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Introduction 
In order to ensure that emissions of ultrafine PM (0.1 µm and below) are 
controlled, a number based approach to PM emissions has been introduced, in 
addition to the actual mass based approach, in the Euro 5b/Euro 6 legislation [1]. 
The number and size distribution of a diesel engine are affected by the fuel 
characteristics[2]. European Directive 2009/28/EC depicts a new scenario concerning 
the share of energy from renewable sources in transport which will lead to the 
introduction of a share target, which should be achieved, by the European Union 
(EU) member states, by 2020 of 10% of the final energy consumption [3] A new 
generation of biodiesels is currently being explored in Asian countries. Despite the 
growing interest in biodiesel emissions, which is reflected by the large number of 
investigations and researches reported in literature, few studies have been carried out 
on last generation Euro 5 automotive engines [4]. An extension of the investigations 
to modern engines and aftertreatment systems, seems to be necessary to fully 
understand the effects of biodiesel usage and to avoid jeopardizing its  potential 
emission benefits. 
The aim of this research is therefore to characterize the effects of two different 
biodiesels, sourced from rapeseed oil (RME) and jatropha oil (JME), and blended 
with ULSD, on both number and mass based particulate matter emissions, at the 
engine outlet of a modern, small displacement, common-rail, Euro 5 automotive 
diesel engine, for different engine operating conditions. 
 
Experimental setup & test procedure 
Engine and after-treatment system 
The engine is a modern passenger car small displacement (1248 cm3), 
turbocharged, common-rail Euro 5 DI diesel engine, one of the smallest engines on 
the market, considering unit displacement. It is equipped with a close-coupled 
after-treatment system, and features a DOC and a catalyzed DPF integrated in a 
single canning. 
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As shown in Figure 1, the engine was connected to an eddy current dynamometer, 
while engine fuel consumption was measured by means of an AVL 733S 
gravimetric fuel meter. 

 
 

Figure 1. A) Experimental test rig: scheme. B) Engine operating points. 
 
Exhaust gases were sampled at the engine outlet and measured through a Fisher-
Rosemount NGA-2000 gas analyzer, while an AVL 415S smoke meter was used 
for the measurement of FSN, for the purpose of repeatability checks. 
During the tests, all the engine control parameters were controlled by a PC, which 
was directly connected to the engine ECU.  Data acquisition and post-processing 
were performed by means of ICE Analyzer [5], a suitable program developed  for 
internal combustion engine indicating analysis. 
 
The experimental tests were performed using the three following fuels: 

• ULSD: a standard Ultra-Low Sulfur Diesel fuel that complies with EN590 
(sulfur < 10 mg/kg); 

• RME (B30): a 30% vol. blend of rapeseed oil biodiesel (RME) and ULSD; 
• JME (B30): a 30% vol. blend of Jatropha Curcas oil biodiesel (JME) and 

ULSD. 
Although not all fuel characteristics can be scaled on the basis of the blending 
percentage, a neat fuel analysis was preferred during this first part of the research 
project, in order to gather more accurate information concerning the characteristics 
of the biofuels and to obtain least rough estimates of the different blending ratios 
that could be investigated in the near future. 
 
The number and mass size distributions were initially evaluated at three different 
part-load operating points,  which were selected as representative, in terms of speed 
and load levels of the New European Driving Cycle for the tested engine (see Fig. 
1B), 1500 rpm x 2 bar BMEP, 2000 rpm x 5 bar BMEP and 2500 rpm x 8 bar 
BMEP. The number and mass size distributions were also measured during the 
warm-up phase of the engine for the ULSD and RME (B30) fuels. After engine 
ignition, the engine was run at the selected warm-up operating point (1500 rpm at 
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roughly 2 bar BMEP), and PN measurements were carried out every 5°C increase 
in the coolant temperature, starting from 20°C (typical engine cooling temperature 
measured after engine ignition) up to the final steady-state thermal regime 
(approximately 85°C). 

