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Abstract: The impact of Euro 4 compression ignition engines over the air quality in Europe has
been analyzed in this work by comparing them with Euro 6d emissions regulation. The Euro 6d
diesel engine has been chosen as the preferred replacement according to its advantages in global
warming potential (GWP) emissions, like methane hydrocarbons (MHC) and CO2, with respect to
Euro 6d petrol-based powertrains. The motivation for this study is that the effects of the emissions
reduction policies, as the implementation of the regulation Euro 6d, are necessarily limited due to
the great number of passenger cars still in circulation that were homologated under Euro 4 or older
standards. To address the impact of the old vehicle pool, a Worldwide harmonized Light-vehicles
Test Cycle (WLTC) has been used to analyze the performance and pollutant emissions of a Euro 4
diesel engine in altitude conditions. This driving cycle and engine are considered as a baseline for the
subsequent discussion, where the altitude plays a key role because of the European geography. It
forces passenger cars to drive over sea level during a significant number of trips. Thus, an analysis of
how significant would be the impact of energy policies promoting the substitution of the pre-Euro 5
diesel fleet (>10 years old) by modern Euro 6d engines in the short term on the pollutants and GWP
emissions reduction is presented.

Keywords: altitude; compression ignition engines; emissions; altitude influence; altitude simulator;
WLTC

1. Introduction

As new internal combustion engines emission regulations are implemented, the automotive
engine manufacturers look for new control strategies and technologies to face the challenge of the
increasingly restrictive limits to pollutant emissions [1]. Obviously, the benefits of this research are
limited to new vehicle models appearing in the market. Nevertheless, according to data from the
European Automobile Manufacturers Association (ACEA) in 2017 [2], when Euro 6d-Temp came into
force for the new types of passenger cars, 174 million cars circulating were Euro 4 or older and 41% of
them were diesel engines. They are about 71 million and at least 10 years older than the nowadays Euro
6d-Temp commercialized diesel engines. This is a considerable number of vehicles that are circulating
without fulfilling modern regulations. Therefore, it is important to analyze how these vehicles respond
at the light of the nowadays homologation procedures.

The Real Driving Emissions (RDE) test includes altitude as a new relevant homologation variable.
In parallel, Worldwide harmonized Light-vehicles Test Cycle (WLTC) [3] is used as a baseline to
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represent real driving conditions at engines laboratories. It is generally accepted that the fuel
consumption and emissions of internal combustion engines are deeply affected by the altitude
conditions [4,5]. This is due to the control strategy of the turbocharger or the combustion, which
makes the engine operate closer to its mechanical limits. The engine power is even severely affected
by the altitude despite the boosting system availability [5]. The turbocharger strategy increases
the backpressure to keep the boosting, which increases the backflows in the exhaust ports and the
pollutant emissions [6]. In addition to the effect that the in-cylinder pressure has over the behavior
of the injected fuel spray, the increase in altitude lowers the pressure and the density of the air
despite the turbocharging [7]. Consequently, a decrease of the spray angle is found [8] and the spray
penetration increases. By contrast, the lower density reduces the fuel drop size giving, as a result,
lower coalescence [9,10] and improving the evaporation of the fuel and its mixture with the air.

There are different options for testing an engine in order to analyze the altitude-induced
phenomena and their effects on the engine performance and emissions. The first one is to perform real
driving tests. However, this approach involves very high costs, low accuracy, low repeatability, and
provides limited understanding of the governing phenomena. The hypobaric chambers emerge as an
option, which solves the drawbacks of the real driving tests while keeping the vehicle environment
as close as possible to real conditions. This option has been the most commonly used in the past
and during the initial phases of the engine calibration. Nevertheless, it includes drawbacks: Low
availability, due to the extensive planning and investment necessary for its construction, and high
energy consumption. In addition, working inside hypobaric chambers comprises a health risk since
the human body cannot withstand continuous pressure changes [11]. This limits the number of hours
that the driver can be inside the chamber carrying out dyno tests. Lastly, there is the option of using an
altitude simulator, which generates the desired altitude inside the intake and exhaust engine pipes,
while keeping the rest of the engine at room conditions. This characteristic allows the study of the
engine behavior in altitude without the limitations of the previously mentioned facilities. An example
of this kind of equipment is the one presented by Testa et al. [12], in which the engine is connected to
two root compressors, which control the environment working pressure. The volumetric compressor in
the engine intake works as a throttling valve to generate vacuum while the one in the exhaust tailpipe
end generates the flow movement. Contrarily, when simulating overpressure, the compressor moving
the flow is the one in the intake while the exhaust one is acting as a backpressure valve.

This paper proposes combining altitude and WLTC in a number of experiments performed in
laboratory-controlled testing conditions as representative as possible of RDE tests for old Euro 4 diesel
engines, which are investigated in this work. A Euro 4 turbocharged diesel engine has been tested
performing the WLTC cycle and connected to the altitude simulator HORIBA MEDAS (Multifunctional
Efficient Dynamic Altitude Simulator) [13–15] to emulate different altitudes. The operating principle
of the atmospheric simulator, which is composed of MEDAS and two performance extension modules
(MEDAS Temperature Module (MTM) and MEDAS Humidity Module (MHM)) is explained in detail
in References [6,16,17]. These three systems will be referred hereinafter as altitude simulator (AS). AS
is tasked to control the three main psychrometric variables of the atmosphere: Pressure, temperature,
and humidity. The use of the AS has been previously validated against a hypobaric chamber [17] by
carrying out steady-state tests covering most of an engine working map. Also, its control stability
while coupled with an engine performing load and speed cycles has been validated in two different
situations: Keeping constant altitude, i.e., simulating a plateau [6], and reproducing the climb and
descent of a mountain [17]. The results of these laboratory-controlled cycles are used to identify the
primary causes of the pollutant peaks during altitude driving. As an important corollary, this kind of
test allows quantifying and concluding that just the replacement of Euro 4 fleet would mean a very
important reduction of pollutants emission from passenger cars.

Therefore, this study has been carried out to deeply analyze the behavior of a Euro 4 diesel
engine when working at sea level and in different altitude conditions. Also, it is an objective to
analyze the performance of Euro 4 vehicles in circulation under the current emission regulation
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standard cycle (WLTC). This combination of objectives has been conceived as an innovative, fast,
and straightforward way to calculate the reduction of current pollutant emissions if the Euro 4
passenger-car diesel fleet was replaced. The inclusion of the altitude scenario provides further insights
in the analysis by considering the average topography of the EU market. The calculation of this
reduction of pollutant emissions basing the analysis on realistic driving conditions (WLTC plus
altitude) can provide valuable information for opinion makers and authorities to encourage political
actions towards vehicle fleet renewal.

In the first section, a study about the general topography of the EU has been carried out.
This is followed in the second section by the description of the engine test bench, the AS, and the
instrumentation used. Afterwards, in the third section, the engine results obtained from the tests
carried out are analyzed and discussed. Finally, a study of the impact over the European and Spanish
local and global emissions of replacing the current Euro 4 diesel vehicles is shown in the fourth and
fifth sections.

