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Abstract

The new energy strategy of EU (i.e., Directive 2009/28/EC) requires increasing the use of biofuels in transports up to
at least 10% of the total fuel consumption. In the last years, the share of Diesel engines in automotive applications
reached about 55% in EU market, thus trying to widen the alternatives to Diesel fuel is very important. In this
framework straight vegetable oils (SVO) can represent one of the available possibilities at least in some specific
applications (i.e., public transportation, hybrid or marine propulsion, etc.). SVO properties may be very different
form Diesel fuel, thus operating a Diesel engine with SVO might result in some problems, especially in automotive
configuration where the electronic unit acts as if it is working with Diesel fuel. This reflects in possible engine power
and torque reduction, maintenance problems, and pollutant emissions during vehicles running. The latter aspect is the
focus of the present paper. In this work, we used a turbocharged, four stroke, four cylinders, water cooled, common-
rail multijet Diesel engine in automotive configuration to simulate the extraurban cycle according to the EU standard,
comparing pollutant emissions in case of SVO and gasoil fuelling.
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1. Introduction

The new energy strategy of EU aims at increasing the use of bio- or renewable fuels in substitution of
fossil fuels. Within the Directive 2009/28/EC [1], recently approved be EU, among other and most known
objectives for 2020, there is a particular goal concerning fuels in transport: by 2020at least 10% of the
fuels used in this sector must be renewable. This seems a challenging objective considering that it
involves all kinds of transports, thus requiring a big effort to develop a new generation of fuels and to
enhance the use of those already available. Transport is a strategic sector from an energy point of view
since it represents about 32% of the EU final energy consumption (Fig.1, [2]). The situation of transports
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in EU (28 countries) is well summarized in [2]. In 2012, goods within the EU were transported with the
following modal split: 44.9% road, 10.8% rail, 4.0% inland water-ways, 3.0% pipelines, 37.1% sea, 0.1%
air. On the other hand, passengers, in the same year, used 82.4% road transports, 8.0% rail, 9.0% air
(excluding extra-EU connections), and 0.6% sea (excluding extra-EU connections).It is evident that road
transports are the most used in EU.

Even from the greenhouse gas (GHG) emissions point of view, transport represents an important
sector, since it is responsible of about 20% of the GHG in EU in 2012 (Fig. 2, [2]). Road transport is again
the most important, emitting about 72% of the total emissions of the sector (Fig. 3,[2]).

In the last years, Diesel engine (DE) vehicles became predominant also in the passenger cars,
representing in 2013 more than 55% of the sold vehicles (Fig. 4, [3]).
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Fig. 3. GHG emissions share from Transport by modal share, in  Fig. 4. 2003-2013 EU vehicles market: number of vehicles sold
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In this framework of reference, it is then clear the importance of reducing GHG emissions in road
transports in general, and in DE vehicles in particular.

From the GHG emission point of view, the most suitable alternative to Diesel fuel (DF) nowadays is
bio-diesel (BD), which is a bio-fuel mostly derived from vegetable oils. This bio-fuel has been widely
studied and tested in the past years (i.e.,[4]-[8]) and its properties are very similar to those of DF,
therefore it can be used both in blends with DF or alone. Besides BD, also straight vegetable oils (SVO)
can be used as an alternative. The main issues related to the use of BD is its production cost[9]-[11],
therefore to be economically attractive production of BD requires large volumes of oils, wand this limits
the development of such production plants. The possibility of using SVO as a fuel would widen the
alternatives to DF and making easier its production. This would result in a reduction of GHG emission
both from production plants and from Diesel vehicles, and in a decrease of the dependence from fossil
fuels. On the other hand, the availability of land that could be dedicated to oilseed crops is limited, thus
SVO cannot be seen currently as a global alternative to DF. A rational use of SVO, however, can
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represent a solution in some niche applications, i.e., public transport, hybrid and marine propulsion,
electricity generation units, etc. The situation may change with the use of oil from algae which are very
promising ([12]-[14]).

Despite the large interest on this topic, the use of SVO in modern DEs in automotive configuration is
not well studied so far, but a growing number of studies appear in scientific literature. Very interesting
review papers, reporting all the technical problems deriving from fuelling DEs with SVO are those of
Misra and Murthy [15] and Sidib¢ er al.[16]. In the very last years the growing interest about SVO gives
rise to a number of studies dealing with both performance and pollutant emissions of DE fuelled with
several SVO in a number of applications(see for instance [17]-[22]). In previous works some of the
authors of this paper studied the performance and pollutant emissions due to rapeseed oil, waste cooking
oil, and biodiesel, in a common-rail DE ([23]-[25]). In the present work we study pollutant emissions of
the same engine fuelled with rapeseed oil in comparison with DF during a simulated extraurban cycle.

