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Abstract
NOx emissions in vehicles are currently only controlled through the homologation process. There is a lack of
knowledge to reliably assess and control real NOx emissions of vehicles, because although vehicles in EU-27
are subject to PTI (Periodic Technical Inspection), NOx are not among the pollutants currently being
controlled. In this paper, a new approach for measuring NOx in PTI is proposed. At PTIs, a test needs to be
simple, quick, inexpensive, representative, and accurate. To that end, it needs to be carried out under static
conditions, so no power bench or complex equipment is required. The method shown in this paper has been
developed and validated at a PTI Spanish station, to ensure feasibility and repeatability. This method is
based on the relationship between % engine load and exhaust NOx concentration at idle engine speed. The
quality and representativity of this relationship have been checked with a p-value lower than 0.01. The
method has been compared with a different NOx measurement technique based on the simulation on a test
bench and the ASM 20–50 cycle. The achieved quality and repeatability of the new approach shows that it
could be a useful tool to be applied in PTI for detecting high NOx emitting vehicles and get information from
the diesel vehicles �eet.

1. Introduction
In recent years, frequent episodes of pollutants´ high concentration in cities have increased the concern
about urban pollution, some of which recognized as being harmful to human health and the environment.
NOx is among the most dangerous, as they are responsible among others for aggravating the consequences
of pre-existing diseases, generating problems in the respiratory system of healthy people (EEA, 2017; WHO,
2005), and indirectly for acid deposition(Garcés Giraldo and Hernández Ángel, 2004; Larssen et al., 1999)
and the generation of tropospheric ozone and secondary particulate matter (TAN et al., 2009).

Moreover, even if emissions restrictions on vehicle´s approval have become stronger over the years(Carslaw
et al., 2011) (Williams and Carslaw, 2011), a decreasing of the concentration in the air of these pollutants
has not occurred with the same intensity. In fact, in certain areas, concentrations of these polluting
substances have even stagnated (Hoekman and Robbins, 2012), and NOx is a clear example. These
compounds, which encompass both NO and NO2, are generated to a large extent by the road transport
(contribution of 40–70% worldwide NOx emissions (Hooftman et al., 2018; Reşito lu et al., 2015)), and to a
higher extent, from diesel engines, which generate about 85% of all NOx emissions from road vehicles (Lee
et al., 2013), (O’Driscoll et al., 2018; Wang et al., 2012).

Contrarily to what has happened with petrol engine vehicles, diesel engines have experienced a much lower
real reduction in NOx emissions than expected with the limits established by the successive emissions
control regulations (Pujadas et al., 2017). From the introduction of Euro 3 standard emission levels to
nowadays, newer vehicles can reach NOx emission levels similar to older ones (Carslaw et al., 2011), or even
vehicles with more severe emissions control regulations can have greater emissions than others with fewer
restrictions (Pujadas et al., 2017). This fact has been con�rmed through measurements of real driving
emissions (RDE) (Hausberger et al., 2009; Ramos et al., 2018; Triantafyllopoulos et al., 2019; Weiss et al.,
2012), with remote sensing detector systems (RDS) on a large number of vehicles (Chen and Borken-
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Kleefeld, 2014; Franco and Mock, 2015; Pielecha et al., 2016; Pujadas et al., 2017), as well as with theoretical
models and portable emissions measurement systems (PEMS) (Degraeuwe and Weiss, 2016; Franco et al.,
2014; Weiss et al., 2012).

Currently, NOx emission levels of vehicles are only controlled in the process of homologation. To obtain
approval for a new model, one of the procedures that will allow its commercialization is a test that measures
the vehicle's emissions under speci�c conditions, to verify that a certain previously established level of
emissions of different pollutants (NOx among them) is not surpassed. This test is carried out on one
individual vehicle. Leaving aside situations such as the Dieselgate, in which irregularities were identi�ed in
vehicles to pass homologation tests, it has been proven that the stipulated maximum NOx levels are widely
surpassed when vehicles circulate on public roads (Carslaw et al., 2011; Rexeis et al., 2013;
Triantafyllopoulos et al., 2019). That is, the test carried out to certify vehicles according to emissions level
(in terms of their NOx emissions) is not representative of their behavior when they come to circulating in the
real world (Degraeuwe and Weiss, 2016; Pielecha et al., 2016).

The fact that vehicles with diesel engines are the main NOx emitters is a serious problem in Europe, given
that the penetration of this type of vehicle is higher in the EU than in the rest of the world. Speci�cally, it is
estimated that 70% of diesel passenger cars and vans worldwide are sold in the EU (Poliscanova, 2017). In
2015, 6.6 million diesel vehicles were registered in the EU, accounting for 53% of total vehicle registrations.
In 2011, diesel vehicles accounted for 55% of the European �eet and went down slightly to 53% in 2013 and
2014. In some European countries, such as France, Spain, Belgium, and Ireland, diesel vehicles account for
between 65% and 72% of the total passenger car �eet (ICCT, 2015).

In general, it is estimated that most pollutant emissions come from a proportionately small number of
vehicles, which are known as “high emitters” (Zhang et al., 1995). Respect to NOx emissions, according to
the “Impact Assessment SWD (2012) 206 �nal” of the European Commission, if between 5% and 7% of the
most polluting vehicles were identi�ed, it would reduce approximately between 25% and 35% of the polluting
emissions (Staff et al., 2013). Therefore, it becomes key to develop a system that allows detecting these 5%
of vehicles that account for 25% of total emissions.

In most countries in Europe (including all the European Union countries (CITA, 2007; Package and Tests,
2012), vehicles in circulation are subjected to Periodic Technical Inspection (PTI), the scope of which varies
according to the country of registration of the vehicle. That said, the minimum requirements for inspection
(in European Union countries) are determined by European directives(European Union, 2014) and national
regulations(Gobierno de España, 2012; Ministerio de Industria, Comercio y Turismo, 2020). This technical
inspection of vehicles generally aims to determine, on the one hand, that the various vehicle systems work
correctly (focused on guaranteeing road safety), and on the other hand that no polluting emissions are
produced above the established limits (environmental protection). As is indicated in the European directive,
testing should be relatively simple, quick, and inexpensive, while at the same time effective in achieving the
objectives set by the established regulation (European Union, 2014).

In the case of petrol vehicles, PTI controls that the emissions of CO do not exceed the allowed percentages
of % volume concentration. In the case of diesel vehicles, the opacity of the exhaust gases is measured,
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which theoretically allows checking the amount of soot generated in vehicles. One of the modi�cations
incorporated in the application of the last European directive is the use of vehicle OBD systems as a support
for the control and measurement of the vehicle’s polluting emissions. That said, currently the levels of NOx
emission in vehicles are not being measured, although the directive has contemplated the possibility of
adding NOx emissions on-road test to type-approval process (RDE test), and the establishment of NOx levels
measurements test methods at PTI (European Union, 2014).

In this respect, several studies such as the one by CITA (International Motor Vehicle Inspection Committee),
have tried to de�ne PTI inspection methods that allow controlling NOx emissions and identifying EGR and
SCR faults and manipulations. One of them was carried out in 2011, the TEDDIE Project (Boulter et al.,
2011), which ended without de�ning a procedure but urging for further research. In 2015 the SET Project
(Barlow et al., 2015), although not speci�cally focused on the measurement of NOx, ended with the
recommendation to de�ne an inexpensive test method to measure NOx, and determine applicable limit
values for NOx. In 2017, a new project was again carried out to try to determine a method for measuring NOx
emissions from vehicles with the SET II project (Buekenhoudt et al., 2019a, b), which results were presented
in 2019, without a clear selection of a NOx measurement method, although suggesting the use of a
combination of loaded ASM2050 method with an unloaded test method for EGR assessment.

