount
of 1% v/v. The investigations of engine performances were carried out on test bench Schenk
W130 and installation on 1.3 litre engine with system for ignition and fuel supply BOSCH
M.4.6 (fig. 1). Test engine characteristics are given in tab. 3.

Table 3. Test engine characteristics

| . :
<o T Engine type Engine 128A6.064
Number of cylinders 4inline
Piston diameter 86.4 mm
n F
Stroke 55.8 mm
Compression ratio 9.1
Engine brake Maximum power 46.5 kW
SCHECK W-130
Engine speed at full
power 5800 rpm
Figure 1. Schematic display of measuring and test Ignition non-contact

installation

The investigations comprised the following tests:

— flat road load characteristics (power, torque, and specific fuel consumption) according to St.
7.A6400,

— flat road load characteristics according to St. A.642, and
— exhaust gases emissions at full power curve (CO and HC).

Test engine was equi pped with standard engine equipment (intake and exhaust system,
filters of air, fuel, and ail, etc.). For engine cooling during investigation, installed cooling sys-
tem was used, which was located on test bench for engine investigation. Oil temperature in en-
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gine crankcase was regulated by additional oil cooling system. Engine running in was per-
formed on test bench in the period of 6 hours per cycle (according to St.7.A6000). Before all
investigations, reading was performed on engine, as well as control of main parameters of en-
gine operation (engine speed at idletravel, A value, throttle position, etc.) by special diagnostics
device BOSCH VS 23.

Special additional tank was used for test engine supply with fuels. Mixers, installed in
the tank, provided homogenous mixture of main fuel and bioethanol. The fuel preparation pro-
cedure for each test included two phases: mixing and rinsing the fuel supply system. After each
one of the tests, the fuel supply system was discharged, rinsed, and filled with new fuel for the
next test.

Results

For investigated bioethanol and gasoline mixtures, phase sep-
aration starts immediately after mixing at the room temperature
and becomes more and more expressed during the time. Phase
separation was not typical: instead of two homogeneous layers,
the bioethanol was separated in the form of drops settled at the
bottom of thetest tube (fig. 2). Because of the phase separation at
the room temperature for mixtures with 3 and 5% v/v of
bioethanol, the stabilizers were used. Based on previous tests,
phase separation temperature for mixtures with stabilizers A and
B were higher than 0 °C, so the stabilizer C was found to bethe  Figure2. Characteristic
most effectiveand it wasused for all further tests[12.]. Phasesep- ~ @Ppearance of phase
aration temperature results separation
are presented in tab. 4.

The results of standard
testsfor bioethanol and gas-
oline mixtures with stabi- Mixture Fuel E1 | Fuel E3 | Fuel E5
lizer aregivenintab. 5. Dis- Cloud point [°C] - -12 -2
tillation curves are present-
ed onfig. 3. All characteris-
ticlistedin tab. 5 are within

limits defined by standard  Taples. Test resultsfor gasoline-ethanol mixtureswith stabilizer C

Table 4. Phase separ ation temper atur es of gasoline-bioethanol
mixtureswith stabilizer C

Phase separation temperature [°C] <-20 | 26 26

EN 228. =
The results of the bio- Characteristic Fuel E1 | Fuel E3 | Fuel E5

ethanol influence on fuel || Density at 15 °C [kgm™] 758 | 759 760
supply system are presented || copper strip corrosion (3 hours at

in tab. 6, as arelative mass | 50 °C) la | 1a 1a
:‘fhang_?h I?&thredelttem}l ned || Research octane number 957 | 960 | 9.7
Ime. e results or ag- ;
gressive effect of bioethanol R?'O_' presre [kPe] 48 52 49
and gasoline mixtures on | Ditillation
fuel supply system parts || % v/v distilled up to 70 °C, E70 255 29.2 323
have shown no difference % v/v distilled up to 100 °C, E100 51.8 52.1 50.3
between gasoline and bio- % v/v distilled up to 150 °C, E150 80.0 794 77.1
ethanol and gasoline mix- Final boiling ponit (FBP) [°C] 192 190 191
tures. Distillation residue (% v/v), max. 1 1 1
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Figure 3. Distillation curves of unleaded gasoline and bioethanol and gasoline
mixtures

Table 6. Mass change of parts submerged for 720 hour sinto the gasoline and
bioethanol and gasoline mixture (5% v/v of bioethanol)

Part Gasoline Gasoline + 5% v/v bioethanol
Am [%] Am[%]
Fuel reservoir 0.04 0.10
Fuel intake hose @50 mm —6.02 -6.14
Rubber seal of fuel reservoir —6.30 -5.10
Metal fuel pipe -0.01 -0.22
Fuel reservoir lid 0.00 0.00
Fuel level indicator -0.37 -1.21
Rubber hose @75 mm —2.30 -0.09
Pipe for fuel distribution 0.06 0.07
Fuel atomizer 0.10 -0.29
Rubber seal of fuel swimmer -7.80 —4.98