2. Materials and methods
2.1. Fuel properties

The present study is performed fuelling a DE (described in section 2.1)with rapeseed oil (RO) and DF.
The main characteristics of the two fuels are reported in Table 1. RO has a net heating value smaller than
that of DF, but conversely, its density is larger. The fuel physical property that most affects the engine
behavior is the viscosity, because the larger the viscosity the more failures may happen to the feeding
system. Moreover, fuel viscosity is responsible of deposit formation within the combustion chamber, the
feeding channels, the filters, etc. Since viscosity is strongly affected by temperature, as reported in several
studies ([15]-[22]), fuel pre-heating is a commonly used solution to reduce it. In [23] some of the authors
found that in order to have a viscosity comparable to that of DF, RO should be heated up to about 90 °C,
thus this is the temperature we adopted in our tests.

2.2. Experimental set up

Tests were performed using a FIAT 1.9 JTD, a 4 strokes, common-rail, multijet, turbocharged DE, the
main characteristics of which are reported in ifferent fuels above described.

Table 2[26]. The engine, usually installed on vans for transport of goods and passengers, is in an
automotive configuration equipped with a real electronic control unit. It is installed to the bench test at the
laboratory of the Engineering Faculty of Sapienza Universita di Roma. Some modifications have been
maiden in order to adapt the engine to the test bench. The gear box and the flywheel were removed, and a
bi-fuel feeding system was realized on purpose. This 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. 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. The bench test is equipped
with a Schenck hydraulic brake, and a Bosch unit (BEA 350) is used to measure pollutant emissions; two
thermocouples measure the fuel and engine lubricant oil temperature. A sketch of the whole measurement
system is shown in Fig. 5.
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2.3. Simulation of the extra urban cycle

Council Directive 91/441/EEC[27] defines the extra urban cycle that has to be performed with a
vehicle in order to measure its pollutant emissions and other quantities that are used for comparison with
other vehicles. The Directive establishes velocities, time to reach them, and gears that has to be used
during tests. The whole extra urban cycle duration is about 400 s (Fig. 6). In the present study the cycle
for light-duty vehicles (having a mass smaller that 2160 kg) is selected. Following the Directive, before
the extra urban cycle a urban cycle has to be performed, but for the sake of simplicity we only simulated
the extra urban one.

Since the engine installed in the laboratory of the Engineering Faculty is without gear box, some
calculations were performed before simulating the cycle. In a first step, knowing the gear ratios for the
given engine, the rotations per minute of the engine crankshaft at the different velocity-gear couples used
during the test were computed. In the second step we calculated the driving resistance of the actual
vehicle at the velocities requested by the extra urban cycle. Driving resistance R, ,is computed as a sum
of rolling resistance R, and drag resistance R,

The rolling resistance writes

Rro/l:f.m'g (1)

where f is the friction coefficient, m is the mass of the vehicle, and g is the gravity acceleration. f
depends on the kind of paving f; and the velocity of the vehiclev( f = f, + f2v2 ). Assuming asphalt as
paving, f, can be set equal to 0.013; f, can be found in literature and here we adopted a value of 6.48E-
6. m =1430kg is the mass of the vehicle (FIAT Doblo) equipped with the tested engine.

Drag force is expressed as

Ry =(12)p,;,S-C,-v* (@)

where p,, =1.202 kg/m®, S =2.24 m’ is the area of the surface exposed to flow, C, =0.3 is the drag
coefficient of a FIAT Doblo.
By multiplying the driving resistance R, =R _, +R

tot

rag *

o = Ry + Ry, With the velocity of the vehicle the power £,
needed to keep the vehicle in motion is easily computed. P, should be the braking power applied to the
engine in order to reproduce the actual test condition. Knowing P, , and considering that in the hydraulic
break power and force are linked trough P =F,,,rpm/1000 , the braking force that should be applied
through the hydraulic brake is easily computed.

At the end of this process, the extra urban cycle is converted into couples of values brake force-rpm

that are used to simulate the real cycle.

reak

Table 1. Main characteristics of the fuels used in the tests[26].

Fuel Net heating value (MJ/kg) Density at 20°C (kg/m’) Viscosity at 20°C (mm?s)
DF 433 868.88 4.15
RO 37.6 914.50 74.19

2.4. Measurements of pollutant emissions

In the present study we wanted to compare pollutant emissions, namely CO, HC, CO, and NO derived
from the same engine but fuelled with the two different fuels above described.
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Table 2. Main characteristics of the engine used for the tests.

