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Abstract—Particulate traps are becoming more widely used on city buses, some delivery trucks and fork
lift trucks. The possible use of diesel particulate traps will lead to a fuel consumption penalty imposed
on the baseline engine that is due to the trap back pressure as well as to the energy requirements of the
regeneration technique adopted to incinerate the collected soot at will. The combined effect of trap back
pressure imposed on the engine and additional energy required for trap regeneration on the overall
efficiency of the diesel power plant is examined in this paper. This effect varies according to engine type,
trap type and size, regeneration system used, and the vehicle driving mode. Because of the strong
interaction among the above parameters, optimization of trap systems on efficiency grounds is compli-
cated. This complexity is even more pronounced in the case of diesel-powered passenger cars, where the
full exploitation of their efficiency advantage over gasoline-powered cars is constrained by the necessity
of an optimized solution of the particulate emission problem. The main diesel particulate trap regeneration
philosophies existing today are reviewed in terms of their effect on the total efficiency of the diesel power
plant. This is done by means of representative examples, concerning systems which may be suitable for
large-scale application. The conclusions indicate that the price that must be paid for environmental
protection, in the case of diesel particulate control systems, may be substantially reduced by system design
optimization. Copyright © 1996 Elsevier Science Ltd

NOMENCLATURE

A = Front vehicle surface (m?)

b, = Brake specific fuel consumption (g/kW-h)
b, = Additional bsfc during activation of regeneration device (g/kW-h)
by, = Fuel pump supply per stroke (mm?/stroke)
B, = Fuel consumption over specific driving cycle (g/km)
B, = Braking resistance (N)

¢, = Specific heat capacity (kJ/kg-K)
¢, = Drag coefficient
CO = Carbon monoxide emissions (g/km)

E, = Exergy (available energy) (j)

S =Rolling friction coefficient

F = Vehicle motive force (N)

F, = Road load resistance (N)

g = Acceleration due to gravity (m/s?)

h = Enthalpy (kJ/kg-K)

H, = Lower calorific value of fuel (kJ/kg)

HC = Unburned hydrocarbons emissions (g/km)
J, = Turbocharger moment of inertia (kg-m?)
m = Mass flow rate (g/s)

m = Vehicle mass (kg)

M, = Engine torque (N-m)

my,, = Engine fuel flow rate (kg/s)

n = Engine speed (min~')

NO, = Nitrogen oxide emissions (g/km)

p = Pressure (Pa)

p. = Mean effective pressure (mep) (Pa)

p. = Exhaust throttling overpressure (Pa)

PM = Particulate emissions (g/km)

Qbume: = Burner power (kW)

S = Entropy (kJ/K)

t = Time (s)

T = Absolute temperature (K)

U = Internal energy (kJ)

V = Volume (m*)
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84 STAMATELOS: EFFICIENCY OF VEHICLE DIESEL ENGINES
¥y = Engine displacement (m?)

Greek letters

o = Vehicle acceleration (m/s?)
Ap = Pressure drop (Pa)
Ap,, = Friction mep (Pa)
Ap,. = Scavenging pressure drop (Pa)
(Ap)., = Exhaust pressure drop (Pa)
¢ = Compression ratio
n; = Indicated engine efficiency
6 = Road gradient (rad)
A = Equivalence ratio (air-to-fuel)
4, = Engine volumetric efficiency
u = Vehicle speed (m/s)
Pair = Air density (kg/m?)
Proa = Fuel density (kg/m*)
@ = Turbocharger angular velocity (s™')
n, = Transmission efficiency of power train
Subscripts

ex = Exhaust gas

1. INTRODUCTION

Four-stroke cycle spark ignition (SI) engines equip the majority of the world passenger car fleet.
Application of the regulated three way catalytic converter technology rendered this type of engine
very clean in terms of exhaust emissions. This fact is somewhat misleading, because a modern
passenger car diesel engine is inherently more clean (Fig. 1), if one excludes particulate emissions.

