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1 List of acronyms 
 
A/F:   Air-Fuel ratio 
BSFC:  Brake Specific Fuel Consumption 
CH4:   Methane gas 
CO:   Carbon monoxide gas 
CO2:   Carbon dioxide gas 
ECU:   Engine Control Unit 
EFM:   Exhaust Flow Meter 
ESC:   European Steady state Cycle  
ETC:   European Transient Cycle 
FID:   Flame Ionisation Detector analyser 
FS:   Full Scale 
GPS:   Global Positioning System 
I/O:   Input / Output 
ISC:   In Service Conformity 
IUC:   In Use Compliance 
NDIR:  Non-Dispersive Infrared analyser 
NDUV:  Non-Dispersive Ultraviolet analyser 
NO:   Nitric oxide gas 
NO2:   Nitric dioxide gas 
NOx:   Nitric oxides gases 
NTE:   Not To Exceed 
O2:   Oxygen gas 
PEMS:  Portable Emission Measurement System 
PM:   Particulate Matter 
PFS   Partial Flow Sampling 
PID:   Vehicle data Parameter IDentifier 
QCM   Quartz Cristal Microbalance 
SAE:   Society of Automotive Engineers 
STP   Custom Step Cycle 
TEOM   Tapered Element Oscillating Microbalance 
THC:   Total Hydrocarbons 
 



2 Background and objectives 

2.1 Initial steps: the EU-PEMS project 
The European emissions legislation requires to check the conformity of heavy-
duty engines with the applicable emissions certification standards during the 
normal life of those engines: these are the “In Service Conformity” (ISC) 
requirements. 
 
It was considered impractical and expensive to adopt an in-service conformity 
(ISC) checking scheme for heavy-duty vehicles, which require removal of engines 
from vehicles to test pollutant emissions against legislative limits. Therefore, it 
has been proposed to develop a protocol for in-service conformity checking of 
heavy-duty vehicles based on the use of Portable Emission Measurement 
Systems (PEMS). 
 
The European Commission through DG ENTR in co-operation with DG JRC 
launched in January 2004 a co-operative research programme to study the 
feasibility of PEMS in view of their application in Europe for In-Service Conformity 
of heavy-duty engines. The technical and experimental activities were started in 
August 2004 to study the feasibility of PEMS systems and to study their potential 
application for on-road measurements on heavy-duty vehicles. 
 
The main objectives of the above project had been defined as follows: 
 

 To assess and validate the application and performance of portable 
instrumentation relative to each other, and in comparison with alternative 
options for ISC testing; 

 To define a test protocol for the use of portable instrumentation within the 
ISC of heavy-duty vehicles; 

 To assess on-road data evaluation methods such as the US ‘Not To Exceed’ 
(NTE) approach and possibly to develop a simplified ones; 

 To address the need of the European industry, authorities and test houses 
to go through a learning process with on-vehicle emissions testing. 

 

2.2 EU heavy-duty pilot program 
Following the successful outcome of the EU-PEMS project, the Commission 
announced the intention to launch a manufacturer-run Pilot Programme at the 
97th MVEG Meeting on 1 December 2005. The main purpose of the programme 
was to evaluate the technical (PEMS based) and administrative procedures for a 
larger range of technologies and in statistically more relevant numbers. 
 
The PEMS Pilot Programme was started in autumn 2006 with the main aim to 
confirm and validate the robustness of the PEMS test protocol that has been 
developed in the EU-PEMS Project. It was also designed to contribute to the 
sharing of ‘best practice’ approach amongst all interested parties, including 
Member State authorities and technical services. The outcome of the programme 



will provide further information on the introduction of ISC provisions based on 
the PEMS approach in the European type-approval legislation. 
 