2. Altitude Conditions in Europe

All around the world, people have been developing civilization in lower altitude zones or directly
at the coast. However, there are many settlements that are located at higher altitudes. This situation is
what Cohen et al. analyzed in Reference [18], from which it can be concluded that in 1994, 75.7% of
the global population was located below 500 m over sea level, 17.9% of the population between 500
and 1500 m, and 6.4% over 1500 m. Figure 1 represents the data recorded by Cohen. The exponential
distribution of the world population against altitude can be observed, highlighting that almost half the
population is located on the coast (0 m). Figure 1 also shows, in a logarithmic scale, the percentage
of the population that is located in the four levels of altitude used in this work to discretize the
problem: Sea level (<500 m), 1000 m (500–1500 m), 2000 m (1500–2500 m), and 3000 m over sea level
(>2500 m), respectively.
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Figure 1. Number of people as a function of altitude. Elaborated from Reference [18].

For the particular case of the European population, the UNEP-World Conservation Monitoring
Centre has carried out a study collecting the demographic characteristics of the European population
according to the geographical level of each region [19], from which some meaningful conclusions can
be extracted. One of them is that around 20% of the European surface is above 1000 m over sea level,
being some roads of the Alps and the Pyrenees above 2000 m high, as illustrated in Figure 2A. Another
conclusion taken directly from this report is that the 19.1% of the European population resides above
1000 m of altitude. This represents almost 100 million people living in altitude conditions. The authors
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of Reference [19] concluded that (sic) “on average, almost 20% of the total population of the study area
live in mountain ranges (excluding enclaves); another 25% live within 10 km of massifs; another 5%
within 20 km; and a further 10% within 50 km. Thus, about 60% of the overall population in the study
area lives in or close to massifs”. This interesting conclusion suggests that 60% of population have
frequent trips around massif areas as graphically shown in Figure 2B.
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Additionally, a simple study about the largest population centers in altitude in Europe is shown
in Figure 3. Figure 3 illustrates with a clear trend how the population of the cities decreases as the
altitude increases. The exception is Madrid (Spain), which is one of the largest cities in Europe but is
located close to 700 m over sea level. This location emphasizes the interest for the impact of traffic
in altitude conditions significantly. The data have been divided into sea-level cities, i.e., cities at an
altitude lower than 500 m and cities in altitude, i.e., above 500 m. Looking at the shadowed areas, it
can be observed that 65% of the studied population is located below 500 m, even considering a smaller
sample of cities near sea level (4 cities) than that used for cities in height (13 cities).

Considering the population distribution presented by these different approaches, it can be
concluded that all the results are comparable and that the traffic in altitude represents a very significant
portion of the global European traffic. This conclusion supports the need to quantify and analyze the
behavior, performance, and pollutant emissions of the automotive engines when working in altitude.
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3. Test Bench Description

The test campaign performed in this paper is composed of WLTCs performed at four given
altitudes: 0, 1000, 2000, and 3000 m over sea level.

Firstly, the engine used, whose main data are depicted in Table 1, has been coupled with an
asynchronous brake. Secondly, the engine intake and exhaust ducts have been connected to the AS,
which ensures that the atmospheric conditions inside the intake and exhaust ducts of the engine are
equal to those representing desired altitudes. Therefore, all engine internal and external surfaces
withstand a pressure difference, which forces the reinforcement of the soft rubber parts in the intake
line to avoid their collapse. Moreover, the exhaust line and the air-box have been completely sealed to
prevent vacuum loss leading to room air insertion or the dilution of the emissions sample. Finally, the
engine control unit (ECU) pressure sensor must either be connected to a vacuum or have its value at
the ECU modified, due to being at room pressure when simulating altitude with the AS.

Table 1. Specifications of tested Euro IV turbocharged engine.

Type HSDI Diesel Passenger Car Engine, Euro 4

Displacement 1997 cm3

Bore 85 mm
Stroke 88 mm

Number of cylinders 4 in line
Number of valves 4 per cylinder

Turbocharger model Variable Geometry Turbine
Compression ratio 15.5:1

Maximum power @ speed 120 kW @ 3750 rpm
Maximum torque @ speed 340 Nm @ 2000 rpm

Maximum mass flow @ speed 640 kg/h @ 4500 rpm & full load
EGR type Cooler, high pressure with intake throttle

Aftertreatment Close coupled DOC, underfloor DOC+DPF

In Figure 4, the connection between the engine and the AS is represented. Elements A and B in
Figure 4 are the connections to the engine intake and the exhaust line, respectively. Additionally, a
connection to the engine sump has been added (element C) to match the pressure inside the sump with
the one at the inlet of the turbocompressor in order to avoid oil leaks from the turbocharger bearings.
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Furthermore, an exhaust gas analyzer HORIBA Mexa One has been connected downstream of the
diesel oxidation catalyst (DOC) and upstream of the diesel particulate filter (DPF) to measure the
gaseous pollutant concentration. An opacimeter AVL 439 was used to measure the opacity downstream
of the DPF in order to further estimate the soot mass using the correlations proposed by [20].
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4. Results and Discussion

4.1. Analysis of the Altitude Simulator (AS) Impact on Engine Behaviour

Previous to the discussion of the engine, results are needed to put the focus on the control of the
atmospheric variables during the tests. Figure 5 shows the result of the pressure and temperature
control carried out by the AS for the combustion air of the engine, during a WLTC homologation cycle
at the four considered altitudes. Furthermore, in each figure, in which instantaneous engine results are
shown, the vehicle speed profile doing a WLTC has been included, associated with the right auxiliary
axis speed (km/h).Energies 2019, 12, x FOR PEER REVIEW 7 of 25 
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Figure 5A shows the AS pressure control during the WLTC homologation cycle at the four
different altitudes. For every altitude tested, the average deviation of pressure with respect to the set
point is maintained around 0 mbar. Moreover, if the blue line (3000 m over sea level) is compared with
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the yellow line (1000 m), it can be seen that the peaks in pressure increased when the altitude did. This
was caused by the sudden variation in the demand of air by the engine while performing aggressive
changes, since the reduction of the air density as the altitude increases leads to higher pressure losses.
However, it must be noted that the pressure peaks did not exceed 20 mbar, being that most of them
stayed below 15 mbar (150 m) and non-sustained in time. It is worth highlighting that the signal was
recorded at 10 Hz, so no filtering was applied to the signal and any sudden peak was detected.

On the other hand, Figure 5B shows that the engine dynamics did not affect the temperature
control, whose deviation was always kept below ±1 ◦C with respect to the set point.

Figure 6 shows the compressor inlet pressure during WLTC at sea level in two different
configurations: Breathing air from the test cell in Valencia (Spain), which corresponds to 0 m over sea
level, and connected to AS to emulate sea level pressure. In Figure 6, AS pressure control upstream
of the intake filter is also represented. It can be concluded that the behavior of the pressure at the
compressor inlet is almost equal when the engine is connected to AS than when it is not. The pressure
peaks of the same order of magnitude in both cases. Therefore, this fact can be used to confirm that
the use of AS does not impact the pressure values at the compressor inlet. As already concluded in
Reference [6], the variations observed in inlet pressure are attributed to the pressure losses in the filter
and the mass flow variations. With respect to the high frequency oscillations in Figure 6, these are
attributed to electrical noise coming from the measurement chain devices.
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4.2. Turbochager and Exhaust Gases Recirculation (EGR) Systems Performance at Altitude

Most of the altitude impact on the engine performance, both in terms of torque and gaseous
emissions (CO2 and pollutants), can be explained by the impact of the altitude in the control of
Euro 4 engines over two systems: The variable geometry turbine (VGT) of the turbocharger and the
EGR valve.