Moreover, when one looks closer at the thermodynamics of the engine cycle, the superiority of
the diesel is apparent. A typical situation for the SI engine is depicted in the available energy
analysis of Fig. 2(a), where available energy, or exergy E, is given by

Ey=(U —Up)+p(V = Vo) = To(S — So) (M

as found in any modern thermodynamics text[1]. Exergy losses of a modern high-speed direct
injection (DI) diesel engine are significantly lower (Fig. 2(b)), resulting in a thermodynamic
efficiency higher than 40% that is not seriously deteriorated at low loads. Figure 3 compares brake
specific fuel consumption (BSFC) maps of two comparable passenger car engines of the same
manufacturer: a SI engine and a DI diesel engine [2, 3]. The main reasons for the superiority of
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Fig. 1. Exhaust emissions of a modern vehicle diesel engine (Audi 100 2.5 TDI), compared to the current
SI engine emissions standards [2].
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86 STAMATELOS: EFFICIENCY OF VEHICLE DIESEL ENGINES
the diesel are the following:

e the combustion efficiency loss is reduced;

¢ the amount of expansion stroke extracted is much greater, due to the higher compression ratio
(say 20:1 vs 10:1), and lean mixtures;

o the heat losses are comparable; and

e pumping work at light load is essentially eliminated.

Although diesel engines do exhibit clear efficiency advantages, on a worldwide basis, diesel vehicle
emission standards are becoming increasingly stringent, especially regarding heavy-duty diesel
engines.

The proposed NO, and particulate standards for heavy-duty diesel engines are shown in Fig. 4,
transformed to g/kW-h and compared in Fig. 4(b) with future vehicle engines tested according to
ECE 49 (directive 91/542/EEC) and EPA Transient test procedures [4—6]. Even in the case of
different test procedures (13-mode vs U.S. Transient Test), reliable correlations already exist [7, 8].
The attainment of the 0.07 g/bhp-h U.S. limit for bus diesel engines will probably require the use
of traps. In addition, the retrofitting of smoke traps is the best strategy to be followed in order
to drastically reduce emissions of existing vehicle fleets at low cost.
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turbocharged diesel engine. 85kW at 4000 rpm, 265 Nm at 2250 rpm; 2.81, V-6 SI engine. 128 kW at
5500 rpm, 245 Nm at 3000 rpm [2, 5].
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Fig. 4. (a) ECE R49 and EPA limits on NO, and particulates [6]. (b) The future status of development
of heavy-duty diesel engines, based on recent research results[7].

The use of particulate traps has increased in certain applications, such as city buses, delivery
trucks and fork lifts. Further work is needed to develop trap systems suitable for a wider
application to commercial vehicles or passenger cars. Because of the probable higher future impact
of the clean diesel for the above-mentioned and other reasons, it is important to study the effect
of the trap on the thermodynamics of the total diesel power plant (including engine, trap and
regeneration system) in order to assess and finally minimize the associated fuel consumption
penalties. Such optimization could be even more important for the case of passenger cars Fig. 3,
where attainment by the diesel powered vehicle of comparable emission values with its gasoline
counterpart would enable a significant increase in the percentage of diesel cars in the world’s fleet
with very serious effects on reduction of the total traffic-consumed fuel and traffic-produced CO,.

2. DIESEL PARTICULATE TRAP SYSTEMS

The particulate trap concept has focused intensive research and development activities around
the world, and a variety of systems is offered by various manufacturers [9-16]. Any trap oxidizer
system is based on a durable temperature-resistant filter, the trap, which removes particulate matter
from the exhaust before it is emitted to the atmosphere. The volume of particulate is such that any
reasonable filter would quickly become clogged. As a result, it is necessary to clean it periodically
by burning off (oxidizing) the collected particulate. This process is known as regeneration [17]. Two

parameters are important in investigating the effect of a trap system on the efficiency of the diesel
power plant.

(i) The effect of trap back pressure—the pressure difference across the trap that is necessary
to force the exhaust through it. The typical back pressure level is different with different types
of traps and increases as the trap becomes loaded with particulates. High back pressure is
undesirable, since it increases fuel consumption and reduces available power. An increase
in exhaust back pressure is traced as an equivalent increase in the mean pressure of the
high-pressure engine diagram [16, 18]. Minimizing back pressure levels while still maintain-
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ing acceptable filtration efficiency and meeting other constraints is one of the major goals

of trap oxidizer design.

(ii) The necessity of regular trap regeneration. The filter soot is oxidized without catalytic aids
at temperatures between 500 and 600°C, depending on the exhaust flow rate and oxygen
content. Exhaust temperatures of that order start to be observed only at high load operation
of the diesel engine. They are scarcely attained in the driving cycles of the official tests
(ECE-15, FTP city, etc.). Thus, special regeneration techniques are employed [10]. Nearly
all of them require the supply of additional energy to raise the exhaust temperatures.