 
A TSI 3080 Scanning Mobility Particle Sizer (SMPS) model was used to record the 
particle size distributions of the exhaust PM under different engine operating 
conditions. The sampling system consists of two dilution stages and a sampling 
line. This line (1m long, with a 4 mm inner diameter) consists of a heated and 
insulated stainless steel pipe that connects the sampling point to the first dilution 
stage (first dilutor of a DEKATI DI-2000 package), which was heated to 250 °C to 
reduce nucleation [6]. A second dilution stage was used (second dilutor of a 
DEKATI DI-2000 package) in order to obtain a higher dilution ratio (DR); the 
second stage is not heated and it is connected directly to the TSI 3080 SMPS by 
means of a flexible pipe (7.5 m long), whose length could not be reduced due to 
safety reasons and room constraints. Each dilution stage nominally provides a DR 
of 8, which leads to a total DR of 64,and this should reduce particle agglomeration. 
 
Results and Discussion 
Steady State tests 
Figure 2 A-C shows a comparison of the number and mass size distributions at the 
engine outlet for the three tested fuels and for the three engine operating points.  
At low-speed, low-load operating condition (1500 rpm, 2 bar BMEP, Figure 2A) 
RME (B30) leads to comparable number and mass size distributions with ULSD, 
while fuelling the engine with JME (B30) causes a moderate increase in both the 
peak number and mass distributions (30% and 23% , respectively), showing peak 
values at  the diameter of about 50 nm and 100 nm, respectively. 
 

 
 
Figure 2. Engine-out number and mass size distributions for different fuel blends 
at: A) 1500 rpm and 2 bar BMEP; B) 2000 rpm and 5 bar BMEP; C) 2500 rpm and 
8 bar BMEP. 
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Figure 2B reports the results for the medium speed, medium load engine operating 
condition (2000 rpm, 5 bar BMEP). Again in this case, RME does not show any 
considerable variations in number distribution, compared to diesel fuel, while an 
appreciable reduction can be observed in the mass size distribution, with a peak 
diameter at about 50 nm and 100 nm, respectively, for both fuels; conversely, at 
this engine operating condition, JME leads to a remarkable increase in PN, as well 
as in particle mass, with almost doubled peak distribution values compared to 
diesel fuel; while an appreciable reduction in number and mass can be also 
observed for particles below 10 nm. 
The large increase in particle number measured with JME could, at least in part, be 
attributed to a slight change in the EGR rate, which is likely to produce a dramatic 
change in soot emissions, due to the particular setting of the engine calibration 
point on the soot-NOx trade off which was highlighted in a previous research 
activity [7]. Therefore, the extremely important effects on PM emissions that can 
be attributed to shifts in the engine operating points on the calibration maps, 
highlight the need for a specific adjustment of the engine calibration on the basis of 
the fuel characteristics (e.g. for the lower LHV of biofuel blends) in order to avoid 
jeopardizing the potential emission benefits of biofuels. 
Finally, with reference to Figure 2C, the change in fuel at the high speed-high load 
operating point (2500 rpm, 8 bar BMEP) does not lead to any appreciable 
variations in number of particles emitted for either RME or JME, with a peak 
distribution diameter at about 50 nm; as far as mass size distribution is concerned, 
a moderate reduction can be observed when switching to B30 blends, with the peak 
diameter at about 100 nm, which is slightly lower than for diesel. These results 
clearly show that the effects on PN emissions related to the use of different fuels 
can mainly be attributed to changes in the engine operating conditions, as the JME 
case shown in Figure 2B points out. On the contrary,  the effects of the fuel 
characteristics seem to be quite modest,  since the significant PM reductions that 
could be expected with biofuels, due to the absence of soot promoters (such as 
aromatic hydrocarbons) in the biofuel molecule and to the increased local oxygen 
availability during the combustion process (thanks to the oxygen content of the 
biofuel molecules), seem to be almost completely cancelled out by the engine 
recalibration (i.e. by the increase in the injected fuel mass per cycle to compensate 
for the lower LHV of the biofuels, which leads to an almost identical overall 
relative air-fuel ratio). 