Maximum values of engine power, maximum torque, and minimal specific fuel con-
sumption with gasoline and with gasoline mixtures with 1, 3, and 5% v/v of bioethanol are
shownin tab. 7.
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Table 7. Maximum values of power, torque, and minimal specific fuel consumption

; ] Specific fuel consumption
Fuel Power [kW] / engine speed | Torque [Nm] / engine speed [gkW-3hT] / engine I
[rpm] [rpm] [rpm]
Gasoline 53.91/ 6200 96.10/ 3600 229.04/ 2600
El 54.01 / 6000 96.61 / 3600 243.92 / 2600
E3 53.80/ 6000 97.00/ 3600 251.51 /3000
E5 53.73 / 6000 94.96 / 3000 253.26 / 3000

Engine full load characteristics with gasoline and with bioethanol and gasoline mix-
tures E1, E3, and E5 are presented on fig. 4.

Analyzing the results of investigations with gasoline and mixtures E1, E3, and E5, it
can be noticed that the character of curvesfor power, torque, and specific engine consumptionis
approximately the same. The values of engine maximum power and torque with mixtures are
similar compared to the values obtained for the gasoline (tab. 7). The values of engine specific
fuel consumption in investigation with mixture E1, E3, and E5 are higher in the whol e range of
engine running (fig. 4).

Thereis no significant difference in results for investigations with gasoline and mix-
tures of bioethanol and gasoline, neither in values for volume and specific consumption, neither
in the trend of the curves. Thisisvisiblein fig. 5. Smaller difference can be observed only for
mixture E5, where slightly higher volume and specific fuel consumption was obtained. That is
agreeable with obtained values of power and torque from the corresponding external speed en-
gine curve.
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Figure 4. Engine full load characteristics with
gasoline and gasoline and bioethanol mixtures

Figureb. Engineflat road load characteristicswith
gasolineand with mixturesof gasolineand ethanol
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Emission measurements of CO and HC content in exhaust gases at full engineload re-
gimes are shown on figs. 6 and 7.

Asshowninfigs. 6 and 7, itisnot possible to identify the significant changesin the CO
and HC content in exhaust gases, especially for the mixtures E3 and ES5.
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Figure 6. CO content on full power curve
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Figure 7. HC content on full power curve
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Conclusions

Based oninvestigations performed, and results obtained for the mixtures of bioethanol
(originated from sugar production process) and gasoline it can be concluded:

— judged on separation as principle criterion, mixture of gasoline with 1% v/v of bioethanol
can be used in practice, without addition of stabilizer, because the mixture ishomogenous up
to temperature of —20 °C,

— mixtures of unleaded gasoline with 3 and 5% v/v of bioethanol can not be used without
addition of stabilizer, because the separation occurs at room temperature,

— tertiary butyl alcohol (TBA) is appropriate stabilizer for bioethanol and gasoline mixtures,

— addition of 1% v/v TBA to the mixtures of gasoline with 3 and 5% v/v bioethanol is neces-
sary to secure stability of the mixtures at temperatures occurring during exploitation,

— it wasobserved that only mixture with 5% v/v of bioethanol has higher impact on fuel level
indicator (than the impact of pure gasoline), and

— precise determination of bioethanol-gasoline mixtures impact on fuel supply system parts
requirethat those partsarein contact with fuel for prolonged period (morethan 720 hours).

Analyzing the test results it can be observed that maximum values of engine power,
torque and specific fuel consumption are approximately identical for both experiments — with
pure gasoline and with bioethanol-gasoline mixture.

Fuel specific consumptionsare higher for bioethanol-gasoline mixturesin whole oper-
ating range of engine compared to values obtained for pure gasoline operation. Minimum values
arefor mixture of gasoline and 1% v/v of bioethanol, and maximum for mixture of gasoline and
of 5% v/v bioethanol.

Emission tests revealed no significant influence of bioethanol addition on exhaust
gases CO content for al tested mixtures. Therewas also no considerable change of HC emission
for mixtures of gasoline with 3 and 5% v/v of bioethanal.

Nomenclature
F — force, [N] Abbreviations
n — engine speed, [rpm]
Tin — temperature of inlet water, [K] ASTM — American Society for Testing
Toi  — temperature of outlet water, [K] and Materials
Toi — temperature of ail, [K] ETBE - ethyl tertiary butyl ether
twa  — fuel spending time, [g] EN  — European norm
Poil — pressure of oil, [Pa] ISO — International Organization
for Standardization
Greek letters Sl — gpark ignition
TBA - tertiary butyl alcohol
A — air-fuel mixture
Am  — mass change, [%0]
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