The use of EGR for NOx emissions control is one of the most determining strategies in the Euro 4
engines performance at altitude. The position of the EGR control valve is shown in Figure 7, in which it
can be seen that the EGR valve at 1000 m of altitude was more closed than at sea level (Figure 7A), and
it completely closed over at 2000 m (Figure 7B). This strategy greatly affected the emissions formation,
mainly NOx, and the engine performance when it is working in altitude. In addition, the temperature
increased at the turbine inlet and was reached more easily the materials limit.
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The altitude also greatly affected the performance of the turbocharger, whose control increased
the backpressure and thus the pumping losses to keep the boosting pressure at the desired value. The
differences in boost (Figure 8A) and back (Figure 8B) pressure with respect to the sea level, used as a
reference, have been plotted in Figure 8 for every altitude. If the focus is put on the boost pressure
change (∆p2), Figure 8A shows how it became negative with the altitude (p2 at 3000 m is lower than at
1000 m). Nevertheless, during the aggressive acceleration phases, the closed loop control of the VGT
closed the turbine stator blades, increasing the power in the turbocharger to reach similar (∆p2 = 0)
or even higher (∆p2 > 0) boosting pressure. Therefore, the back-pressure change (∆p3) had a similar
behavior, i.e., it became negative as the altitude increased but showed sudden steps to the positive
region when the closed loop worked. This way, the set point of p2 can be achieved due to the closing
of the VGT stator blades. This boosting pressure control in closed loop greatly increased the engine
pumping losses, which, if not properly calibrated, can lead to loss of performance, even with a higher
boosting pressure.

Accordingly, both the pressure ratio for the compressor (Figure 8C) and the turbine (Figure 8D)
generally increased with the altitude, due to the drop in ambient pressure and the closed loop control
of the VGT. The increase in turbine pressure ratio due to altitude allowed the VGT to extract more
power from the exhaust gases, which partially mitigates the impact of altitude in both boost pressure
and pumping losses. This mitigation is not achieved during engine and turbocharger accelerations.
Much higher turbocharger speed is required during engine accelerations to provide the extra pressure
ratio demanded to the compressor by the engine control. In these cases, the penalty in pumping losses
due to VGT closing is more than significant, as previously stated. The cause is the turbocharger inertia,
which lag the required speeds demanding to the control an aggressive closing of the VGT blades.

Lastly, the compressor operation points during the WLTC cycle at the four tested altitudes have
been plotted in Figure 9 on the turbo compressor map. The altitude increase caused an increase in the
turbo speed, approaching the upper speed limit at 3000 m over sea level. Moreover, the increase in
altitude caused the compressor to approach surge limit more riskily during the engine decelerations,
due to a high increment of compression ratio at reduced mass flows. It is worth noting that such a
risky approach to surge limit happens despite the high pressure EGR was greatly reduced at 1000 m
and stayed completely closed at 2000 m and 3000 m, as shown in Figure 7. In fact, the reduction in
surge margin is one reason to close the EGR under altitude operation.
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4.3. Air Mass Flow Rate and Fuel Consumption

Following, the deviation with respect to sea level of the air mass (kg) consumed by the engine is
represented in Figure 10 where it is shown that the air consumption of the engine is deeply related with
the EGR valve control strategy. The first phenomena that can be identified occurred when comparing
the sea level reference (black line) with 1000 m test (yellow line), in which the air mass increased due
to the EGR closing still keeping low p2 reductions as shown in Figures 7A and 8.
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If the altitude is further increased to 2000 m over sea level (orange line), the effect of a lower
atmosphere pressure starts to heavily impact on p2. Consequently, the intake charge density is directly
affected. The air mass decreases with respect to the 1000 m test. Nevertheless, when the 2000 m test is
compared against the sea level reference, it can be observed that the increase in fresh air mass due to
closing the EGR is higher than the decrease caused by the lowered atmospheric pressure. Lastly, at
3000 m over sea level, the decrease of air density caused the intake fresh air mass to decrease, even
with respect to sea level and despite of the fact that the EGR valve is completely closed.

With respect to the fuel consumption (CO2 emissions), Figure 11 shows that the fuel consumption
(kg) dropped when increasing the altitude up to 2000 and 3000 m. This is, again, due to the actual
calibration of the EGR valve. It reduces the amount of recirculated exhaust gases to protect the
turbocharger from reaching physical limits such as surge, over speed, or compressor outlet temperature.
Therefore, higher equivalence ratio and higher cycle efficiency, due to lower intake charge temperature,
are obtained during more than 25 min of the WLTC duration at 2000 and 3000 m. The absence of high
pressure EGR increases the exhaust mass flow available for the turbine and the higher altitude increases
the pressure ratio in the turbine. Both contribute to increase the power recovered by the VGT and to
avoid aggressive VGT closing during little dynamic phases. Therefore, the fuel consumption becomes
reduced. This is supported by the 1000 m test. In this case, the 25 min phase of fuel consumption
reduction did not happen since the EGR valve was opened around 40% (Figure 7).
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It is worth noting that within the first 25 min, the reduction of fuel with respect to the reference
was more aggressive during some engine accelerations, causing drop peaks of fuel that increase in
magnitude with the altitude. This is caused by drops of boost and back pressure (see p2 and p3

in Figure 8A,B), which happen when turbocharger speed is reduced during engine pedal release
phases of the WLTC. Further acceleration of the turbocharger needs aggressive VGT closing, and fuel
consumption is, again, increased.

At the last part of WLTC (between 25 and 30 min), during the extra high velocity phase of the
cycle, the fuel consumption grew dramatically at 2000 m and 3000 m. The previous reduction of
brake-specific fuel consumption (BSFC) was quickly lost and, finally, more fuel was spent at 3000 m
and low reductions are seen at 2000 m. This is a consequence of twofold. First, the EGR valve at sea
level is already quite or fully closed (Figure 7) so no benefits from further EGR closing at altitude are
obtained; and second, the strategy adopted for controlling p2 with the VGT in closed loop dramatically
increases pumping losses in altitude (Figure 8B,D). The energy needed to overcome the turbocharger
lag is responsible for the BSFC increment. The lag is caused by the highly dynamic processes involved
in engine acceleration, which the turbocharger can barely follow, and therefore, the high turbocharger
speed accelerations are needed to keep boost pressure level at 2000 m and 3000 m (Figure 9). At these
high turbo speeds, it is also easier to reach the risky operational zones of the turbocharger unit (surge
or over speed).