Most of the procedures analyzed so far for measuring NOx emissions in a vehicle have been based on
protocols that pretend to simulate vehicle conditions in circulation. To this end, a simulation power bench
(usually reproducing a previously de�ned cycle) or free acceleration cycles in the static state have been
used. Both procedures have presented similar reproducibility and representativity problems.

Moreover, some of these approaches to the NOx control are mainly focused on detecting breakdowns or
manipulation on EGR and after-treatment systems. However, the spirit of the directive indicates that the
priority should be to measure and know the level of emissions from vehicles (European Union, 2014).

Since it has been found that EGR and after-treatment systems themselves are in many cases designed more
to pass the type-approval test (especially in the case of NEDC) than to reduce emissions in real-life tra�c
conditions (Triantafyllopoulos et al., 2019), it seems more interesting to focus efforts on knowing the level of
emissions from vehicles, rather than on analyzing the proper functioning of these systems. It has also been
found that sometimes the SCR system is ineffective in urban tra�c (Delft, 2010), where NOx emissions are
more harmful to health. From this, and given the current lack of information, it could seem more important to
know in the �rst place the level of emissions from vehicles.

Hence, after various experiments and tests over the last years, a procedure that provides a reliable,
repeatable, representative, simple and quick NOx measurement method to be performed in a PTI station has
not yet been achieved.

In short, in the last years we are in a scenario with an increasing number of diesel vehicles in cities, that in
turn have signi�cantly greater NOx emissions than previously thought, and yet there is no way to measure
and control these emissions. This paper proposes a new approach to de�ne a method in a different way to
the systems proposed until now: NOx emissions test for PTI through a static, robust, and fast way.
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2. Nox Emissions Tests
2.1. EXISTING NOx EMISSIONS TESTS

There is a large variety of NOx emissions tests, focus on different aspects of NOx emissions. Some of them
are not suitable for PTI application, but they are listed below a sample of them used in various applications.
According to concepts or equipment used, they can be divided into the following groups (Buekenhoudt et al.,
2019a, b):

2.1.1. Unloaded tests

In this group of tests, none external load is applied to the vehicle, and analysis is carried out from an engine
speed variation.

a) Idle tests. Usually, two engine speeds are measured (Boulter et al., 2011).

b) Free acceleration smoke (FAS) test. Is the test used in Europe to measure the exhaust smoke opacity
(Boulter et al., 2011; O�cial Journal of the European Communities, n.d.).

c) INCOLL/AUTONAT. Both tests consist of rapid engine acceleration and deceleration (Samaras and
Zachariadis, 1995).

d) Norris. Based on gentle engine accelerations to operate the EGR system (Norris, n.d.).

e) CAPELEC and AVL. Combination of several free accelerations developed by these equipment
manufacturers.
2.1.2. Tests with power dynamometer bench at loaded steady state

In this group of tests, a power bench is used to place the vehicle. The vehicle can be driven at a speci�ed
speed and vary the brake load, de�ne a loaded steady-state, and modify the speed of the vehicle, or a
combination of both situations.

f) US Federal 3-Mode and CalVip, uses a combination of vehicle speed and brake load, de�ned according to
characteristics of the vehicle (Samaras and Zachariadis, 1995).

g) D550, uses a constant load (equivalent to a 5% road gradient) and 50 km/h of constant speed (Anyon et
al., 2000).

h) ASM (Acceleration Simulation Mode), uses a constant load equivalent to the road load of the vehicle
(except the rolling resistance) during acceleration (Epa et al., 2004). It can be performed with various
combinations of load and vehicle speed. The ASM2050 cycle analyses two speed points, 20 km/h and
50 km/h. It is being used to study emissions in urban driving conditions.

i) Lug-down test(Technical Committee : ISO/TC 22 Road vehicles, 1988) uses a constant speed while the
brake load increase to full throttle vehicle condition. Then, the brake load is gradually increased until lugging
the engine.
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2.1.3. Tests with power dynamometer bench at loaded transient

In this group of tests, a power bench is used to place the vehicle (Buekenhoudt et al., 2019b). The engine
power and speed of vehicles vary throughout the cycle. It is used to reduce engine damage’s risk.

j) Hot EUDC test, derived from the NEDC cycle (Extra-urban Driving Cycle part of the NEDC) (The Council of
the European Communities, n.d.). The manufacturer must provide the value to set the dynamometer inertia.
During the driving cycle, one or more faults are introduced and should be detected by the EOBD system.

k) DT80 test (Anyon et al., 2000). It is a mix-mode cycle, over a dynamometer bench with inertia simulation,
that includes three full-load accelerations to 80 km/h, and a steady-state at 80 km/h.

l) DT60 test (Anyon et al., 2000). It is similar to the DT80 test, but with two full load accelerations to 60 km/h
and a steady-state at 60 km/h.

m) AC5080 test (Anyon et al., 2000). It is similar to the DT80 test, although with some important differences.
A �rst full-load acceleration to 50 km/h is followed by a steady-state cruise at 50 km/h for 60 seconds, and
then another full-load acceleration to 80 km/h with a �nal steady-state cruise at 80 km/h for 60 seconds.

n) IM240 test (Pidgeon et al., 1993). A dynamometer bench with associated �ywheels is needed. The cycle
duration is 240 seconds, and simulate a 3.1 km trip at an average speed of 47 km/h. It is a reduced version
of the FTP-75 test.
2.1.4. On-road simulation tests with power dynamometer bench at loaded transient

In this group of tests, a power bench is used to place the vehicle. The vehicle reproduces de�ned speeds and
acceleration patterns that simulate on-road circulation conditions.

o) NEDC (New European Driving Cycle). It consists of two parts, an Urban Driving Cycle (UDC) and an Extra-
Urban Driving Cycle (EUDC). Duration is 1,180 seconds for Euro 3 and later vehicles (1,220 seconds for
previous), and distance is 11 km. It consists of accelerations, steady speed, decelerations, and idling along
with the two parts (in the EUDC there isn’t idling) (European Parliament, 2019; European Parliament and
Council of the European Union, 2009; The Council of the European Communities, n.d.).

p) WLTP (New Worldwide Harmonized Light Vehicles Test Procedure). It is based on UNECE GTR No. 15.
Includes four parts (Low, Medium, High, and Extra High). Duration is 1,800 seconds, and the distance is
23.26 km. Like the NEDC, it consists of accelerations, steady speed, decelerations, and idling along with
several parts. It was adopted in 2014 to replace the NEDC cycle (European Commission and Council of the
European Union, 2016; Parliament and Union, 2016).

q) CADC (Common Artemis Driving Cycles) is a set of urban, rural, and motorway cycles, with more dynamic
characteristics than NEDC and WLTP cycles (André, 2004). It is a result of the European ARTEMIS project.

2.1.5. On-road test
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r) RDE (Real Driving Emissions) test with PEMS (Portable Emission Measurement System). Real emissions
are measured from a vehicle with portable equipment while driving on a road with pre-de�ned characteristics
(Hausberger et al., 2009).

2.1.6. Others

s) RSD (Remote Sensing Device). It is used to obtain a great number of measurements in a short time, in the
�xed ubication on real driving conditions. It’s a powerful tool to know the �eet emission by ubication
(Pujadas et al., 2017).