In the following, the effect of these two major parameters on the efficiency of a trap-equipped
diesel powered vehicle is going to be investigated.
For this reason, the fuel consumption of a given, trap-equipped vehicle, in a given driving cycle,
may be computed (in g/km) by the following relation [19]:

!

!

1
Jb,(n, M,, Ap)n—[(mfgcos 0 +ic,Av?) +m(x + gsin 6) + B, Jvdr + f&(!)bmg(n, M )dt

0

B =2

!

jv dt

0

2

where §(z) = 1 when the regeneration device is activated, and 6(¢) = 0 otherwise. Thus, the effect
of the installation of a specific type of trap system on a specific type of vehicle, driven in a specific
driving cycle, may be taken into account in this computation

e by means of the effect of engine exhaust back pressure (increasing b.(n, My, Ap)), or
e by means of the effect of additional fuel consumption required for regular regeneration of the

trap.

In the following, the above two contributions of a trap system to the fuel consumption increase
of a given diesel-powered vehicle are going to be separately investigated in order to allow them
to be introduced in a global model comprising interactions within the full diesel power plant

(Fig. 5).
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Fig. 6. Computed effect of exhaust back pressure on the four-stroke engine cycle (Raba/MAN, 10.31
engine, 2000 rpm, p, = 4 bar).

3. TRAP BACK PRESSURE-INDUCED ADDITIONAL FUEL CONSUMPTION

The engine fuel consumption map, b, = b, (n, M) is affected by trap back pressure becoming
b, = b, (n, My, Ap). The effect of trap back pressure is spotted in augmentation of the gas exchange
loop of the p-V diagram of the engine cycle [18,20]. An example is shown in the computation
depicted in Fig. 6, made by means of a filling and emptying type engine model for a single operating
point of a 10.31 bus diesel engine. According to the computation, the additional back pressure
induced by the presence of a trap (0.4 bar), causes a BSFC increase from 264 to 279 g/kW-h to
produce a mean effective pressure of 4 bar at 2000 rpm with the specific engine. This computation
may be done for the full engine map. Figure 7 presents a comparison between the back pressure
maps of a normal 10.31 diesel engine and the same engine fitted with a typical trap size for a
medium trap loading level.

The effect of back pressure increase, due to the presence of a trap, on the fuel consumption of
a diesel engine may also be quickly computed, with an accuracy of the order of +10%, by the
following procedure.

Scavenge pressure losses (Ap,) are subtracted from engine output, measured as indicated
mean effective pressure [20]. Thus, in order to produce the same output, the engine needs to
consume additional fuel (Ab,) per kW -h that may be computed based on the marginal efficiency
of the engine at the specific operating point. This is approximately equal to the engine indicated
efficiency:

dv
n= __§p 3
bsppfucl Hu
(that is approximately constant over most of the engine map) times the mechanical efficiency at
the specific point:

A A
OC( Py + Apy,)

Ab,
peiH,

@

where Ap;, is the increase in friction mep due to load increase, and n; may be taken as essentially
constant over the useful part of the engine map (that may be significant only at high scavenge
losses, like that occurring during regeneration by exhaust throttling; see Section 4.1). Based on the
above simplified computation, and additional exhaust back pressure of 0.4 bar, induced by the
presence of a loaded trap in the example of Fig. 6, would result in a BSFC increase from 264 to
282 g/kW-h, whereas the more detailed computation with the filling and emptying type model
shown above gives an increase to 279 g/kW -h (Fig. 6). As referred to the overall effect in g, /km,
this depends, of course, on the driving mode, and a computation procedure will be described in
Section 5.
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4. REGENERATION-INDUCED ADDITIONAL FUEL CONSUMPTION

Additional fuel (or equivalent energy) consumption may be necessary to support regeneration:

f 5 (g, M) )

where d(f)=1 when the regeneration device is activated, and 6(t) =0 otherwise (normal
operation). The additional energy required, naturally, depends upon the specific trap and
regeneration system used, along with its control settings.

As mentioned above, since the required high exhaust temperatures are not attained during the
stop-and-go city driving modes, regeneration conditions are attained by special techniques, falling
into three main categories:

(i) thermal regeneration by use of engine measures and engine modification;
(ii)) thermal regeneration with the aid of an external energy supply; and
(i1i) catalytic regeneration.