4.4. Pollutants Emission

Following with the pollutant emissions during the cycle, the accumulated THC, NOx, CO, and
Soot referenced to sea level data are presented in Figure 12. Starting with THC (Figure 12A), it can
be seen how the generation of THC greatly increases with the altitude. The decreased air density
(Figure 8A) increased the penetration of the fuel spray, causing a higher jet-to-wall impingement that
led to higher unburned hydrocarbons.
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In Figure 12B, it is possible to see that the generation of NOx increased with the altitude due
to the high-pressure EGR closing. This is clear when looking first at the 1000 m test data, which
greatly increased even there were still some EGR. Also, when comparing 2000 m and 3000 m test
data with 1000 m, the penalty in NOx emissions due to the absence of EGR had more weight than
other factors. These other factors are twofold: The increase in mass flow at 2000 m and the reduction
in fuel consumption at 2000 m and 3000 m. Both additional factors caused a rise in the equivalent
air-to-fuel ratio and lower maximum in-cylinder temperature. But they did not lead to a reduction of
NOx emitted due to the absence of EGR.

With respects to the CO emissions, Figure 12C shows how the accumulated CO increased in the
1000 m test but decreased in the 2000 m and 3000 m tests. The appearance of local rich zones, which
happened during the engine accelerations, were the cause of the sudden increases of the CO throughout
the tests. However, the CO emissions were reduced at 2000 m and 3000 m during the middle part of
the WLTC (and a couple of accelerations at 1000 m) due to the reduction of fuel consumption and the
consequent decrease of the equivalence ratio. Especially during the pedal release phases and further
accelerations, which are in absence of EGR, the amount of oxygen available was increased (mainly
at 2000 m), the combustion temperature was increased, and the amount of carbon involved in the
combustion was reduced. Thus, the total CO emitted was reduced. Also, in Figure 12A local reductions
in the THC emitted at 2000 m and 3000 m tests, at about 10, 13, and 20 min can be observed, which
support the previous analysis. From previous discussion, it can be concluded that the DOC working
point and efficiency are not the main cause for the observed CO reduction.

Lastly, Figure 12D represents the increase of soot generation with the altitude, which is mainly
attributed to fuel jet impingement in the combustion chamber walls and fuel cracking. Fuel
impingement was also claimed in the case of THC that follows the same path of increment than
soot mass.

As a summary, Figure 13 presents the cumulative values of the pollutants and CO2 emitted in
(g/km) for every altitude differentiating between each of the four WLTC stages and for the whole
WLTC. The WLTC stages are called low, medium, high, and extra high, which represents urban,
interurban road, conventional road, and highway, respectively.

Concerning the limit lines shown in Figure 13, the values are listed in Table 2. The THC emission
limit has been obtained by subtracting the regulated THC + NOx figure from the regulated NOx
emission level, since only the compound emission of THC and NOx is regulated by the Euro 6d.

Table 2. Euro 6d emission limits [3].

Units THC CO CO2 NOx Soot THC + NOx

Diesel
Sea level [ g

km
] 0.09 0.5 124.52 0.08 0.0045 0.17

Altitude 0.09 × 1.5 0.5 124.52 0.08 × 1.5 0.0045 × 1.5 0.17 × 1.5

Petrol
Sea level 0.1 1 146.56 0.06 0.0045 0.16
Altitude 0.1 × 1.5 1 146.56 0.06 × 1.5 0.0045 × 1.5 0.16 × 1.5

On the one hand, THC emissions (Figure 13A) increased on average with the altitude for every
WLTC phase, but without reaching the limits imposed by the Euro 6d regulation due to the abatement
in the DOC.

On the other hand, all the other pollutants amply surpassed the limits set by the Euro 6d regulation.
CO (Figure 13B) showed especially high values at 1000 m, where the EGR was still partially open,
and the increase in altitude increased the time that the equivalence ratio was too low, worsening the
efficiency of the combustion process. CO2 (Figure 13C) decreased with the altitude, following the trend
of the fuel consumption. However, it clearly exceeds the limit. It is worth noting that the CO2 emission
limit was set at the level in which the Euro 6d started, including extra taxes to the sale of vehicles for
emitting too much CO2, which is calculated as:
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CO2 = Target + a × (M − MO) (1)

where a, Target, and MO are coefficients adopted from the regulation [3] and M has been assumed as
the average for passenger cars engines (1273 kg) [21].
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In the case of the average value for NOx emissions (Figure 13D), it increased with the altitude
due to the closing of the EGR. It must be noted that the limit for NOx emissions stated in Euro 6d was
exceeded in one order of magnitude by the Euro 4 engine, in every stage of the WLTC cycle, and not
only at altitude but even at sea level.

With respect to the soot emission (Figure 13E) even when measuring after the DPF, the soot mass
emitted was quite clearly over the limit imposed by the Euro 6d regulations at sea level, and it greatly
increased with the altitude.

Lastly, the joint emissions of THC and NOx, as regulated, are presented in Figure 13F, in which it
is clearly shown that the emission levels were way over the limit set by the Euro 6d regulation, even
when there was a wide margin until the regulation limit for THC, as shown in Figure 13A.

5. Analysis of the Benefits of Euro 4 Diesel Engines Replacement in European Roads and Cities

In 2017, the European Automobile Manufacturers Association carried out a study about the
European automotive fleet [2], from which an estimation of the number of Euro 4 diesel vehicles that
are currently circulating through European roads and cities has been obtained.

The information extracted about the European passenger car fleet from [2] is as follows:

• Proportion of passenger cars with a diesel engine: 41%.
• Total number of passenger cars circulating in the European Union: 252,043,348 cars.
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• Number of vehicles in use in the European Union, which were registered for first time before
2007: 123,433,397 cars.

• Number of vehicles in use in the European Union, split by year of first registration from 2007 up
to 2015: 128,609,961 cars.

Then, taking into account the period of application of the Euro 4, 5, and 6 legislations (Table 3),
the number of cars registered for the first time during a given Euro regulation period can be calculated.
It is done by adding the passenger cars currently in use that were registered in the years that make
up its application period, and assuming that until September 2009, 67% of the sales of that year had
been made.

Table 3. Application period of Euro regulation.

Euro 4 Euro 5 Euro 6

Application January 2005 September 2009 September 2014

Therefore, the proportion of Euro 4 or older diesel passenger cars currently circulating through
the European Union can be calculated following Equation (2), where Regnew is the number of vehicles
in use in the EU which were registered in 2007, 2008, and from January to September of 2009 (67%
of 2009 total registrations); Reg>10 is the number of passenger cars currently in use in the EU, which
were registered for first time before 2007; CI% is the proportion of diesel passenger cars in the EU; and
Pctotal is the total number of passenger cars circulating through the EU.

Proportion [%] =
(∑ Regnew + Reg>10)× CI%

Pctotal
∗ 100 (2)

Then, the number of diesel passenger cars that meet Euro 4 or older regulations and are currently
circulating in the EU can be estimated as 28.5% of the total European passenger car fleet, which means
around 71 million passenger cars. This fact combined with the results shown in Figure 13 prove that
the Euro 4 diesel engines have a significant impact in the current pollutant emissions through Europe.
It leads us to think about what would happen to Europe’s emissions levels if, in addition to more tight
legislation, the renewal of the automotive fleet is encouraged by the governments.

In Figure 14A, the four main pollutants emitted by a diesel engine (THC, CO, NOx, and Soot) and
CO2 have been represented as a yield ratio (∆x) with respect to the new Euro 6d emissions limits. The
ratios have been obtained following Equation (3), where E4emission is the averaged value measured of a
kind of pollutant during the WLTC cycle (shown in Figure 13), and E6limit is the corresponding Euro
6d diesel emission level (Table 2).