2.2. PREMISES WHEN DESIGNING A NOx EMISSIONS TEST FOR PTI
A test for PTI presents some differences and particularities concerning tests oriented to other objectives
(laboratory measurements, test for homologation, control of pollution at a �xed ubication, …). In the �rst
place when designing a new test for PTI, inspection requirements must be met. According to the
implementing PTI directive(European Union, 2014) “Testing during the life cycle of a vehicle should be
relatively simple, quick and inexpensive, while at the same time effective in achieving the objectives of this
Directive”. Likewise, the regulations of European countries (e.g. Spanish regulations (Gobierno de España,
2012; Ministerio de Industria, Comercio y Turismo, 2020)) establish requirements in the same sense:
“Testing should be as simple and direct as possible, and the inspection should be possible in a limited time”.
Of course, there are other requirements in common with other types of tests, like accuracy, precision,
signi�cance, and repeatability, although at a different grade. Another important aspect is to de�ne exactly
the technical situation the test will measure.

Existing methods to NOx measurement are trying to simulate, in different ways, on-road conditions in
vehicles. Yet these methods face a problem that is di�cult to solve.

As is explained in Sect. 1 of the Appendices, the diesel engine NOx generation mainly depends on O2

concentration and temperature in the combustion chamber (Fenimore and Jones, 1957; Reşito lu et al.,
2015; Zeldovich, 1946). But a vehicle is a complex combination of interacting systems regulated by the ECU,
and the real on-road NOx emission from the vehicle at the exhaust pipe depends on a large number of
variables (see Fig. 1).

These variables can be divided into exogenous and endogenous (Fonseca González, 2012). The exogenous
variables are those affected by the engine working conditions, like tra�c congestion, road condition, road
grade, driving style, fuel composition, among others. The endogenous variables are vehicle or engine inner
working variables that affects emissions like engine speed, gear engaged, the power demanded, engine
temperature, etc.

A variation from any of these variables causes a signi�cant variation of the vehicle’s NOx emissions. For
example, a severe driving style can increase NOx emission by more than 250%, or an increase of road grade
from 0–5% means a NOx emission increase of 115% (Gallus et al., 2017).

As a result, it is complicated to design and carry out a test that takes into account all these variables, and
also allows reproducing the test by keeping all these variables at values such that the results of two tests
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over the same vehicle are similar (for the same conditions) and comparable, that is, a test with enough
repeatability.

The way to simplify the test is to previously set-up these variables or to reduce the number of variables
involved. The �rst one introduces a high complexity to the test, and the option to omit some variables can
simplify the test, but the precision, accuracy, repeatability, and representativity of the test are reduced.

Another option is to develop the test in a situation where several of the variables involved do not in�uence
NOx emissions. This situation is the engine idle state.

When the vehicle is at idle, the gear engaged, the speed, the acceleration, VSP, the throttle position, the road
grade, the payload, the weight, the aerodynamic drag or the driving style, among others, do not in�uence the
NOx emissions.

Moreover, the engine speed remains the same, and the engine operation temperature variation is small.

Only the variables that are out of test control, such as the EGR strategy and the post-treatment systems
strategy, remain free. Buy theoretically, by reproducing the same engine behavior (at idle), these strategies
should work on the same way when the test is repeated.

As such, only environmental conditions could affect the NOx emissions, although in a similar way than for
other PTI tests. For example, low ambient temperatures are associated with higher NOx emissions. The use
of EGR increases the water vapor concentration in the exhaust gas, and at lower ambient temperatures there
are problems in the recirculating system when a high EGR rate is used because water vapor condensation
can cause severe problems in the EGR line. For that reason, at low temperatures EGR rates are reduced or
even canceled to avoid EGR components fails. The result of the EGR rate decreasing is a higher NOx
emission at low ambient temperatures (Rexeis et al., 2013).

It should be said however that the period between inspections is usually 1 or 2 years, so the weather
conditions may be similar when the PTI test is repeated, and the in�uence of this variation reduced. On
average, only vehicles with 6 months between inspections could be affected by this variation. That said, the
in�uence of variations in ambient temperature, pressure, or relative humidity over the test results should be
further studied.

3. Proposal Of New Measurement Process
3.1. TECHNICAL PROPOSAL FOR NOx MEASUREMENT METHOD

As explained in Sect. 1 of the Appendices, NOx emissions from diesel vehicles have a strong relationship
with engine power demand (Rexeis et al., 2013), and the % engine load is an ECU’s parameter related to the
engine power demand.

This proposal is based on the analysis of the variation of the NOx concentration at the vehicle exhaust gas
pipe due to the modi�cation of the % engine load at idling. The engine idle state is chosen to simplify the
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test and to ensure repeatability, for the reasons explained in Sect. 2.2.

At this idling condition, the engine can be easily subjected at two different engine load states de�ned by the
measurement of the % engine load, which causes variation in the NOx concentration between them, while
engine working parameters are read through the OBD system.

Experience tells us that the better way to increase the % engine load if the vehicle is in static conditions is
not with a free acceleration from idling but increasing the power demand from the equipment in the vehicle.
Simply switching on the engine, and working at a natural engine idle speed, some of the torque available is
consumed by the necessary accessories of the engine (water pump, alternator, ...). This consumption
translates directly into a % engine load value, which gives us the percent of torque used compared with the
peak available torque at natural engine idle speed. From now, we will call “Unloaded state” to this situation
of the engine with minimum power demand.

Increasing the power demand when the vehicle is idling will increase the % engine load in a signi�cant way.
One of the easiest ways to increase the power demand is connecting some equipment of the vehicle, like the
Air Conditioning (A/C) system, the lighting and signaling system, and the rear window heater system.

The power demand from the Air Conditioning system and the electric equipment of the vehicle are not
considered into the type approval NEDC test, although it is estimated that it may vary the CO2 emissions.
Instead, the USA SC03 Air Conditioning test is used to control the pollutant’s emissions of the vehicles.
Several previous measurements demonstrate that A/C system use increases the engine load and the NOx
emissions (Mock and German, 2015). Furthermore, the battery's state of charge at the start of the NEDC test
can vary by as much as 3% the CO2 emissions, so for the tests to be consistent between measurements, full
battery charge must be ensured before each of them (Triantafyllopoulos et al., 2019). This gives an idea of
the in�uence that electrical consumption can have on vehicle pollutant’s emissions while idling. From now,
we will call “Loaded state” to this situation of the engine with the vehicle’s equipment connected.

Through this procedure, it is possible to double the % engine load from the initial Unloaded state to the
Loaded state, and even reach a higher % engine load than in a simulation bench. Depending on the vehicle, a
% engine load of more than 50% can be reached with the vehicle at the natural engine idle speed, and the
average increase of % engine load from the Unloaded state to the Loaded state is about 100%.

Instead, free acceleration from natural engine idle speed without a gear engaged increase the % engine load
for a short time, decreasing immediately to a lower natural engine idle speed level. If the engine speed is
increased, the peak available torque is increased too, but the torque consumed from the engine remains
constant if there are no new consumptions. As a consequence, the % engine load decreases. The initial
increase of % engine load comes from the inertial forces of the engine that are necessary to overcome. But
when the new engine speed is reached, the % engine load decreases. This behavior can be observed in Fig. 2.

To measure and register the % engine load of the vehicle, the gas analyzer uses an OBDII connector. This
connector plugs on the OBDII port of the vehicle and transmits the required parameters to the measurement
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equipment (Communities, 2009; EC of the European Parliament and of the Council, n.d.; Iso, 2006; O�cial
Journal of the European Communities, n.d.).

Not only the % engine load is registered from the ECU of the vehicle. Other relevant parameters could be
registered through the vehicle’s OBD port if are available: the engine speed, the % EGR opening, the MAF
(Mass Air Flow intake), and the engine temperature, among others.

