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Abstract

The EU new energy strategy represents a challenge and a boost for industries and researchers pushing them to find new solutions
to supply the energy demand complying with new environmental requests. The transport sector is one of the most addicted to oil
product and then pollutant. A new bio-fuels generation is being studied, but the use of the ones already available should be in-
creased. The use of vegetable oils (VO) and waste cooking oils (WCO) could represent interesting alternative fuels for Diesel
engines in some specific applications (i.e., public transportation, hybrid or marine propulsion, etc.). Moreover, VO can be pro-
duced almost everywhere in the world in relatively small plants, and WCO would represent the use of a waste material which
otherwise should be disposed. However, operating a Diesel engine (DE) with a different fuel might results in some problems. In-
deed VO and WCO have different characteristics compared to Diesel fuel (i.e, a smaller heating value, a larger density and vis-
cosity), and this can affect the operation of a DE. In particular the DE is expected to have some problem at the injection system
and power loss.

In this work different vegetable oils (both straight and waste) are used to fuel a DE in automotive configuration and study its be-
havior. Tests are performed using a turbocharged, four stroke, four cylinders, water cooled, common-rail multijet DE. The influ-
ence of fuel used on engine power, specific consumption, efficiency, and exhaust opacity, are compared with those obtained fuel-
ling with Diesel fuel.

© 2015 The Authors. Published by Elsevier Ltd. Thisis an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Background

The new energy strategy adopted by EU (see the Directive 2009/28/EC [1]) represents a challenge for scientists
and industry. As a matter of fact it fixes three main objectives which should be accomplished by 2020: to reduce the
greenhouse gas (GHG) emissions by 20 %; to reduce the final energy consumption by 20 % (improving energy effi-
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Nomenclature

BD Bio-diesel

DE Diesel engine

DF Diesel fuel

RO Rapeseed oil

SVO  Straight vegetable oil

ciency); to provide 20 % of European energy consumption using renewables. The same Directive also fixes at 10 %
the minimum consumption of renewable fuel in transports by 2020. This is pushing the development of a new gener-
ation of bio-fuels. However, in the meanwhile, the use of the already available biofuels should be widen and effi-
ciently increased in order to achieve the 2020 targets. Nowadays Diesel fuel (DF) can be replaced by bio-diesel
(BD), which can be used alone or in blend with DF ([2]-[6]), however its production requires big plants and large
energy consumption. For this reason in the last years there is a growing interest on other bio-fuels such as straight
vegetable oils (SVO) in order to widen the available alternatives to DF. Actually, the land requested to oilseed crops
does not allow to look at SVO as a global alternative to DF. However it can be used in blend with gasoil, bio-diesel
(BD) or also alone in some niche applications, such as public transport, hybrid and marine propulsion, electricity
generation units, etc. The situation may change with the use of oil from algae which seems to be very promising
([7]-[10]). Notwithstanding the several advantages in using SVO as fuel, some technical problems (i.e., power and
engine efficiency losses, feeding system malfunctions, etc.) should be faced.

The present work aims at studying the behavior of a common-rail DE in automotive configuration when fuelled
with SVO in comparison with DF and BD.

The interest in using SVO as fuels in automotive applications is growing day by day and there are several small
companies producing kits to switch from DF to vegetable oils. Some of them propose their products also for com-
mon-rail engine, but so far the number of studies on this kind of engines are not very common. Good reviews can be
find in [11] and [12]. Labeckas and Slavinskas [13] reported on the experiments performed on a direct-injection off-
road DE fuelled with RO, but it was a low speed, naturally aspired, not common-rail engine. Rakopoulos and
coworkers [14] studied the performance of a bus engine operating with several vegetable oils in blend with DF. Fon-
taras et al. [15] used a Renault Laguna 1.9 dCi passenger car for their tests, but it was fuelled with a RO-DF blend
(10% of RO). In a previous work the authors studied the use of RO and waste cooking oil in a common-rail DE [16].
To better understand the effects of the use of SVO in DE more experiments and studies have to be done.

2. Materials and methods
2.1. Fuel properties

In the present work three different fuels are used to feed the DE: rapeseed oils (RO), BD produced from waste
cooking oils, and a standard DF. BD and DF have very similar characteristics, conversely vegetable oils are quite
different from them ([11], [12]). In the present work, the main characteristics of the fuels used to feed the DE are
reported in Table 1. As reported RO has a net heating value smaller than that of DF and a bit larger than that of BD.
Density of BD is similar to that of DF, and both are smaller than RO. The viscosity is the physical properties which
more affects the engine operation, since a larger fuel viscosity may provoke failures in the feeding system, and de-
posit formation within the combustion chamber, the feeding channels, the filters, etc.