∆x =
E4emission − E6limit

E6limit
(3)

It has been previously stated that the results shown in Figure 13 are considered representative
of an old Euro 4 diesel engine performing a modern cycle (WLTC) and including altitude as the
real driving variable of the cycle (RDE). For the Euro 6d limit, diesel engines have been preferred
to perform the comparison due to their GWP being, on average, 15% lower than petrol engines at
equivalent vehicle size, according to the 2018 study from the Society of Motor Manufacturers and
Traders (SMMT) [22].

Figure 14A shows that, with the exception of THC, the rest of the pollutants and CO2 increased
with respects to the Euro 6d diesel standards. Particularly, a large increase in the emission of NOx
was observed—more than 5 times the Euro 6d limitation when Euro 4 engine is at sea level and
about 8 times in the cycles carried out in 2000 m altitude. In addition, an important increase of
emissions, between 1- and 2-fold, for CO and soot, and up to 3 times for THC + NOx at 1000 m, have
been measured.
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Instead, Figure 14B represents the previously described ratios between Euro 4 measurements
and Euro 6d limits, weighting each altitude with the percentage of European population making
displacements in the 50 km buffer area of massifs. The weighting factor for massifs was obtained from
Reference [19] and it is 60%; this percentage is illustrated in Figure 2 and split in Table 4 among 1000,
2000, and 3000 m altitude data. The splitting factor was obtained from Reference [18], assuming that
the world trend of population by altitude shown in Figure 1 remains true at the European level for the
2000m and 3000 m altitude locations, i.e., 5% and 3% respectively, as shown in Table 4. The remaining
40% has been assigned to sea level share assuming they never drive into the previous mentioned
50 km massifs buffer. From these results, it can be again concluded that the potential to reduce the air
pollution removing aged passenger car is not negligible and it is worth being analyzed.
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Table 4. Global Europe population as a function of altitude.

Sea Level 1000 m 2000 m 3000 m

Percentage of Europe population in
50 km buffer area of massifs [%] 40% 52% 5% 3%

Additionally, if instead of renewing the Euro 4 diesel fleet with Euro 6d diesel passenger cars
(Figure 14), it is replaced by Euro 6d petrol engine cars (Figure 15), the increase of pollutant emission
with respect to the Euro 6d regulation changes significantly. Figure 15A,B have been obtained following
the same methodology as Figure 14, but using the Euro 6d petrol emission levels in Equation (3) instead
of Euro 6d diesel emission levels (Table 2).

Figure 15B shows how the altitude-averaged increase in NOx emissions of Euro 4 diesel engines
is higher on average with respect to Euro 6d petrol engines (9 times) than Euro 6d diesels (7 times,
shown in Figure 14B). However, the yield ratio of CO emissions of a Euro 4 diesel engine is reduced
to almost zero if the renovation is carried out with Euro 6d petrol engines. The same happens with
CO2 emissions from Euro 4 diesel engines, since CO2 emissions of Euro 6d Temp diesel engines are, on
average, 15% lower in passenger cars of every sector [22].

Lastly, the increment for soot and THC stayed equal between both options of renewal. In the
case of soot, it was due to the fact that both petrol and diesel Euro 6d engines use particle filters
that minimize soot emissions. With respect to THC, it is worth noting that even though the quantity
emitted is similar between Euro 6d petrol and diesel engines, the composition is not. The THC emitted
by petrol engines contains methane hydrocarbons (MHC), of which GWP is 25. Therefore, the MHC
emitted by a Euro 6d petrol engine (up to 32% of the THC emitted [3]) causes lower reduction of
greenhouse emissions, when renewing the Euro 4 diesel engines by Euro 6d petrol engines.



Energies 2019, 12, 1278 16 of 24

Energies 2019, 12, x FOR PEER REVIEW 16 of 25 

 

Additionally, if instead of renewing the Euro 4 diesel fleet with Euro 6d diesel passenger cars 
(Figure 14), it is replaced by Euro 6d petrol engine cars (Figure 15), the increase of pollutant emission 
with respect to the Euro 6d regulation changes significantly. Figure 15A and 15B have been obtained 
following the same methodology as Figure 14, but using the Euro 6d petrol emission levels in 
Equation (3) instead of Euro 6d diesel emission levels (Table 2). 

Figure 15B shows how the altitude-averaged increase in NOx emissions of Euro 4 diesel engines 
is higher on average with respect to Euro 6d petrol engines (9 times) than Euro 6d diesels (7 times, 
shown in Figure 14B). However, the yield ratio of CO emissions of a Euro 4 diesel engine is reduced 
to almost zero if the renovation is carried out with Euro 6d petrol engines. The same happens with 
CO2 emissions from Euro 4 diesel engines, since CO2 emissions of Euro 6d Temp diesel engines are, 
on average, 15% lower in passenger cars of every sector [22]. 

Lastly, the increment for soot and THC stayed equal between both options of renewal. In the 
case of soot, it was due to the fact that both petrol and diesel Euro 6d engines use particle filters that 
minimize soot emissions. With respect to THC, it is worth noting that even though the quantity 
emitted is similar between Euro 6d petrol and diesel engines, the composition is not. The THC 
emitted by petrol engines contains methane hydrocarbons (MHC), of which GWP is 25. Therefore, 
the MHC emitted by a Euro 6d petrol engine (up to 32% of the THC emitted [3]) causes lower 
reduction of greenhouse emissions, when renewing the Euro 4 diesel engines by Euro 6d petrol 
engines. 

 
Figure 15. Increase ratio in pollutants emission, considering altitude influence and with respect to 
petrol Euro 6d, from European diesel passenger car fleet >10 years old, at 01 Sep 2019. 

6. Benefits of Euro 4 Diesel Engines Replacement in Spanish Roads and Cities as Example of 
European Country Analysis 

In this section, the study of passenger cars circulating in Europe has been focused on a particular 
country and its corresponding urban environment. The same methodology could be followed for 
other countries. For this study, Spain has been taken as example of country with Madrid as an 
example of a big city at a massif and Barcelona as an example of a big city at sea level. The reason is 
the altitude perspective kept in this study is well exemplified in a country like Spain. According to 
Reference [19], Spain’s average massif areas are higher than the EU average, such as Austria, Finland, 
Italy, Norway, Romania, Sweden, and Slovakia. In addition, Spain has the third largest concentrated 
massif area of EU, just after Sweden and Norway, and at the same time is bigger and more populated 
than most of the previous mentioned. 

Accordingly, the information needed to complete this task has been collected from the Ministerio 
de Fomento (Ministry of Development) from the Spanish Government [23,24]. In these reports, 
statistics about private transportation through different kinds of roads in Spain and in the city of 
Barcelona are provided. Reference [23] collects information about the interurban and extra-urban 
traffic of the city of Barcelona, which can be divided into a slow circulation zone (<50 km/h) and a 

Figure 15. Increase ratio in pollutants emission, considering altitude influence and with respect to
petrol Euro 6d, from European diesel passenger car fleet >10 years old, at 1 September 2019.