Summarizing, through the OBDII port, several working parameters are read from the vehicle’s ECU, being the
% engine load the most important. Simultaneously, a gas analyzer measures NOx concentration from the
vehicle’s exhaust pipe. The details of the equipment used are shown in Sect. 3 of the Appendices.

Combining the OBD data and the NOx concentration measures from the gas analyzer it is possible to
analyze the relationship between the exhaust gases NOx concentration from the vehicle and the functioning
engine parameters, speci�cally the % engine load.
3.2. PROTOCOL

To carry out the measurements, a protocol must be followed to ensure that every test is performed in the
same way. This protocol consists of three steps: a) veri�cation of vehicle conditions for the performance of
the test, b) preconditioning of the vehicle, and c) execution of the de�ned cycle for the test.

The �rst and second steps are common with the current opacity measurement procedure (O�cial Journal of
the European Communities, n.d.). The only difference is the measurement equipment used: for the current
measure of opacity in diesel vehicles an opacimeter is used, and for the NOx measurement, equipment able
to measure NOx concentration (like the equipment described in the Appendices, but not exclusively) will be
used.

For the �rst step, the conditions of the vehicle must be veri�ed, to ensure that the vehicle is suitable and is
prepared to be subjected to the test. The following aspects must be checked: the state of the exhaust system
is correct and does not show any apparent damage or modi�cations (visual checking), any extra loads and
equipment of the vehicle are disconnected, the vehicle shows an adequate mechanical and electrical
condition, and the vehicle does not indicate faults using the MIL indicator (or OBD). In the second step, it
must be checked if the engine is at normal working condition temperature.

The third step consists in the execution of the cycle de�ned in Table 1. For this, the blowpipe of the
measurement equipment is introduced into the exhaust pipe and the OBD connector is plugged into the OBD
port of the vehicle. Once the measurement equipment is ready, the �ve stages indicated in Table 1 must be
followed while NOx concentration is measured.

As OBD data reading is necessary, only vehicles with OBDII port and supported communication protocol
available are suitable to apply the test. That includes most of Euro 4 vehicles, as well as Euro 5 and Euro 6
vehicles. Some Euro 3 vehicles are suitable to apply this type of measurement, but OBD reading isn’t ensured
in all of them.
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To illustrate the testing process, below is shown and commented, as an example, the procedure and results
obtained for a vehicle (vehicle Nr. 20, Table 6). Along with the test, and for each of the stages from Table 1,
the data indicated in Table 2 are registered through the Gas Analyser and the OBD system. The results of the
test are compiled following the instructions from Table 1. With these data, the graph shown in Fig. 2 is built.
The time of measurement is along the x-axis, NOx concentration and mass �ow are on the left y-axis, and
engine speed, % engine load, and % EGR aperture are on the right y-axis.

Reading time for each stage can be de�ned at convenience, but 20 seconds for each stage can be enough.
With the engine working at a steady-state, it is not necessary to wait for a long time to get enough
representative values. Yet if engine working is irregular, a longer time might be required to get enough
measures to reach a representative average. The simplicity of the method allows using as much time as
necessary to get a correct measure.

For each stage, the average value of the recorded parameters is calculated. The combination of the average
concentration of NOx and the average of the corresponding % engine load provides the numeric results for
the test. To calculate the average values of NOx concentration, only data of steady emissions and % engine
load are selected, avoiding sections of data where emissions are increasing or decreasing (limits between
stages). In this way, the average calculated represents more accurately the NOx emissions for the
corresponding engine load state.

Table 1. Engine running conditions for the test cycle

  Stage 1:

Unloaded

Stage 2:

Loaded

Stage 3:

Loaded &

Accelerated

Stage 4:

Loaded

Stage 5:

Unloaded

Engine state On On On On On

Engine rotation speed Natural idle
speed

Natural idle
speed

> 2000 rpm

< 3000 rpm

Natural idle
speed

Natural idle
speed

Vehicle extra load
equipment

Disconnected Connected Connected Connected Disconnected

Engine load value < 25%* > 25%* Irrelevant > 25%* < 25%*

*Reference values, depending on the vehicle.

 

In Fig. 2, we can see the �ve stages described before. In the �rst place, we can see the �rst Unloaded stage,
were average engine load is 13% and the average NOx concentration read is about 150 ppm. In the second
stage (Loaded state), the % engine load increase until an average value of 36% engine load, while an
increase of average NOx concentration to 465 ppm is observed.
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In these two stages, the EGR system was inactive, so the value of NOx concentration read is not affected by
the control emissions system. That means, the correlation between NOx concentration and % engine load, if
exists, is not modi�ed from the in�uence of another parameter. The results of the tests carried out show that
the indicators of the correlation (R2 and p-value, see Sect. 5 of Appendices) between data of both variables
are generally higher in these two stages than in other parts of the cycle, where other parameters may affect
the concentration of NOx. That the correlation between both variables is so strong in the absence of other
in�uences at this stage, seems to be evidence that NOx concentration and the % engine load at idling are
related.

In stage 3 engine was accelerated to an average speed of 2163 rpm, and this acceleration provoked some
changes in the behavior of the engine.

In the �rst place, to make a free acceleration reduces the % engine load. When engine speed is increased, the
available torque and power from the engine also increase, but the power demand in stage 3 remains the
same as in stage 2 (after an initial peak of power the engine needs to overcome the inertial forces from the
engine acceleration). Consequently, if available torque and power are higher, but the power demand remains
the same, the % engine load value decreases. This situation can be observed in Fig. 2: as soon as the engine
speed increases, the % engine load decreases. The same situation was observed in every test carried out.

A second change is when the engine speed increases, NOx concentration decreases. This reduction comes
because of the % engine load reduction. This is another con�rmation of the relationship between NOx
concentration and % engine load. Although power demand is steady in stages 2 and 3, the NOx
concentration in stage 3 decreases. This reduction is related to the % engine load reduction. The same
behavior was observed in every test carried out.

Besides this, the engine acceleration causes the opening of the EGR valve and an additional reduction of
NOx concentration. As can be seen in Table 2, in the Loaded & Accelerated section the EGR valve is 56%
opened on average. As a consequence, the average NOx concentration in this 3rd stage is similar to the 1st
stage, but with the following difference: in the 1st stage, the NOx concentration was steady and continuous,
while in the 3rd stage the NOx concentration is strongly decreasing from a maximum value of 478 ppm to a
value near to 100 ppm. Meanwhile, the engine load was reduced and maintained at 11% throughout this
stage (slightly lower than at unloaded conditions).

In the 4th stage, the engine speed goes back to 750 rpm, the same speed as the 1st and 2nd stages and
engine load returns to 35% engine load, the same level of the 2nd loaded stage. However, the NOx
concentration in the 4th stage is lower than in the 2nd stage. This is because the EGR valve remains open at
30%, reducing the NOx emissions of the vehicle. As a result, the average NOx concentration in the 4th stage
is slightly higher than in the 1st stage and signi�cantly lower than in the 2nd stage.

Finally, in the 5th stage, the EGR valve remains open (even more than in the 4th stage), while % engine load
is reduced to the same level of the 1st stage. As a consequence, NOx concentration in the 5th stage is lower
than in the 1st stage.
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This behavior supports the hypothesis that NOx concentration is related to % engine load at idling, and %
EGR reduces the NOx concentration in the vehicle exhaust gas.