In thermal regeneration techniques, the trap iniet temperature is raised to about 600°C by the
implementation of engine measures (exhaust or inlet throttling, compressor bypassing etc.) or by
direct supply of additional energy (i.e. burners, electrical igniters, etc.).

Catalytic regeneration is based on the use of catalysts to effect the onset of regeneration. The
catalyst may impregnate the porous ceramic wall, or {more usually) may be added to the fuel as
an additive, which, after combustion, is collected in the trap mixed with the emitted soot. Typical
systems belonging to the above three categories are shown in Fig. 8.

4.1. Thermal regeneration by engine means

Figure 8(a) shows a system based on exhaust throttling for trap regeneration. With this system,
when road conditions are favourable, the engine is exhaust throttled, resulting in a rise in the engine
cycle pumping work and, consequently, a rise of the mean effective pressure and temperature of
the high pressure loop [20]. The energy balance of the exhaust-throttled engine shows that an
increased portion of the fuel energy per cycle is dissipated as exhaust gas enthalpy (Fig. 9). This
causes the onset of regeneration. As already mentioned, the use of the engine itself to raise
temporarily the exhaust enthalpy is a low-cost philosophy for the design of trap systems. The engine
must be throttled for 0.3-3% of its total operation time, depending on the type of vehicle, the
specific driving mode and the possible synergetic use of catalysts.

The exhaust-throttled engine shows an increased heat transfer rate during the exhaust blowdown
period of the cycle because of the higher pressures and temperatures prevailing with the throttled
engine [21].

Exhaust throttling by use of exhaust-type valves, results practically in a constant exhaust over
pressure. In practice [22], constant pressure throttling is activated only over a certain temperature
level, and trap bypassing is applied for trap protection from overheating during a trap failure
scenario [23]. The control philosophy is as follows: if a peak of exhaust back pressure reaches a
certain level during vehicle driving, the control is set to the regeneration mode. This means that,
when road conditions are favourable, the engine will be exhaust throttled, resulting in a rise in
engine exhaust temperature, and probably the onset of regeneration. As a general rule, a number
of partial regenerations are effected during every day city driving, which are sometimes interrupted
by trap bypassing (to protect the trap from overheating).

For a constant exhaust back pressure system [22, 23], additional fuel consumption due to the
application of exhaust throttling can be assessed by the computation presented in Section 3, by
substitution of the appropriate exhaust pressure levels (1.0-1.5 bar in usual practice [18, 22] and
taking into account the fact that throttling is employed only between certain engine exhaust
temperature (and, thus, mep) levels, (i.e. between 300°C or about 2-3 bar mep, and 500°C or about
6 bar mep). For a throttling pressure of 1.5 bar (typical in such trap systems for naturally aspirated
engined buses), such a computation gives the results shown in Fig. 10.

As regards the effect on fuel consumption over a given driving cycle, this may be computed by
assuming quasi-steady engine operation, as will be explained in Section 5.
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Here, it must be emphasized that the time percentage alloted to trap regeneration by actuation
of exhaust throttling varies in the range of 0.1-5% and is severely affected by the driving mode
and the possible use of catalytic fuel additives to effect the onset of regeneration at low
temperatures [11, 23, 24]. Thus, the overall effect on fuel consumption could be as high as 1.0%
in the worst cases and without the use of catalysts.

Of course, all design efforts should be made to achieve trap regeneration conditions with a
minimum level of exhaust throttling and a minimization of the percentage of driving with a
throttled engine, not only on fuel consumption grounds but also on driveability ones [10] because
exhaust throttling reduces available torque. The reduction may be approximated by subtracting
the additional throttling pressure from the engine mep at the specific operation point.