6. Benefits of Euro 4 Diesel Engines Replacement in Spanish Roads and Cities as Example of
European Country Analysis

In this section, the study of passenger cars circulating in Europe has been focused on a particular
country and its corresponding urban environment. The same methodology could be followed for other
countries. For this study, Spain has been taken as example of country with Madrid as an example of a
big city at a massif and Barcelona as an example of a big city at sea level. The reason is the altitude
perspective kept in this study is well exemplified in a country like Spain. According to Reference [19],
Spain’s average massif areas are higher than the EU average, such as Austria, Finland, Italy, Norway,
Romania, Sweden, and Slovakia. In addition, Spain has the third largest concentrated massif area of
EU, just after Sweden and Norway, and at the same time is bigger and more populated than most of
the previous mentioned.

Accordingly, the information needed to complete this task has been collected from the Ministerio
de Fomento (Ministry of Development) from the Spanish Government [23,24]. In these reports, statistics
about private transportation through different kinds of roads in Spain and in the city of Barcelona are
provided. Reference [23] collects information about the interurban and extra-urban traffic of the city of
Barcelona, which can be divided into a slow circulation zone (<50 km/h) and a fast circulation zone
(<80 km/h), respectively. The relevant information compiled in Reference [23] has been summarized
in Table 5.

Table 5. Passenger cars average travel through Barcelona.

Travels by Passenger Cars a Day Average Travel Time per Vehicle

Units
[

veh
d

] [
min
veh

]
Inter urban 676,451 11.2
Extra urban 346,596 24.1

Therefore, assuming an average velocity of 50 km/h for the inter urban zone and 80 km/h for the
extra-urban zone, the total number of kilometers in a day that passenger cars circulate through a city
such as Barcelona can be calculated.

On the other hand, in Reference [24], the information about the traffic through Spanish roads
is collected, which are then divided as low speed roads (<100 km/h), including conventional and
multi-lane roads, and high speed roads (>100 km/h), consisting of both paid and free highways. The
relevant information included in Reference [24] has been compiled in Table 6.
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Table 6. Vehicles circulating through Spanish roads.

Total km Travel per Spanish
Vehicles during a Year Passenger Cars Percentage

Units
[

mill km
y

]
[%]

Multi-lane road 14,321 92.32
Conventional road 88,031 91.36

Paid highway 21,037 86.99
Free highway 99,301 87.73

In this case, Equation (4) has been used to calculate the number of kilometers per day that
passenger cars circulate across a country like Spain. In Equation (4), Kmtp1 and Kmtp2 are the total
number of kilometres that vehicles travel in a year through Spanish roads; Pctp1 and Pctp2 are the
respective percentage of passenger cars through these roads. In order to calculate the number
of kilometers per day through low-speed roads, the values to include in Equation (4) are those
corresponding to multi-lane roads and conventional roads rows from Table 6. If the objective is to
calculate the kilometers per day through high-speed roads, the data that should be used are those
included in paid highway and free highway rows from Table 6.

Total km per day at road travel
[

km
d

]
=

Kmtp1 × Pctp1 + Kmtp2 × Pctp1

365
(4)

As already discussed, the driving zones described in Tables 5 and 6 in which passenger cars
circulate, have been reproduced in laboratory tests by carrying out a WLTC cycle, which contains four
different parts (low, medium, high, and extra-high) resembling, respectively, the circulation zones
previously described, i.e., interurban and extra-urban (Table 5) and low-speed roads and high-speed
roads (Table 6 and Equation (4)).

To know the composition of the diesel light-duty fleet in Spain, the following information has
been obtained from Reference [2]:

• Proportion of passenger cars with a diesel engine in Spain: 59.7%.
• Total number of passenger cars circulating in Spain: 22,355,549 cars.
• Number of vehicles in use in Spain, which were registered for first time before 2007 (more than 10

years ago): 12,770,961 cars.
• Number of vehicles in use in Spain, divided by year of first registration from 2007 up to 2015:

9,584,588 cars.

Then, the proportion of passenger cars in Spain that comply with each Euro regulation can be
calculated using Equation (5), where Regnew is the number of cars currently circulating but registered
for first time in the period of a given Euro regulation, and Pctotal is the total amount of cars currently
circulating through Spain.

Proportion [%] =

(
Regnew

Pctotal

)
Spain

× 100 (5)

In order to calculate the proportion of Euro 4 or older passenger cars, all cars currently circulating
that were registered before September 2009 should be included in the Regnew term of Equation (5),
assuming that 67% of the registration for 2009 were carried out before September. On the other hand,
the Euro 5 proportion is calculated, taking into account the period from September 2009 to September
2014. Lastly, all cars registered after September 2014 are used to obtain the proportion of Euro 6.

Thus, the information obtained after processing the data about the travels of passenger cars
in each of the four kind of roads depicted, as well as the composition by age of the Spanish diesel
passenger car fleet, is compiled in Table 7. This table shows the number of driven kilometers per day,
split into the regulation that the engine installed follows: Euro 4 or older, Euro 5, and Euro 6.
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Table 7. Diesel passenger cars per kilometer and day in Spain.

WLTC
Phase

Passenger
Cars Driven
km per Day

Percentage by Age
Percentage
of Diesel

Diesel Passenger Cars

Euro 4 or
Older Euro 5 Euro 6 Euro 4 or

Older Euro 5 Euro 6

Units
[

mill km
d

]
[%] [%] [%] [%]

[
mill km

d

] [
mill km

d

] [
mill km

d

]
City Low 6.31

77.42 16.66 5.92 59.7

2.92 0.63 0.22
Medium 11.14 5.15 1.11 0.39

Road &
Highway
(one country)

High 256.56 118.58 25.52 9.07

Extra-high 288.81 113.49 28.72 10.21

The current pollutant emissions of diesel engines used in passenger cars can be calculated for
each part of the WLTC cycle applying

Emission
[

t
d

]
=

KmCI × Pcemission
106 (6)

where KmCI is the total amount of kilometres per day driven by the number of diesel powered
passenger cars depicted in Table 7 and Pcemission is the emission level in g/km of said passenger cars.

To calculate the emissions of Euro 6 and Euro 5 engines, the Pcemission term used in Equation (6)
is the emission limit imposed by each regulation (Table 2). However, in the case of the emissions of
Euro 4 or older passenger cars, the emission levels used in Equation (6) are the emissions measured
in laboratory tests for one Euro 4 representative engine using WLTC and accounting with altitude
perspective, which are represented in Figure 13.

Then, the emissions of THC + NOx and CO have been chosen as reference to put into numbers the
reduction of pollutant emissions in Spanish roads and cities. These emissions are the main pollutants
causing the winter smog, which is harmful to human health, appearing in highly populated cities [25].
CO2 emissions have been also chosen for its GWP. Concerning PM, in Euro 6 vehicles there are other
sources of PM emissions more relevant than the exhaust gases because both diesel and petrol are
equipped with particulate filters. The new predominant sources of PM are the wear of the brakes
against break disc and of the tires against road pavement, which are not related to the combustion
engine but to the vehicle mass and driving style [26]. Therefore hybrids, PHEV, and BEV are also
highly contributing to PM emissions. Since no studies about these new sources of contribution have
been performed here, this pollutant has been kept out of the scope of this section.