As a result of the static NOx test, Table 2 is obtained. To build this table, data from stage 1 and stage 5 are
joined in the “Unloaded idle state”, and data from stage 2 and stage 4 are joined in the “Loaded idle state”,
while data from step 3 are placed in the "Loaded & Accelerated state”. The average values of NOx
concentration, % engine load and the other emissions and parameters are summarized and calculated for
each one of the states.

The accelerated section is necessary to make sure that the EGR system or other after-treatment systems are
working if they were not previously activated (usually they are not), although these NOx values are not used
to de�ne the NOx emissions level. In this way, EGR and after-treatment systems works along stages 4 and 5
(according to ECU programming), and the in�uence over the NOx concentration from this system is
accounted for the average values in the �nal result.

This behavior simulates what happens in real urban driving, where once the vehicle is stopped usually EGR
and after treatment systems stop working too, and do not resume their action until the vehicle is put back
into motion and reaches the operating conditions set in the ECU's programming.

From these results, it is possible to use the average NOx concentration at both states as a simple indicator
of NOx concentration level, and Unloaded state concentration or Loaded state concentration could be used
to make a comparison between vehicles (Table 2).

The results summary includes the maximum value of NOx concentration read in the test (in the Unloaded or
Loaded state) because it will be used to estimate the maximum value of NOx concentration, by extrapolation
with the unloaded and loaded values.

Table 2
Average measures in static NOx test.

    Engine
speed
(rpm)

NOx
(ppm)

CO2
(%
vol.)

HC
(ppm)

CO
(%
vol.)

O2
(%
vol.)

%
Engine
load

%
EGR

Engine
Temp.
(°C)

Idle
Unloaded

Av. 750 136 0 11 0 2.05 13 21 77

Max. 774 178 0 12 0 2.20 24 43 79

Idle Loaded Av. 750 306 0 11 0 1.99 36 30 77

Max. 755 481 0 12 0 2.20 37 31 79

Loaded &
Accelerated

Av. 2157 147 0 11 0 2.02 10 56 76

Max. 2203 200 0 11 0 2.02 12 63 76

 

Although NOx concentration could be used to compare the level of NOx emissions between vehicles (most
of the NOx test methods explained in the Appendices provide NOx concentration as result), the most
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interesting data to do this comparison is not the concentration, but the mass emissions.

This is because vehicles with higher engine size and/or higher engine idle speed will emit a greater mass of
NOx, even if the concentration is the same that to a smaller vehicle.

In approval type procedures, emission factors (g/km) are used to compare pollutant emissions, yet from a
static test this value cannot be obtained. Instead, the NOx mass emissions �ow can be used to compare
emissions. This value is not directly obtained from the measurement equipment and should be calculated.
The procedure to do so is explained in Sect. 4 of the Appendices.

In this way, it is possible to calculate at any point of the test the instantaneous value in mg/s of the NOx
emission mass �ow (see Fig. 2), and with these data, calculate the average value for the Unloaded idle state,
for the Loaded idle state, and the maximum value read in both states, in the same way that the NOx
concentration average values were calculated.

These previous values are included in Table 3 for a complete overview of NOx concentration and emissions
at both states.

Once we have completed the set of values for both states, including the maximum instantaneous value, it is
possible to de�ne a linear regression function to extrapolate values from NOx concentration and NOx mass
emission related to % engine load.

The pair of values 0% engine load and 0 ppm NOx concentration (and 0 mg/s NOx emission) are used as a
point of the function. According to the de�nition of % engine load, its value is 0% at engine off and ignition
on (Iso, 2006). With this (0,0) point, and the three points de�ned in Table 3 (pair NOx (mg/s) - % engine load,
pair NOx (ppm)-% engine load), a linear regression function is de�ned to extrapolate the value of NOx
emissions mass �ow at 100% engine load (Fig. 3.a), and another linear regression function is de�ned to
extrapolate the value of NOx concentration at 100% engine load (Fig. 3.b).

Finally, once both linear regression functions are available, Table 3 can be completed. The Maximum
Theoretical Value of NOx emission mass �ow (mg/s) is the estimation of NOx emissions mass �ow if the
vehicle was at 100% engine load at idling state, and is the estimated data which de�ne the NOx emissions
level and can be used to compare NOx emissions between vehicles. It is an indicator of NOx emissions and
it could be helpful to detect the NOx high emitters and to classify the �eet according to this NOx emissions
level, and his calculation could be easily incorporated into measurement software as the �nal result of the
test.

 

Moreover, Idle unloaded and Idle loaded average NOx emissions mass �ow provide a close estimation of the
real value of NOx emissions from the vehicle when, during urban circulation, it is stopped at a red light or
remains stopped in a tra�c jam. These are a signi�cant part of the total NOx emissions from a vehicle at
urban driving because the percentage of the time that a vehicle is stopped is approximate from 6.7% in free
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�ow urban circulation, and it could be even 60% in congested urban driving conditions (André, 2004;
O’Driscoll et al., 2018; Wang et al., 2012).

To know this information from the complete �eet could be highly interesting to quantify with real data the
expected NOx emissions at a particular point if the implementation of a tra�c light is being analyzed, or
help to de�ne the time that the tra�c light must remain red before the emissions from vehicles stopped at
that point reach a dangerous level. It could be speci�cally helpful to analyse the convenience of tra�c lights
near hospitals or schools, for example.

In summary, the averages values obtained from the test are a close estimation of NOx real emissions when
the vehicle is stopped during real circulation, and the Maximum Theoretical Value of NOx emission mass
�ow (mg/s) could be a good indicator of the NOx emissions level, obtained from a test performed under the
same operating conditions on all vehicles, so it may be a suitable way to compare emissions between
vehicles.

Table 3
Summary of �nal results in static NOx test.

  NOx (mg/s) NOx (ppm) % Engine load

Avg. Idle Unloaded 2.72 136 13

Avg. Idle Loaded 6.10 306 36

Maximum Read 9.59 481 37

Maximum Theoretical 21.84 1096 100

 

3.3. REPEATABILITY

The test was carried out several times over the vehicle to check the repeatability of the test, and with the
information obtained from this set of tests Table 4 was built with the most relevant results. Additionally,
Fig. 4 shows in graphical mode the repeatability of results.

To check the repeatability of the method, from these results the usual statistical dispersion parameters of
the registered data are calculated and showed in Table 5, the most important of which are the Standard
Deviation (SD) and the Coe�cient of Variation (CV).

The set of results shows that the method applied provides similar results for the various tests carried out
over the vehicle, not only for unloaded idle but for loaded idle and Theor. Max. value too, in the same way for
NOx concentration and NOx mass �ow. As can be seen from the Standard Error of the Mean, the Standard
Deviation, and the Coe�cient of Variation, the repeatability of the measures was satisfactory. The quality of
the relationship between NOx concentration and % engine load was also checked for this set of
measurements, and results are explained in Sect. 5 of the Appendices through the R2 and the p-value.
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Table 4
Summary of results for the set of static NOx tests for Vehicle Nr. 20.

  Idle Unloaded Idle Loaded Th. Max. Value

Test
number

NOx
(mg/s)

NOx
(ppm)

% Engine
load

NOx
(mg/s)

NOx
(ppm)

% Engine
load

NOx
(mg/s)

NOx
(ppm)

1 2.67 133 16 5.94 296 39 18.29 912

2 2.27 114 16 7.55 380 35 23.04 1155

3 2.83 142 16 5.43 273 36 19.57 982

4 2.51 126 14 5.65 284 37 18.90 949

5 2.53 127 14 5.72 287 37 19.15 958

6 2.46 124 14 5.68 285 36 18.90 950

7 2.63 132 13 5.87 294 36 20.30 1018

8 2.66 133 13 5.92 297 35 20.59 1032

9 2.72 136 13 6.10 306 36 21.84 1096

10 2.84 142 15 6.04 303 36 20.61 1034

 

Table 5
Statistical parameters from the static NOx tests for Vehicle Nr. 20.