Viscosity may remarkably vary with temperature, hence in order to avoid problems with the pumping system, its
variation with temperature has been measured. It is found that to have a viscosity comparable to that of DF, RO has
to be heated up to about 90 °C, as can be found in literature ([11]-[19]), thus this is the temperature we adopted in
our tests.
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2.2. Experimental setup

The engine used in the test is a FIAT 1.9 JTD, a 4 strokes, common-rail, multijet, turbocharged DE (

Figure 1), and Table 2 summarizes its main characteristics. The engine is taken from a real van and installed, to-
gether with its own electronic units, to the bench test at the laboratory of the Engineering Faculty of Sapienza Uni-
versita di Roma. In order to adapt the engine to the bench test few changes have been done, only involving the sup-
ports, the throttle control, the gear box, the flywheel, the exhaust and the fuel tank. In particular a new support struc-
ture was built according to the bench test geometry; the throttle control was modified in order to maintain a given
position, and its maximum extent was divided into six parts; the gear box and the flywheel were removed since they
are not needed for the present tests; the exhaust line was shortened to fit de bench test room. The fuel tank was re-
placed by a specifically designed bi-fuel system. The system is composed of two fuel tanks (for DE and RO or BD),
and a small tank housing the original fuel pump and a thermocouple to measure the actual temperature of pumped
fuel. The small tank is connected to a switching valve to fuel the engine alternatively with DF or RO and BD. Each
of the two fuel tanks are equipped with a fuel filter, which in the case of DF is a paper micro-fiber filter commonly
used in cars, whilst in order to avoid problems due to the high viscosity of the vegetable oils, the second tank is
equipped with a plastic filter commonly used in trucks and tractors. Temperature within the vegetable oil tank is
controlled by an electronic unit Gefran 1000, which in turn activates/deactivates four RTDs immersed in the fuel.
Figure 2 shows the whole bi-fuel system.

The bench test is equipped with a Schenck hydraulic brake, and a Bosch unit (BEA 350) to analyze the exhaust
gas opacity. Moreover, two thermocouples within the fuel pump tank and the engine oil pan measure the tempera-
ture of the fuel fed and engine lubrication oil respectively.

The engine crankshaft is connected to the brake through a cardan joint. The engine rotating speed is computed by
the engine sensor and also by the brake system.

A sketch of the whole measurement system is shown in Figure 3.

Table 1. Main characteristics of the fuels used in the tests.
Net heating value ~ Density at 20°C ~ Viscosity at 20°C

Oil

(MJ/kg) (kg/m®) (mm?/s)
DF 43.319] 868.88 4.15
RO 37.6 [19] 914.50 74.19
BD 36.8 [17] 878.23 4.44

Table 2. Main characteristics of the engine used for the tests.

Type 1.9 MultiJet
Charge Turbocharge (with intercooler)
Fuel Diesel fuel
Displacement 1910 cc
Power 89.5 kW (120 hp)
Maximum torque 200 Nm

Figure 1. The FIAT 1.9 JTD Multijet engine used for the tests campaign.
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Figure 2. Bi-fuel system. Figure 3. Sketch of the measurement system.

3. Results and discussions

The aim of the test performed was to measure the engine power and pollutant emissions.

During the tests performed with vegetable oil, start phase (about 10°) was done fuelling with DF in order to warm
up the engine; DF was also used during the stop phase (about 10°) in order to remove the vegetable oil from the
feeding systems, injectors and cylinders.

In order to track the power curves at different operative conditions, engine power is measured at each of the six
throttle positions, and at several engine rpm, starting from 4200 rpm, down to 1250 rpm, with about 500 rpm step.

Pollutant emissions are expressed in terms of exhaust opacity and concentration of unburnt hydrocarbons (CxHy),
CO, CO;, and NOx.

3.1. Power curves

Figure 4 shows the power curves at each of the six throttle positions, and for the three fuels tested. It is evident
that there is a difference in engine power using different fuels. In particular the difference is larger at throttle posi-
tion equal to 1/6, at which it is clear that engine power is larger using DF at almost all the rpm range. At 2500 rpm
the engine power measured using RO and BD is 16% and 22% (respectively) smaller than that using DF. The power
loss in the case of BD is due to the smaller heating value comparing with DF. In the case of RO instead, the effect of
a smaller heating value is partly recovered by its larger density, thus at constant volume of fuel injected within the
cylinder, the mass is larger as well as its energy content. This could explain the smaller difference in power output
between RO and BD. Comparing RO with DF, the power loss can be ascribed to the larger viscosity of RO, even if
injected at 90°C. A larger viscosity results in a poor nebulization of the fuel, especially at low regimes and low
throttle position. In these operative conditions indeed, the amount of fuel injected within the cylinder is small, then
the injection time plays an important role. Injection time can be divided into three phases: a first phase in which in-
jectors open, a second one in which they stay in a steady position (which is the main injection phase), and then the
closing phase. When the total injection time is small, the first and last phases, which are the ones during which
nebulization is worst, become relevant resulting in a bad nebulization and thus a bad combustion, which in turn re-
sults in a power loss.