Equation (7) is used to obtain the totals emitted by Euro 6, Euro 5, and Euro 4 or older during the
four parts of a WLTC cycle. Term E# represents the three Euro regulations whilst E#emission is the result
obtained from Equation (6) for each kind of Euro engine in a given part of the WLTC cycle.

Total Emission
[

t
d

]
= ∑

E#
E#emission (7)

Lastly, adding up the results from Equation (7) for the different parts of the WLTC cycle (low with
medium and high with extra-high), the total emissions for a standard Spanish city and the Spanish
roads are obtained for every given altitude, respectively.

The application of Equation (7) provides the actual diesels passenger-car fleet emissions. However,
if for the number of Euro 4 or older diesel engines, the Euro 5 emission limits for diesels are used, then
an estimate of the emissions is obtained if the Euro 4 diesel passenger car fleet will be renewed.

As a conclusion, the absolute decrease of the emissions caused by diesel passenger cars in
Spain only by renovating the older vehicles is calculated following Equation (8). Complementarily,
the relative decrease, with respects to the current emissions, is calculated using Equation (9). In
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Equations (8) and (9), CIcurrent is the current diesel total emissions and CIestimated are the estimated
emissions if the Euro 4 passenger cars are renewed by Euro 6d passenger cars with diesel engines.

Reduction [t/d] = CIcurrent − CIestimated (8)

Reduction [%] =
CIcurrent − CIestimated

CIcurrent
× 100 (9)

Table 8 shows that in Barcelona, as a sea-level representative city, the reduction of THC + NOx
would be of 1.3 t/d. In the case of a city as Madrid, which is located at almost 700 m above sea level,
the THC + NOx emission would be reduced by 3.2 t/d. These results involves a THC + NOx emissions
reduction from diesel passenger cars of 40.1% and 54.9%, respectively. In the case of CO, the reduction
in sea level would be 5.7 t/d whilst at higher altitudes, cities like Madrid would reach up to 12.1 t/d.
Then, the reduction of CO with respect to the current emissions from diesel passenger cars represents
52.4% and 69.9%, respectively.

Table 8. Decrease of emissions from diesel engine powered passenger cars if the Euro 4 fleet is renewed
with Euro 6d diesel engines.

Units Sea Level City
(Barcelona)

670 m City
(Madrid)

Spain Roads &
Highways

EU Roads &
Highways

THC + NOx
[ t

d
]

1.3 3.2 186.3 1295.8
[%] 40.1 54.9 72.0 69.6

CO
[ t

d
]

5.7 12.1 177.6 1234.9
[%] 52.4 69.9 52.2 49.4

CO2 (GWP)
[ t

d
]

155.9 147.3 20,624.0 143,428.0
[%] 10.7 10.2 33.7 31.2

The CO2 emissions would be also reduced due to renovating the diesel light duty fleet. In the
case of sea level cities like Barcelona in 155.9 t/d, i.e., 10.7% of the current diesel emissions of CO2; and
in cities like Madrid in 147.3 t/d, which also represents 10.2% of the current diesel emissions of CO2.

The reduction in emissions through Spanish roads have been calculated following the same
procedure as Barcelona and Madrid, but with the additional step of weighting the altitudes tested with
the population distribution with altitude shown in Table 4. Therefore, in Spanish roads and highways,
THC + NOx emissions would be reduced by 186.3 t/d, CO emissions by 177.6 t/d, and CO2 emissions
by 20,624 t/d. These absolute magnitudes represent 72%, 52.2%, and 33.7% of current emission due to
diesel passenger cars, respectively.

This procedure, both for cities and roads, can be used to obtain the data shown in Table 8 for any
given European country, if the necessary base information (Tables 5 and 6) is available. In a first stage,
the emission results can be extended to the whole EU if the Spanish number of vehicles are replaced by
those of the EU countries. For the sake of simplicity, it is assumed that there is the same share between
urban, extra-urban, and highways in Spain as in other EU countries. The European countries included
in the study are the ones that appear listed in Reference [2], and their emission levels are calculated
according to Equation (10),

EU emission at a given altitude [t/d] = ∑ EUcountry

CItotal × Vehcountry

VehSpain
(10)

where EUcountry represents the European countries, CItotal are the emission levels calculated with
Equation (7) at a given altitude, Vehcountry are the total number of passenger cars in a particular
country, and VehSpain are the total number of passenger cars in Spain. The data used has been obtained
from Reference [2]. Then, each pollutant emitted has been reduced to a single number by weighting
the four altitudes tested with the distribution of European population by altitude using data from
References [18,19] as previously discussed. In summary, THC + NOx emission on European roads and
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highways could be reduced by 1295.8 t/d, CO emissions could be reduced by 1234.9 t/d, and CO2

emissions by 143,428 t/d. This reduction represents 69.6%, 49.4%, and 31.2% respectively, with respect
to the amounts emitted by all diesel passenger cars in Europe.

The percentage reduction in Table 8 have been calculated considering only the diesel part of the
passenger cars in Europe. To extend the results obtained to the whole European passenger cars fleet, it
is necessary to include in the calculations the passenger cars that use petrol, alternative fuels, hybrids,
and electric powertrains. It is worth noting that the total number of hybrid and electric powered
passenger cars is around 3% of the EU fleet [2]. Therefore, to calculate the reduction percentage of
emission with respect to the total passenger car fleet, only vehicles powered by petrol and diesel
engines have been considered.

To calculate the emissions of the petrol engines, it has been assumed that all the European petrol
fleet emission levels are equal to the Euro 6d Temp regulation limits (Table 2). This is not far from
reality in general terms and simplifies the analysis. In addition, according to SMMT reporting 18%
higher CO2 emissions of petrol engines than diesel [22], the expected CO2 emissions of Euro 6d engines
have been increased in petrol cases with respect to diesels. Therefore, the total emissions due to petrol
passenger cars can be calculated using Equations (6) and (7). Then, if the total emissions of petrol
engines are added to those of the diesel engines (2-fold, with the current and renewed Euro 4) the
total emissions of the EU passenger car fleet can be obtained. Following, using Equations (8) and (9),
the reduction of emissions in a standard European city and country roads referenced to the whole
passenger car fleet is calculated.

Thus, the new figures of emissions reduction from passenger cars is depicted in Table 9. Clearly,
the reduction in percentage is smaller when considering both petrol and diesel engines, but nonetheless
it is still a very significant reduction.

Table 9. Decrease of emissions from passenger cars if the E4 diesel fleet renewal is carried out with E6
diesel engines.