  Idle Unloaded Idle Loaded Th. Max. Value

Statistical
Parameters

NOx
(mg/s)

NOx
(ppm)

%
Engine
load

NOx
(mg/s)

NOx
(ppm)

%
Engine
load

NOx
(mg/s)

NOx
(ppm)

Min. 2.27 114 13 5 251 35 17.09 860

Max. 2.83 142 17 7.55 380 39 23.04 1155

Average 2.59 131 14.64 5.89 296 36.55 19.77 991

Standard
Deviation

0.16 8.10 1.43 0.66 31.80 1.37 1.74 87.14

Coef. of
Variation

6.02% 6.18% 9.79% 11.24% 10.74% 3.74% 8.80% 8.79%

Std. Error
Mean

0.05 2.44 0.43 0.21 9.59 0.41 0.55 27.56

Lower limit 2.50 126.21 13.79 5.48 277.21 35.74 18.69 937.19

Upper limit 2.69 135.79 15.48 6.30 314.79 37.35 20.85 1045.21
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3.4. RESULTS

The explained method has been applied to the diesel vehicles indicated in Table 6. The vehicles come from
14 different manufacturers representative of the European market and have emission levels from Euro 3 to
Euro 6, with engine sizes from 1248 cm3 to 2993 cm3, and engine power from 66 kW to 210 kW. For each
vehicle, several tests have been carried out to compare the dispersion of the results in a similar way as was
explained before. One petrol vehicle (vehicle Nr. 18) has also been tested in the same way to compare the
NOx emissions of diesel engine vehicles with petrol engine vehicles.

The average results of this complete set of measurements are shown in Table 7. The average NOx
concentration at loaded idle was 152% higher than average NOx concentration at unloaded idle, and the
average % engine load at loaded idle was 106% higher than average % engine load at unloaded idle. So, the
increase of % engine load between both load states is large enough for the explained linear extrapolation.
Furthermore, these results con�rm the assumption used as a basis for the proposal, that the concentration
of NOx in the exhaust pipe is related to the % engine load.
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Table 6
Set of vehicles and engines analyzed ordered by Emissions level.

Reference
Vehicle

Vehicle
Manufacturer

Model Engine
Manufacturer

Engine
model

Engine
size
(cm3)

Engine

Power
(kW)

Emissions
level

1 Volvo V50 PSA D4204T 1997 100 Euro 4

2 SEAT Leon Volkswagen ARL 1896 110 Euro 3

3 Alfa Romeo Mito FIAT 19981000 1248 70 Euro 4

4 Audi A4 Audi CAG 1968 100 Euro 4

5 BMW 330D BMW 306D3 2993 170 Euro 4

6 BMW 535d BMW 306D5 2993 210 Euro 4

7 Peugeot 407 Peugeot RHR 1997 100 Euro 4

8 Volkswagen Passat Volkswagen BKP 1968 103 Euro 4

9 Skoda Octavia Volkswagen BKD 1968 103 Euro 4

10 Audi A5 Audi CGKA 2698 140 Euro 5

11 Citroën Berlingo Citroën 9H06 1560 66 Euro 5

12 Volkswagen Touran Volkswagen CFH 1968 103 Euro 5

13 Hyundai i30 Hyundai D4FB 1582 81 Euro 5

14 SEAT Leon Volkswagen BLS 1896 77 Euro 5

15 Opel Insignia GMPTE A20DTH 1956 118 Euro 5

16 Nissan Juke Renault K9K 1461 81 Euro 5

17 Opel Astra GM A17DTS 1686 81 Euro 5

18 Renault Fluence Renault H4M D7 1598 84 Euro 6

19 Renault Talisman Renault R9M E4 1598 96 Euro 6

20 Peugeot Boxer Peugeot AH03 1997 96 Euro 6

21 Skoda Superb Volkswagen CRL 1968 110 Euro 6

22 Kia Sportage Kia D4FD 1685 85 Euro 6

23 Citroën C4
Picasso

Citroën BH01 1560 88 Euro 6

 

The same situation is observed for the NOx mass �ow emissions, where the average value of loaded state
emissions is 146% higher than average unloaded idle emissions. Again, the increase of NOx mass �ow
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emissions between both load states allows the building of a linear function.

Table 7
NOx emissions average values for the unloaded idle state, loaded idle states, and Theoretical Maximum

Values from static NOx test.

  Idle Unloaded Idle Loaded Th. Max. Value

Reference
Vehicle

NOx
(mg/s)

NOx
(ppm)

% Engine
load

NOx
(mg/s)

NOx
(ppm)

% Engine
load

NOx
(mg/s)

NOx
(ppm)

1 0.87 40 21 1.65 73 37 5.15 259

2 1.80 77 17 5.29 226 34 15.67 668

3 2.70 199 19 7.30 495 42 17.44 1193

4 1.83 81 24 7.83 349 47 18.20 806

5 2.28 77 24 3.60 122 39 10.08 339

6 3.51 134 24 10.56 401 54 20.85 789

7 5.65 269 30 15.51 754 60 27.31 1296

8 2.74 138 15 5.39 261 31 21.01 1028

9 2.52 119 21 5.37 253 42 16.77 790

10 4.74 200 21 7.92 374 46 18.82 824

11 1.64 96 19 5.14 304 47 13.76 812

12 1.65 80 17 1.68 82 36 4.85 237

13 2.04 123 22 4.56 278 52 10.30 627

14 2.65 139 25 5.09 277 39 16.72 851

15 1.91 88 16 6.46 300 28 23.57 1093

16 1.88 117 22 3.98 236 42 9.90 582

17 3.71 208 15 7.23 405 37 26.26 1392

18 0.08 5 22 0.25 15 37 1.483 88

19 2.35 129 16 8.01 440 36 23.93 1306

20 2.59 131 15 5.89 296 37 19.77 991

21 1.73 91 22 3.22 169 39 8.31 436

22 2.22 128 17 6.47 373 45 14.29 826

23 2.45 141 21 10.52 599 53 23.68 1368
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The average engine load reached at loaded idle is 41.7% (in some cases it went up to 60%), while the
average engine load at unloaded idle is 20.3%. This shows how this static NOx measurement method,
without any additional equipment or simulation bench, makes it possible to double the % engine load
between unloaded and loaded idle, which permits to analyze and compare NOx emissions for two different
load demand situations.