 
Warm-Up tests 
The particle number and mass size distributions obtained from the warm-up tests 
are reported in Figure 3 A-D. The ULSD engine-out number distribution has a 
bimodal shape at a cooling temperature of 25 °C (Figure 3A), with peak 
distribution diameters at about 20 nm and 50 nm, while the mass size distribution 
shows a peak diameter of about 100 nm; on the other hand, the RME (B30) number 
and the mass size distributions also show a bimodal shape with a large peak in 
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engine-out PN emitted at 20 nm. The presence of the 20 nm peak diameter on the 
engine-out number distributions for both fuels is most likely due to the nucleation 
of a portion of HC into semi-volatile particles, especially taking into account the 
very narrow distillation temperature range of the pure RME distillation curve 
(generally in a range of between 330 and 360°C)[8]. Nevertheless, further 
investigations concerning the nature of these nanoparticle formations under cold 
start, which could not be performed with the current experimental set-up, would be 
needed to establish whether these particles are semi-volatile or solid. 
 

 
 

Figure 3. ULSD and B30 engine-out particle number and mass size distributions 
comparison at 1500 rpm, 2 bar BMEP at: A) 25°C; B) 45°C C) 65°C; D) 85°C 

coolant temperature. 
 

An increase in cooling temperature (Figure 3B &C) determines a change in the 
number and mass size distribution shapes for ULSD, as well as for RME (B30), 
from a bimodal to an unimodal shape, with an increase in the number and mass 
peak distribution diameters from 55 to 60 nm and from 100 to 105 nm, 
respectively. The number and mass size distributions of both fuels gradually settle 
to a final unimodal steady distribution, for the increase in the cooling temperature 
up to the final steady-state thermal regime of the engine (85 °C, Figure 3D), no 
significant differences can be observed between ULSD and RME (B30). 

Further considerations on the nature of the emitted particles for both ULSD and 
RME (B30) fuels could also be made comparing the HC emission trends with the 
PN trends for two selected particle sizes, namely 20 nm and 60 nm, as well as for 
the total particle number, as a function of the cooling temperature, as shown in 
Figure 4A. It can clearly be noticed that, for both fuels, the number of larger 
particles emitted in the 60 nm diameter class tends to increase with an increasing 
cooling temperature, largely prevailing over the smaller particles for higher coolant 
temperatures than 45°C. Conversely, while the number of smaller particles in the 
20 nm diameter class is almost constant for ULSD during the whole warm-up 
period, a dramatic decrease in the smaller number of particles is evident for the 
RME as the cooling temperature increases from 25 °C to 45°C. 
These data, along with a similar HC vs. temperature trend, suggest that most of the 
smaller particles measured at a low engine cooling temperature with RME (B30) 
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are probably related to semi-volatile components, a result that is different from 
what was reported in previous studies in literature [9]. 
The engine-out PN of the 60 nm diameter class for both fuels shows an increase for 
rises in the engine cooling temperature of 25 to 65 °C, with a final PN decrease of 
65 °C to 85 °C; the EGR levels during the warm-up phase, which are shown in 
Figure 4B, varied according to the calibrated warm-up control strategy, which 
explains, at least in part, the PN trend for the 60 nm diameter class shown in Figure 
4A. Finally, it should be pointed out that remarks on the particle nature, especially 
for sub 30 nm particles, are made here solely on the basis of the HC trends from the 
warm-up tests; a more detailed investigation should be carried out to analyze the 2-
60 nm particle range, i.e. using a TSI Nano-DMA. 
 

 
 

Figure 4. A) ULSD and B30 engine-out HC emissions and particle numbers for 20 
nm and 60 nm diameters at 1500 rpm, 2 bar BMEP as a function of  coolant 

temperature. B) EGR rates measured during engine warm-up for B0 and B30. 
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