Units Sea Level City
(Barcelona)

670 m City
(Madrid)

Spain Roads &
Highways

EU Roads &
Highways

THC + NOx
[%]

28.8 45.1 62.6 52.5
CO 32.0 49.8 31.8 20.9

CO2 (GWP) 6.2 5.9 22.0 14.8

Diesel passenger cars fulfilling Euro 6d regulation have been chosen as an example of replacement
due to its contrasted lower CO2 emissions than petrol engines. Therefore, if the replacement were
done with petrol engines, the results would be as shown in Table 10 where a slightly higher reduction
in THC + NOx emissions is observed with respect to Table 9, but with significantly lower reduction in
CO, and even increasing CO2 in cities (negative reduction). Moreover, as already discussed, the THC
emitted by petrol engines is significantly composed of methane, which has a GWP of 25. Thus, the
normalized GWP value for the greenhouse emissions, i.e., CO2 and MHC, is shown in Table 10. The
GWP increases in cities (negative reduction) but not in road trips because the CO2 emissions of a Euro
4 diesel passenger car during city travel (low and medium WLTC phases in Figure 13) is much closer
to the Euro 6d emission level used in this work, than during road travel (high and extra-high WLTC
phases in Figure 13). The GWP has not been differentiated in Table 9 due to the negligible methane
emissions of diesel engines.
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Table 10. Decrease of emissions from passenger cars, if the E4 diesel fleet renovation is carried out with
E6 petrol engines.

Units Sea Level City
(Barcelona)

670 m City
(Madrid)

Spain Roads &
Highways

EU Roads &
Highways

THC + NOx

[%]

30.7 46.8 63.7 53.5
CO 9.5 33.2 9.2 6.1
CO2 −0.9 −1.2 16.1 10.9
GWP −1.4 −2.0 15.5 10.4

7. Summary and Conclusions

The European geography includes numerous massif regions where important population centers
are located. Within an area of 50 km around massifs lives 60% of the European population. Therefore,
understanding the behavior of passenger-car engines when working in altitude is necessary to
accurately quantify the impact of traffic on air pollution.

In this work, a discussion about the performance of a Euro 4 diesel engine tested in altitude has
been carried out. An altitude simulator with the WLTC was used for emissions and performance
assessment of the old but numerous Euro 4 diesel passenger cars still present in Europe. One must
keep in mind that the 71 million Euro 4 diesel engines represent 28.5% of the current passenger-car fleet.
This new approach has been proposed as a straightforward, reproducible, and contrastable method
for quantifying the great impact that the aged European passenger cars fleet have on the emission of
pollutants from this type of transport.

With respects to the AS control of the atmospheric conditions, it has been proved that the control
of pressure and temperature is accurate and stable along the whole WLTC, without perturbations in
the engine measurements during the engine load and speed dynamics. It arises as an excellent tool to
quickly assess important issues related to altitude and road transport vehicles.

The altitude effects on the Euro 4 engine performance cover several aspects. Firstly, the turbo
compressor is more prone to reach risky working zones, like surge or over speed, when the altitude
increases. Moreover, the closed loop strategy to control p2 with the VGT, increases the backpressure of
the cylinders greatly, which could lead to excessive pumping work. Finally, the pollutant emissions
are also heavily affected by the altitude at which the Euro 4 diesel engine is working. The EGR valve
closing, the exhaust backpressure increase, the air mass flow reduction, and the in-cylinder pressure
reduction all lead to an increase in all emitted pollutants.

It has been concluded that the renewal of the Euro 4 or older diesel passenger cars would
significantly decrease the traffic air pollution in both roads and cities all around the EU. The
replacement options studied in this work have been passenger cars powered by conventional internal
combustion engines (diesel and petrol) fulfilling Euro 6d Temp regulation. They have been preferred
for a short-term shift due to fully accomplishing some requisites that, with the adequate public policies,
could be prone to said short-term change, i.e., technology readiness, technology maturity, affordable
prices, and market acceptance.

Hence, if the old diesel passenger cars are replaced by Euro 6d diesel passenger cars, the pollutant
emissions in European cities as Barcelona, located at sea level, could be reduced by 6.3% for CO2, and
as high as 32% in the case of CO and 28.8% for THC + NOx. Moreover, cities like Madrid, which
is located at 670 m above sea level, could have their emission levels also reduced by 5.9% in the
case of CO2 and impressive figures like 49.8% and 45.1% for harmful pollutants like CO and THC +
NOx, respectively.

The reduction through roads of European countries, like Spain, in the case of THC + NOx would
be even greater, by 62.6%. CO emissions would be reduced by 31.8%, and one must bear in mind
that CO is indirectly important for the global-warming problem, since it reacts with OH, penalizing
atmospheric OH potential to oxidize MHC emissions in atmosphere. With respect to CO2, it would
be reduced by an impressive 22.1%, thus very much helping to fulfill the countries’ compromises to
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reduce passenger cars emissions of GWP gases in the short term. What happens on the roads of the
EU is that the reduction of these emissions follows the trend marked by a single country due to the
difference between the percentage of diesel passenger cars in a single country and the average for the
whole EU. Thus, supposing EU has the same share as in Spain, among the four modes of the WLTC,
and adapting the ratio between diesel and petrol to the EU’s average. With these assumptions, the
emissions would be reduced in the EU by 52.5% in the case of THC + NOx, 20.9% for CO, and 14.9%
for CO2.

On the other hand, if the light-duty fleet is renewed by Euro 6d petrol passenger cars, the reduction
of THC + NOx is a slightly better, around 2 percentage points better in cities and 1 percentage point
better in roads. However, the CO reduction is substantially worse, and between 15 and 20 percentage
points of reduction would be lost. In the case of CO2 and MHC, the joint reduction vanishes in cities
and the GWP gases emissions from passenger cars in cities are slightly increased: About +1.4% at sea
level and up to +1.8% in cities at massifs. This is, in part, due to the high GWP of the MHC emitted by
the petrol engines. In Spain and at EU level, 6 and 4 percentage points of GWP emissions reduction
would be lost, respectively. Therefore, the quantification shows that the small benefits in THC + NOx
reduction of Euro 6d Temp petrol engines with respect to diesels do not compensate the substantial
penalty in CO and CO2 emissions.

In conclusion, the efforts to reduce the pollution in Europe from passenger cars, mainly done
through tight regulations, should also focus on the renewal of the fleet by Euro 6d diesel passenger
cars. A full sweep would reduce, in the short term, between 29% and 63% of the THC+NOX emission
and between 6% and 22% of the GWP gases emission, depending on altitude boundary of the
studied locations.
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Nomenclature

AS Altitude Simulator
ACEA European Automobile Manufacturers Association
BEV Battery Electric Vehicle
BSFC Brake Specific Fuel Consumption
CI Diesel passenger cars
E# European category of exhaust emissions standard
ECU Engine Control Unit
EGR Exhaust Gases Recirculation
EU European Union
DOC Diesel Oxidation Catalyst
DPF Diesel Particulate Filter
GWP Global warming potential
MEDAS Multifunctional Efficient Dynamic Altitude Simulator
MHC Methane Hydrocarbons
MHM MEDAS Humidity Module
mill Millions
MTM MEDAS Temperature Module
Pc Passenger cars
PHEV Plug-in Hybrid Electric Vehicle
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PM Particulate Matter
Reg Number of passenger cars registered for first time in a given year
RDE Real Driving Emission
SMMT Society of Motor Manufacturers and Traders
UNEP United Nations Environment Program
Veh. Vehicles
VGT Variables Geometry Turbine
WLTC Worldwide Harmonized Light Vehicles Test Cycle
∆ Increment
d Day
p Pressure
t Tons
y Year
Π Pressure ratio
Sub index
2 Compressor Outlet
3 Turbine Inlet
>10 Before 2007
C Compressor
new After 2007
T Turbine
tp# Road type
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