For the petrol engine vehicle, NOx concentration at unloaded and loaded idle are more than 20 times smaller
than average NOx concentration for diesel engines. This difference is even higher for the NOx mass �ow
emissions. However, the % engine load reached is similar to diesel engine vehicles, and the value for both
states, 22% engine load for unloaded idle and 38% for loaded idle, are near to the mean of the complete set
of vehicles previously mentioned. These results verify the fact that diesel vehicles are the main NOx emitters
(Lee et al., 2013), (O’Driscoll et al., 2018; Wang et al., 2012).
Summarizing, the results show that for the set of vehicles analyzed:

a) There is an average increase of 106% of % engine load from unloaded idle to the loaded idle for the
complete set of vehicles tested

b) There is a signi�cant increase of NOx concentration from the unloaded idle to the loaded idle in all
vehicles, with an average increase of 152%.

c) There is a signi�cant increase of NOx �ow mass emission from the unloaded idle to the loaded idle in all
vehicles, with an average increase of 146%.

d) Petrol engine vehicle shows the same levels of % engine load, but NOx concentration values are 20 times
smaller than average diesel vehicles NOx concentration, and the difference is even higher for the NOx mass
�ow emission.

e) The relationship between NOx concentration and % engine load is better for the Initial section, due to the
inactivity of the EGR and after-treatment systems in this section.

f) Standard Deviation for NOx concentration and NOx mass �ow emissions is lower for unloaded idle than
loaded idle.

g) Standard Deviation for % engine load is lower for unloaded idle, but in both states is really low (1.4%
unloaded idle, 2.6% loaded idle). That means that the % engine load shows low dispersion when carried out
the test several times over the same vehicle.

h) The average Coe�cient of Variation is similar for the NOx concentration and NOx mass �ow emission for
unloaded idle and loaded idle (17%-18%). That means the dispersion of data is the same for both states and
types of measurements.

i) The Coe�cient of Variation for % engine load is 7% for both idle states. It con�rms that % engine load data
dispersion is low, and the tests are always deployed under the same conditions of % engine load.
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j) In general, data from the Initial section show a lower dispersion, due to the inactivity of the EGR and after-
treatment systems in this section.

4. Comparison Between Methods
Once the quality of the relationship between NOx concentration and % engine load has been checked, and
the repeatability of the test has been veri�ed, the proposed measurement process has been compared to
another method designed for NOx measurement. This procedure is accomplished according to the cycle
ASM 20–50 shown in Fig. 5: the vehicle is “driven” on a dynamometer power bench, following instructions to
reproduce the ASM 20–50 cycle.

To compare results, a vehicle (Nr. 12 from Table 6) has been tested using a power bench and following
operating instructions from the equipment according to ASM 20–50 cycle, and subsequently, the same
vehicle has been tested with the proposed static method, with the same mechanical and environmental
conditions.

The comparison of both methods was developed by the following three Type Test:

Test Type 1) The vehicle was tested in the simulation bench according to ASM 20–50 cycle test. OBD data
and exhaust gas composition were read with the ASM 20–50 cycle equipment. The % engine load was not
registered, because the ASM 20–50 equipment does not allow this option.

Test Type 2) The vehicle was tested in the simulation bench according to ASM 20–50 cycle test. OBD data
and exhaust gas composition were read with static method equipment. The % engine load was registered.

Test Type 3) The vehicle was tested according to the static test. OBD data and exhaust gas composition
were read with static method equipment. The % engine load was registered.

For Tests Type 1 and Type 2, the vehicle was placed over the chassis dyno, and once the vehicle was
secured and preconditioned, the test according to ASM 20–50 cycle was performed by a trained driver. The
higher time required for the preparation of the test on the simulation bench has not been taken into account
for the evaluation of the test. The only difference between Test Type 1 and Test Type 2 is the reading
equipment, being performed in the same way.

Figure 5 shows the graphical representation of data read in a test from Test Type 2. Data from Test Type 1
should be similar to that from Test Type 2, but % engine load and % EGR are not registered by the chassis
dyno equipment.

The black line shows the speed of the vehicle over the simulation bench. It is clear that the behavior of speed
is similar to the re�ected in the image of the theoretical cycle: starts with acceleration from 0 to 20 km/h,
then the speed is maintained for a few seconds (the time required for the equipment) and after this, the
vehicle is accelerated again to 50 km/h. After maintaining this speed for some time (required from the
equipment), the speed decreases to 0 km/h. This behavior was similar in Test Type 1 and Test Type 2.
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After this, the static method proposed in this paper was applied to the vehicle in the Test Type 3. Figure 6
shows a graphical representation of data from one of these tests, with the 5 stages of the test clearly visible.

The results from all the tests carried out according to the three Type Tests are included in Sect. 6 of the
Appendices. According to registered data from the three Type Tests, we can state the following:

1. For the ASM 20–50 cycle, it is di�cult to repeat the test with the same result.

As can be seen in Fig. 5, when the vehicle is at 20 km/h, the engine speed is not homogeneous. This makes
that % engine load, % EGR and NOx emissions are not homogeneous either. This suggests that NOx
emissions from this data section may not be very representative. Besides this, it is hard to maintain a
constant speed of 20 km/h, and it is even harder to reproduce the test with the same conditions of rpm and
% engine load several times. For both data sections (20 km/h and 50 km/) the time used to calculate the
average of NOx emissions could be considered short to get an adequate average value. It is important to
remember that test operations are determined by the test equipment, which gives the trained driver the
instructions about how to operate the vehicle

2. For the ASM 20–50 cycle test, Standard Deviation and Coe�cient of Variation are higher than for static
cycle test.

Speci�cally, for Test Type 1, for both sections (20 km/h and 50 km/h) the Standard Deviation and
Coe�cient of Variation are remarkable. As is shown in Table A.5, at 20 km/h the highest NOx concentration
is 4 times greater than the lowest and at 50 km/h more than 2.3 times greater. The SD at 20 km/h is
168.15 ppm, while at 50 km/h it is 97.26 ppm, and the corresponding CV is 57.97% and 30.94%.

For Test Type 2, the SD is lower than for Type 1, but CV at 20 km/h is 39.08%. This indicates that the
dispersion of data is high. On the contrary, this dispersion metrics are better for the static test than for the
dynamic one. The unloaded idle presents an SD of 13.33 ppm and a CV of 8.10%, while for the loaded idle
the SD was 58.85 ppm and CV was 12.37%. In short, the static test shows lower dispersion, that is, better
repeatability.

3. For the ASM 20–50 cycle test (equally for Test Type 1 and Test type 2), the highest NOx emissions are
indistinctly reached at the 20 km/h or 50 km/h section, while for the static cycle test highest NOx emissions
are always reached at loaded state.

Di�culty to repeat the ASM 20–50 cycle test in the same conditions makes that % engine load presents high
variability and consequently NOx emissions are variable too. Instead, the simplicity of the static test allows
us to achieve similar % engine load at unloaded and loaded states and consequently, similar NOx emissions
are reached from several tests: always the higher NOx emissions are reached at loaded state.

4. There are important differences between NOx emissions values from Tests Type 1 and Type 2. Although
the test was developed in the same way, the average NOx emissions from Test Type 1 were more 2 times
greater than from Test Type 2. This could be attributed to the difference between the NOx sensor of both
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types of equipment. However, the behavior in both Type Test is different too, so not only the different NOx
sensors can explain the differences.

5. In Test Type 2, the % engine load is higher for the 20 km/h section than for the 50 km/h section. Instead,
NOx emissions are higher (on average) for the 50 km/h than for 20 km/h section.

This seems to indicate that in this type of test, data from NOx emissions are not correlated to % engine load.
Calculating the signi�cance of the model in Test 2 with the p-value, as was explained before, 7 of the 8 p-
values calculated were higher than the signi�cance level (Table A.7), so the null hypothesis can’t be rejected
for both situations.

We can see how when the vehicle is accelerated to 50 km/h engine speed and % engine load are more
homogeneous than in the 20 km/h section, and % EGR is near to be closed. One could assume that for this
section NOx emissions are more representative, but in this case, with rpm, % engine load, and % EGR with a
homogeneous behavior, the NOx concentration (and the % engine load) fall from a maximum value to the
same concentration than in the idle rate. Consequently, it is di�cult to de�ne a correlation between NOx
emissions and % engine load in this section.