Type Charge Fuel Displacement  Power Maximum torque

1.9 MultiJet ~ Turbocharge (with intercooler) — Diesel fuel 1910 cc 89.5kW (120 hp) 200 Nm
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Fig. 5. Sketch of the measurement system.
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Fig. 6. Extra urban cycle for light-duty vehicle as reported in CD 91/441/EEC[27]; monitoring time instants: red dashed lines and
numbers in circles.

Since the Bosch unit does not allows to store continuous data, we decided to measure pollutions at five
time instants during the extra urban cycle, related to different operative conditions. The first monitoring
instant is 10 s after the cycle start, point 2 at 95 s, point 3 at 170 s, point 4 at 300 s, and point 5 at 390 s.
The monitoring time instants (MI) are shown in Fig. 6 by dashed lines and numbers 1-5 in circles.
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3. Results

The extra urban cycle was repeated four times for each fuel, then the values measured have been
averaged.Therefore, Fig. 7 to Fig. 10show average pollutant emissions.

As shown in Fig. 7, CO emissions trends are not similar for the two fuels. DF curve starts from a small
value (0.1 % vol at MI 1), increases up to its maximum (about 0.15) at MI 2 and 3, and then decreases to
0.1 at MI 4, and 0.0 at the last MI. On the contrary, the RO curve is a bit more rugged: it starts form about
0.33 at MI1, decreases to about 0.8 at MI 2, then icreases agin to its maximum value (0.35 at MI 3), and
then decreases to about 0.17 at MI 4 and 0.1 at MI 5. In any case, the CO emission is larger for RO. This
can be ascribed to several reasons, among wich two could play the main role: RO viscosity and chemical
characteristics. Even at 90 °C RO viscosity is about twice that of DF at the same temperature, and this of
course affects the injection process, since the more the viscosity the more difficult is nebulizing the fuel.
A worst nebulization, in turns, results in a worst combustion, thus a larger CO emisisons. The other
aspect that has to be accounted for, is that RO is composed of long chains of C-compounds that take
given time to be broken. Since combustion in a common-rail DE is a fast process, probably the RO does
not have enough time to break those C-chains.This is also confirmed by the HC emissions (Fig. 8).
Unburnt hydrocarbons are due to a bad or uncomplete combustion, as well as the CO. HC emissions
during RO fuelling are larger that those of DF up to MI 3, then they become smaller. This reversal trend
can be due to the operative conditions of the engine, i.e., engine teperature, RO temperature, etc., and at
the moment it is under investigation.

NO emissions are shown in Fig. 9. The trends for RO and DF are similar but RO produces smaller
(about the half) NO emissions. This is consistent with data available in literature (i.e., [16]), and with
what previously found by the authors ([23], [25]),and it is related to the heating value of the two fuels.
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RO has a smaller net heating value (see Table 1) which results in a smaller peak temperature during
combustion. This, in turns, leads to a smaller activity of the thermal-NO, formation mechanism, which is
the main responsible of NO, emissions in internal combustion engine.

Emissions of CO, are reported in Fig. 10. This pollutant is important because it is the main responsible
of the greehouse effect, which is the reason why emissions limits are more and more restrictive. It is
worth noting that bio-fuels do not give a relevant contribution to CO, concentration in the atmosphere,
since they cannot emit more CO, than that absorbed during the life cycle of the plants from which they
derive. Therefore, from the greenhouse effect point of view, RO contribution is null. However, a part
from the first M1, RO emits smaller value of CO, with respect to DF.

4. Conclusions

In the present work, we simulated the extra urban cycle defined in the Council Directive
91/441/EEC[27], and tested a four strokes, common-rail, multijet DE in automotive configurations,
aiming at measuring pollutant emissions when the engine is fuelled with RO and DF.

Form the experimental campaigns it came out that emissions related to the efficiency of fuel
combustion (namely CO and HC) are larger when fuelling with RO rather than DF. This is due mainly to
the physical and chemical properties of the fuels. Viscosity and chemical compounds of the fuel affect the
nebulization efficiency and time needed to complete the combustion. Therefore, RO is penalized from
this point of view. On the other hand, pollutants such as NO and CO, encourage the use of RO rather than
DF. CO, emissions for biofuels are assumed to be null, meaning that they do not contribute to the
increase of CO,concentration in atmosphere. Anyway, carbon dioxide emissions from RO are comparable
with those from DF, being a bit smaller. Nitrogen oxides are affected by peak temperature within the
cylinder, thus RO having a smaller heating value produces less NO,.

Further developments should involve the electronic control unit to better understand the engine
behavior and to try to set up a different mapping optimized for SVO, in order to minimize all the pollutant
emissions without decreasing engine performance in a relevant way.
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