4.2. Regeneration assistance by the supply of external energy

An advanced exhaust burner system is shown in Fig. 8(b). A reliable diesel burner of advanced
design is used to incinerate the collected soot. The burner is using additional air, supplied by a
special compressor, and can keep the full exhaust flow to a regeneration temperature of 600°C. This
result is attained independently of the engine operation point. The burner is controlled by the
engine control system already used for other tasks. Operating costs of the burner and, more
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Fig. 8. Comparison of typical particulate trap systems: (a) exhaust throttling [18]; (b) exhaust-fed burner [19].
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generally, external energy supply systems are respectively higher: the specific conditions of a
burner-assisted regeneration require a very low trap loading in order to ensure trap safety,
obviously leading to significant increases in fuel consumption (of the order of 5%). The following
paragraphs formulate, a computation procedure for the fuel consumption of an in-line, full-flow
diesel fuel burner regeneration system, like that of Fig. 8(b) [25, 26]. Such systems may be used only
in heavy duty vehicles, due to special cost, space and equipment requirements [10].
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Starting from a usual DI diesel engine exhaust temperature map (Fig. 11), the minimum fuel mas
flow rate required to maintain full exhaust flow at a temperature of, say 700°C, at a part loac
operation point (say 2000 rpm, 2 bar) may be computed:

Qbumer = mcxc |7000C (7OOOC - ex) (6
Pex Hex

where ¢, is approximately equal to 1 kJ/(kg-K) for the diesel exhaust gas in the temperature rang
of interest, and

_ n
=7 120

In the computation, one must take into account that traps in burner-assisted systems are usually
installed far from the exhaust manifold to facilitate and simplify installation. At such locations
exhaust temperatures are much lower than that depicted on exhaust temperature maps like tha
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Fig. 10. Approximate computation of brake specific fuel consumption increase as function of mep, during
exhaust throttling with different exhaust back pressure levels (Ikarus bus, 10.31 engine, 2000 rpm).
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of Fig. 11. For the case of a 10.3-1 bus engine at 1900 rpm, 150 N-m (¢, = 300°C), m,, = 0.167 kg/s
and Qe = 50 kW. This power will be needed even for much lower engine speeds due to the
additional air supplied in such systems for trap protection [25].

The complete regeneration process in burner systems has a duration of about 5-10 min (6.5 min
for the Deutz system). Thus, the maximum power of the burner, at 2200 rpm, no load, would be
about 70 kW. This leads to a consumption of a maximum of 0.6 kg fuel per regeneration, or a mean
value of about 0.3 kg per regeneration. When one takes into account that a regeneration will
normally be needed every 50-100 km, a fuel consumption increase of the order of 1-2% due to
the regeneration system is reached (with an Ikarus bus, with normal fuel consumption of 451 per
100 km in the driving conditions of the city of Athens). As seen in Fig. 12, based on the experience
with various burner and electrical heating regeneration systems installed on Tokyo urban buses [27]
there is an observable trade-off between regeneration frequency and pumping losses. Moreover, fuel
consumption increase, in practice, could be significantly higher than in the computation.

As concerns application with electrical igniters, consideration of the efficiency of the diesel engine
plus vehicle generator in the production of electricity (to be dissipated as heat) directly leads to
the conclusion that on-line regeneration is not realistic with such techniques. This is seen also in
practice (dual-trap systems), where two filters are arranged in parallel (Fig. 8(d)), so that they can
be regenerated alternately by electric heaters when the particulate mass reaches a certain level. The
heater elements are placed close to the inlet phase of the monolith and backed by a heat deflection
plate. The electric heater output is of the order of 1 kW for a 5.66 x 6 inch filter (good for a 2000 cc
passenger car) or of the order of 4kW for a bus. This would require (for the bus case) an increase
in battery capacity from 110 to 240 A h and an alternator current increase from 40 to 75 A [28].
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Fig. 12. Measured increase in fuel consumption of a 11-1 engined bus equipped with different types of trap
systems with external energy supply regeneration (bypass system): A, burner; B,C,D, various types of
electric heaters. Regeneration frequency vs pumping losses trade-off is apparent [27)].
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Thus, for a total heating time of 15 min for each regeneration and a running distance between
regenerations of the order of 50—100 km, the additional fuel consumption required would be
computed as follows.

Efficiency: total 4.5%

Diesel engine during city driving: 25%

Generator with belt drive and fan: 30%

Battery: 60%
Additional fuel required: 1200 kJ/42 MJ/kg = 0.0275 kg or 0.03451

To produce the required heating energy: 54 kJ/0.045 = 1200 kJ, (3.6 kW x 15 min = 54 kJ)
Additional fuel consumption 0.03451/351=1%

4.3. Catalytic regeneration

The application of catalysts to lower soot ignition temperatures in the filter is very desirable in
principle. In this respect, catalytic coatings on wall-flow filters have not proven very effective. It
is well known that, even under the most favourable conditions, such as a low exhaust flow rate,
high oxygen content and low trap loading, less than 100°C decrease in ignition temperatures is
attained. A thermal regeneration system should be used in conjunction with the trap to keep a low
trap loading. Also, there is a problem of sulphate emissions due to the oxidation of sulphur in the
fuel across the catalysed filter at high loads [10].