6. The % engine load reached from the static test is signi�cantly higher than for the dynamic test with a
chassis dyno.

In Test Type 2 the higher engine load was 38.08% at 20 km/h. Instead, in Test Type 3 the higher engine load
was 51.66% at loaded idle, being the average engine load at loaded idle 49.76%.

The highest engine load in Test Type 3 generates also the highest NOx emissions, individually for every test,
and on average. Instead, in Test Type 2 sometimes the highest engine load does not correspond to the
highest NOx emissions. This occurs individually for some of the tests, and with the average value. The
average NOx concentration for loaded idle was 475.80 ppm, while for the dynamic test the higher average
NOx emissions read were 314.36 ppm at 50 km/h in Test Type 1, and 134.98 ppm at 50 k/h in Test Type 2.

So, NOx concentration measured with the static test is higher than NOx concentration read with the ASM 50 
− 20 dynamic test (in this vehicle).

7. It is easier to reproduce the static test than the ASM 20–50 dynamic test.

In this way, it is possible to make the static test repeatedly with similar results, and the duration of each step
of the test can be deliberately extended to obtain a stable and adequate set of data to calculate the average
NOx emissions easily.

For Test Type 1 and Type 2, the extension of the section to calculate average emissions was approx. 10 s for
20 km/h and 50 km/h respectively (indicated by the equipment to the driver).

Instead, in Test Type 3 duration of any of the steps of measurement is higher than 30 seconds. If it is not
necessary, they could be shorter, but if necessary, they could be as long as required to get correct average
NOx emissions, because the simplicity of the method allows it.
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This is because, as it could be seen in Fig. 6, the behavior of % engine load, engine speed, and % EGR is
much more stable in the static test than those shown in the dynamic one (Fig. 5). Consequently, NOx
emissions are more stable, and therefore, it is easier to get a representative and accurate average NOx
concentration value.

In summary, the main differences between both methods are that the repeatability, signi�cance, and results
in the dispersion of the static test are signi�cantly better than for the dynamic one. Moreover, the % engine
load reached and the NOx concentration read with the static test are higher, and yet the equipment and staff
training requirements are lower than for the dynamic test.

Table 8
Main differences between dynamic and static tests.

  Dynamic test Static test

Equipment COMPLEX SIMPLE

Procedure COMPLEX SIMPLE

% Engine load LOW MEDIUM

Repeatability LOW HIGH

Results dispersion HIGH LOW

Relation % Engine Load - NOx LOW HIGH

5. Conclusions
This new approach to NOx measurement could be an interesting way to include the NOx control at PTI. This
method seems to be a reliable, accurate, fast, inexpensive, and simple way of measuring the NOx
concentration and estimate the NOx emissions of a vehicle.

It accomplishes with directive requirements for PTI test indicated previously, and its main characteristics are:

a) Fast and easy to incorporate it into PTI: it is not necessary additional preparation of the vehicle, and it can
be accomplished together with the current opacity emissions test (O�cial Journal of the European
Communities, n.d.). Besides this, the operation of the vehicle could be executed by the vehicle’s driver (there
is no need for a PTI inspector operating the vehicle). The time required to carry out the test is 2–3 minutes
for the complete test.

b) Accuracy: measuring at natural engine idle speed guarantees the stability of engine functioning and
provides a stable and accurate measurement of NOx concentration.

c) High repeatability: conditions for the test are easy to reproduce (idle rotation rate, and OBD reading of
engine load), so the results of several tests over the same vehicle show through the low values of Standard
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Deviation and Coe�cient of Variation obtained that there is a low dispersion of the data, that is, high
repeatability.

d) It does not need additional equipment like a Chassis Dynamometer, neither expert staff, so it is
inexpensive: only a gas analyzer able to measure NOx emissions concentration and an OBD equipment to
read engine speed and % engine load is required.

e) The equipment’s maintenance cost, both mechanical and metrological, is much lower than other systems
like a power bench and similar to current costs.

f) It can be applied in the same way to any kind of passenger car or light-duty vehicle with the same
equipment (e.g. 4 × 4 vehicles, automatic gearbox vehicles, non-disconnectable traction control vehicles,…).

g) It reproduces a real driving condition. It simulates closely one of the worst situations according to the NOx
emissions in urban areas: a vehicle in a city, standing at a red tra�c light or in a tra�c jam, with the engine
switched on and with the air conditioning running. The time a vehicle is idling when it is in real on-road
conditions varies from the driving condition, but for urban circulation is signi�cant. In �ow-urban circulation,
the time the vehicle is at idling condition is between 6.7–9.1%, but in congested urban situations with high
stop duration, this time can be from 40% to 50% of circulation time (Boulter et al., 2006), and even rise to
60% (André, 2004).

In conclusion, this proposal meets the requirements to ensure a correct, accurate, reliable and useful
measurement and estimation of NOx emissions from vehicles, and on the other hand, meets the
requirements for a test that must be performed during the inspection in the process of PTI, that is: as simple,
quick and inexpensive as possible.

With this method applied through PTI, it could be possible to classify vehicles according to their NOx
emissions in a real situation. So, it could be an important tool for the Anti-Pollution Protocols in large cities
and allow the correct management of circulating vehicle �eet. And, as expensive and complicated
equipment and expert staff are not required, the measurement method could be incorporated into PTIs in a
short time.

So, the main future issue will be to de�ne the adequate emission limits according to this test method. For
this, the following step will be to conduct a measurement campaign following the proposed method. The
objective of this campaign will be twofold: on the one hand, to check that in a su�ciently large number of
measurements the characteristics observed in the development of the method are maintained in the same
way, and on the other hand to de�ne from a signi�cant sample of vehicles the appropriate rejection NOx
emissions threshold in the PTI. As was said in the introduction, the European Commission suggests
detecting 5% of vehicles with higher NOx emissions (Staff et al., 2013). This value can be used as an
orientation to de�ne a PTI threshold. This measurement campaign is currently being carried out, and we
hope that the results obtained from it can be made available in the coming months.

Moreover, if it is possible to maintain the study along a signi�cant period, it could be analyzed the evolution
of NOx emissions, given that it seems from previous studies that the emissions worsen with the aging of
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vehicles (Chen and Borken-Kleefeld, 2016).

Another further step to validate this approach will be a comparison between results from this measurement
method and real on-road NOx measurement. In this way, it will be possible to quantify how far or close is the
result of the static measurement from the real on-road emissions of vehicles.

It is important to remark that although the method has been developed and tested with passenger cars and
light-duty vehicles, it could be applied in a similar way to heavy-duty vehicles or buses, although further
research is needed to determine its suitability for heavy vehicle inspection, or even motorcycles and mopeds.
In conclusion, it could be a powerful tool for monitoring NOx emissions to the whole �eet of vehicles.

Finally, this proposal confronts the measurement of NOx emissions with a different approach than other
methods used so far, and it could be a good option to compare and classify vehicles according to the NOx
emissions in urban circulation (where these emissions are most harmful to health), allowing a quick and
inexpensive implementation into the PTI system, providing useful and reliable information, and �lling the
current gap of information about the vehicle urban NOx emissions.
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Figure 1

Some of the operating variables that affect vehicle NOx emissions.

Figure 2

NOx test for Euro 6 vehicle Nr. 20
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Figure 3

a) “NOx emission mass �ow - % engine load” linear regression function b) “NOx concentration - % engine
load” linear regression function

Figure 4

Results for the set of static NOx tests for Vehicle Nr. 20 (NOx concentration left axis, NOx mass �ow right
axis).
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Figure 5

Data from dynamic ASM 20-50 test cycle Test Type 2.

Figure 6

Data from static NOx test cycle Test Type 3.