The power loss decreases as throttle position increases (Figure 4). Form 3/6 up to full throttle, all the tested fuels
give a comparable power in a regime up to about 2800 rpm, then there are some differences. At 3/6 throttle position,
DF gives larger power, with RO giving the smallest. From 4/6 up to full throttle, BD gives the larger power, RO fol-
lows the DF curves up to 3800 rpm and then gives a larger power. This trend, which in some cases is not very co-
herent, can be ascribed to the electronic unit control. It can check several parameters, such as the number of fuel jets,
the fuel temperature, the exhaust temperature and composition, etc., and on the basis of their values the electronic
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unit tries to best fit the engine map recorded in it. Working with different fuels may then provoke an unpredictable
behavior of the electronic unit, hence engine operates irregularly.
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Figure 4. Power curves at different throttle positions for BD, RO and DF: 1/6 throttle (top left), 2/6 throttle (top right), 3/6 throttle (centre left),
4/6 throttle (centre right), 5/6 throttle (bottom left), 6/6 throttle (bottom right).

3.2. Exhaust opacity and Pollutant emissions

Exhaust opacity is shown in Figure 5. All the tests were repeated 11 times to have significant measurements. It is
clear that opacity of exhaust from DF is the largest, whilst RO and BD show similar values. Opacity of exhausts
measures soot emissions. Soot forms during combustion of organic fuels in case of oxygen scarcity and large pres-
ence of carbon. All the tested fuels contains C, but DF does not contain oxygen at all, thus soot formation is more
difficult in the case of RO and BD combustion. This phenomenon is enhanced by the fact that the electronic control
unit is set to work with DF, thus the air aspired is larger than those actually required to optimize the combustion of
RO or DF. The results is a larger availability of oxygen in the case of RO and BD which does not favor the soot
formation.

Figure 6-Figure 8 show the main pollutants measured during tests (namely HC, CO», and NOy; CO was null in all
the tests). The larger concentration of unburnt hydrocarbons (HC, Figure 6) comes from RO combustion, whilst the
smaller from BD. The large HC content in exhaust of RO is due to the molecular structure of this oil. Vegetable oil
is composed of long C- chains which are broken during pre-combustion reactions. Since the combustion phase in a
internal combustion engine is very fast, probably these chains do not have time to be broken and burn before exiting
the cylinder. On the contrary, BD is very similar to DF composition, but having a smaller content of C, thus its be-
havior, in terms of HC content in the exhaust, is lower but comparable with that of DF.
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Figure 8. NOy concentration in exhaust.

Figure 7 shows the concentration of CO; in the exhaust. As shown in the figure, RO, BD and DF produces a
similar content of CO,, with BD and RO giving the smaller values. However, it is worth noting that biofuels do not
give a relevant contribution to CO, concentration in the atmosphere, since during combustion (or any energy con-
version process) the amount of CO; emitted is not larger than that absorbed during the life of the plants.

The NOy content is shown in Figure 8. Both RO and BD produce a substantially smaller amount of this com-
pound. As reported in literature (see for instance [12]) this is due to the lower heating values of RO and BD compar-
ing with DF. Indeed a smaller heating value results in a smaller peak temperature reached during combustion, which
reduces the activity of the thermal-NOy production mechanism which is the main one acting in an internal combus-
tion engine.

4. Conclusions

Bench tests on a FIAT 1.9 JTD, a 4 strokes, common-rail, multijet, turbocharged Diesel engine, fuelled with RO,
BD and DF are performed. The engine is in real automotive configuration, equipped with its original electronic unit.

Bench tests shows that power loss due to the use of RO and BD is relevant mainly at low loads (ranging from 18
to 22 %). At higher loads the three fuels show a similar behavior up to about 2800 rpm, than BD gives a larger pow-
er output. This behavior may be ascribed to the combined effects of different density and viscosity of vegetable oils,
electronic unit intervention, and the injection time which is varied according to load.

Opacity tests demonstrated the effectiveness of the tested biofuels in reduce soot formation, and then particulate
emissions. Pollutant emissions are comparable to or less than those of DF, apart from HC emission from RO

which reaches the highest level.

Besides these results, during the tests emerged that for DE in automotive configuration, fuel characteristics and
the electronic control unit play a paramount role. The former can be manipulated, within certain limits, heating up
the fuel (namely the SVO) before it enters the feeding system. The latter aspect requires a different tuning of the
electronic unit for different fuels, and a switch system which allows the engine to work always at its optimal operat-
ing point.
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