Compared to the above, the application of catalytic fuel additives has proven to be quite effective.
Soot ignition temperatures are reduced to under 250°C. Thus, continuous regeneration conditions
may be set on the filter during city driving, if the fuel additive concentration is high enough and
sufficient oxygen is present at the exhaust [29].

However, also in this class of systems, if the system lacks a backup regeneration and a trap
protection device, a high trap loading produced by chance will lead to trap damage, owing to the
significant degree of uncertainty that characterizes catalytic regeneration [30]. Thus, no purely
fuel-additive-based system was able to succeed in attaining a long life-time for the filters. On the
contrary, fuel-additive-based trap systems, with additional devices for emergency regeneration and
filter protection devices, were shown to keep the advantages of pure fuel-additive-based systems
and, at the same time, effect a long service life [11, 22]. A very low concentration of fuel additive
is required with such systems in order to alleviate the tendency of systematic trap back pressure
increase due to collection of the additive ash from the exhaust gas. A cleaning procedure is,
nevertheless, needed in order to avoid the fuel consumption increase due to this fact [31].

5. FUEL CONSUMPTION COMPUTATION CODE: OVERALL EFFECT OF THE TRAP
SYSTEM

A simple computer code may be used to estimate the additional fuel consumption induced by
a particulate trap system when installed on a diesel-engined vehicle. To this end, a good knowledge
of the engine and vehicle characteristics, as well as filter type and regeneration device data, is
needed. The flow chart of the above-mentioned code is given in Fig. 13. Essential for a good
estimation of the additional fuel consumption is the driving cycle over which the computation will
be made.

Driving patterns in cities all over the world show marked differences, and the same is true for
the driving cycles used by legislation. Frequency distributions of mean vehicle speed, engine load
and exhaust temperatures vary widely too [27].

Also, driving is seriously affected by the vehicle type. For comparison purposes among trap
regeneration systems with wide differences in their principle of operation, and in order to take into
account operation in the regeneration mode in this computation, a normalized cycle, such as the
one proposed by the International Experts Meeting in Stockholm [32] could be used. This cycle
covers systems with intermittent regeneration, as well as continuously regenerating systems.

Computations with this computer code for different system versions show that the fuel
consumption increase of diesel particulate trap systems in heavy duty vehicles are normally under
5%. Systems using engine measures to induce regeneration are even more economical (only 2-3%
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fuel consumption increase). As explained in Section 4.3, the use of catalysts to induce regeneration
may diminish the fuel consumption increase (order of 1%).

6. CONCLUSIONS

Diesel engine fuel consumption increase due to the installation of a trap system is produced by
two main components:

(i) the effect of trap back pressure on engine flow work; and
(ii) the energy needed periodically to effect the onset of regeneration.

A methodology for the computation of the contribution of the above two parameters to diesel
engine BSFC is presented in this paper, along with the results of its application to real-world
solutions. The basic principles of a computer program that may be used to achieve system
optimization on efficiency grounds are also presented.

Based on the above methodology, the application of thermal regeneration techniques based on
temporary engine measures, studied in the example of exhaust throttling, is shown to result in less
than a 1% increase in fuel consumption. This is the result from both computations and practical
experience.

The application of in-line, full-flow burner systems is shown to result in a consumption increase
of the order of 1-5%. This, along with inherent problems of exhaust-fed burners, has resulted in
the adoption of complicated bypass systems (i.e. dual-filter layouts, etc.) in order to reduce the
additional energy supply. The same order is valid for electrical ignition systems.

The use of fuel additives for regeneration assistance may result in a less than 0.5% fuel
consumption increase for regeneration purposes, due to the occasional need for operation of the
backup regeneration device.

Finally, the fuel consumption penalty of a trap system may be effectively minimized to
insignificant values by systematic system optimization, a fact that has been proved, at least for
heavy-duty vehicles. As explained in this paper, this happens to be true also for light-duty vehicles,
a fact that could eventually lead to the full exploitation of the DI diesel engine advantages as a
prime mover for passenger cars. ‘
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