2.3 Objectives of the work 
The main objective of the present document is to report on: 
 
a. The evaluation of the test protocol, i.e. to judge whether the mandatory data 
and its quality were appropriate for the final evaluation (Section 3.5.4) 
 
b. The analysis conducted to evaluate the potential of the different data 
evaluation (Pass/Fail) methods for ISC and in particular their ability to use on-
road PEMS emissions data. The candidate methods were categorized into two 
families: 
 

 The "control-area / data reduction methods" (Chapter 4) that use only a 
part of the data, depending whether the operation points considered are 
part of a control area and belong to a sequence of consecutive points within 
this control area. The US-NTE (Not To Exceed) method - already 
established as an official tool in the United States - falls into this category 
but variations of the methods could be envisaged (with another control 
area for instance). 

 The "averaging window methods" (Chapter 4.3) that use all the operation 
data. 

 
The main objective of task b. was to answer the following question: “Once the 
data has been collected correctly, what is the most appropriate method to 
analyze the test data measured with PEMS and to judge whether the engine is in 
conformity with the applicable emissions limits?” 



3 EU-PEMS Pilot Program data set 

3.1 Introduction 
The engines tested in the Pilot Program complied with the requirements of the 
European Directives in force (2005/55/EC and 2005/78/EC, for the EURO IV and 
V emissions standards). The program focused on diesel engines with high sales 
volumes. The selected vehicles partially covered different applications of the 
same engine and each prospective vehicle was screened to ensure the engine 
was representative of the sub-classes or configurations within an engine family. 
The program involved a total of 11 sub-programs, out of which 8 were organized 
by the engine/vehicle manufacturers and 3 by authorities from European Member 
States. 
 

3.2 Test equipment 
The PEMS systems used to test the vehicles had to comply with general 
requirements: 
 

 To be small, lightweight and easy to install; 
 To work with a low power consumption so that tests of at least three hours 

can be run either with a small generator or a set of batteries; 
 To measure and record the concentrations of NOx, CO, CO2, THC gases in 

the vehicle exhaust; 
 To record the relevant parameters (engine data from the ECU, vehicle 

position from the GPS, weather data, etc.) on an included data logger. 
 
It was recommended to use the commercially available PEMS (Sensors Semtech-
D/DS and Horiba OBS). Other PEMS than the ones previously mentioned could be 
used, provided that they offered at least equal characteristics in terms of 
dimensions, weight and measurement performance. 
 

3.3 Vehicles and engines 
The list of engines tested in the program is shown in the table below. The 
engines might belong to different engine families, as illustrated in Table 2. The 
vehicles were also categorised according to their type and their type of 
operation: 
 
For the vehicle types: 

- Small, medium and large trucks; 
- Buses. 

 
For the operation type: 

- Long haul (mainly motorway); 
- Mixed road, construction; 
- City. 



 
Code Vehicle 

Type 
Operation Power 

[kW] 
SCR EGR 

A Large truck Long haul 353 ●  
B Large truck Construction 485 ●  
C Bus Intercity 250 ●  
F Truck Long haul 300 ●  
G Truck Long Haul 340 ●  
H Truck Long Haul 340 ●  
K Truck 

(container) 
Long Haul 309   

L Truck Long Haul 309   
O Truck Long Haul 320   
P Truck Long Haul 320   
Q Truck Long Haul 350   
S Truck Long Haul 324   
T Truck Long Haul 324   
U Truck Long Haul 324   
W Small truck Delivery 160 ●  
X Small truck Delivery 220 ●  
Y Small truck Delivery 202 ●  

AA Truck  NS 309  ● 
AB Truck  NS 309  ● 
AD Bus City Bus 206  ● 
AE Bus City Bus 260 ●  
AF Bus City Bus 223 ●  
AG Truck NS 332 ●  
AH Bus NS 228 ●  
AJ Small truck Delivery 100   
AL Small truck Delivery 100   
AK Small truck Delivery 100   

Table 1 - Test vehicles 
 
Family Engines EURO Engine 

[lit] 
Power 
[kW] 

I A IV 12.8 353 
II B IV 16.1 485 
III C IV 12.1 250 
IV K, L IV 12.0 309 
V S IV 10.5 324 
VI AG, AH IV 10.8/9.0 332/228 
VII AJ, AK, AL IV 2.5 100 
VIII O, P, Q V 11.95 220-250 
IX F, G, H V 12.9 300-340 
X W, X, Y IV 5.9 160-220 

Table 2 - Engine families of ACEA1 engines 
 

3.4 Test routes 

3.4.1 Average route characteristics 
The test vehicles have been operated over ‘normal’ driving patterns, conditions 
and payloads. When the normal in-service conditions were proven to be 

                                    
1 Association des Constructeurs Européens d'Automobiles 



incompatible with a proper execution of tests, the payload could be reproduced 
(i.e. an artificial load can be used), provided that the vehicle or engine 
manufacturer could demonstrate to its Type Approval Authority that the 
reproduced payload matched the real one (using the statistics of the vehicle 
owner for instance). In the absence of statistics, the vehicle payload had to be 
50% of the maximum vehicle payload. 
 
Code Vehicle 

Type 
Operation Number 

of Tests 
Load Duration 

[h] 
Work / 

ETC 
A Large truck Highway 7 variable 3.25 6.0 
B Large truck Construction 7 variable 3.26 4.0 
C Bus Rural 4 75% 3.59 4.5 
F Truck Highway 3 Half 2.59 2.6 
G Truck Highway 3 Full 2.59 3.7 
H Truck Highway 3 Full 2.19 3.3 
K Truck 

(container) 
Highway 3 Empty 

(?) 
2.95 4.9 

L Truck Highway 2 Empty 
(?) 

3.07 5.1 

O Truck Highway 4 Full 1.90 4.0 
P Truck Highway 5 Half 1.90 3.0 
Q Truck Highway 5 Full 1.95 3.4 
S Truck Highway 3 Full 1.89 3.2 
T Truck Highway 1 Full 3.29 - 
U Truck Highway 1 Full 2.29 - 
W Small truck City / Rural 1 ? 3.13 5.0 
X Small truck City / Rural 1 Full 3.06 3.9 
Y Small truck City / Rural 1 Full 3.37 4.4 

AA Truck NS 3 Full 1.54 3.9 
AB Truck Construction 3 Full 1.04 2.9 
AD Bus City 3 n.a. 1.30 2.2 
AE Bus City 3 n.a. 1.30 2.7 
AF Bus City 3 n.a. 1.30 2.5 
AG Truck Highway 6 Full 1.6 3.5 
AH Bus City / Rural 6 (2) Half 0.38 

(1.13) 
1.7 

AJ Small truck City / Rural 3  1.39 1.9 
AL Small truck City / Rural 3  1.71 1.7 
AK Small truck City / Rural 3  1.51 2.9 

Table 3 - Overview of vehicle tests and operating conditions 
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Figure 1 – Average characteristics of the test trips: (a) Distance (b) Duration (c) 

Average speed (d) Altitude (e) Temperature 
 
Figure 1 shows the average trip characteristics, as an average of all the tests 
conducted for a single vehicle. Figure 1a and Figure 1b give indications about the 
test durations and the corresponding distances driven. The average speeds 
(Figure 1c) range from 40 to 60 km/h, with the exception of the buses (vehicles 
C and AH). For vehicle AH, the minimum amount of data to be collected 
(corresponding to 3 times the engine work on the ETC cycle) was not reached, as 
shown in Table 3. To get a sufficient amount of data to assess the emissions of 
that vehicle/engine, the data from several tests were merged. 

3.4.2 Analysis of trip characteristics 
In the program, the only requirement was to test the vehicles on their normal 
operating routes, without further specification about the type of route on which 
the vehicle had to be tested. The route selection process - under the joint 
responsibility of the engine manufacturer and its Type Approval Authority - had 
to simply ensure that the vehicles were tested under conditions that correspond 



to their real usage: for instance, a city bus had to be tested on a city trip. The 
only reporting mechanism regarding the route characteristics included the 
average trip characteristics shown in Figure 1. A more detailed analysis of the 
test route characteristics was conducted for a few cases: the objective was to 
highlight how the trip composition and the speed distribution could vary as a 
function of the type of vehicle. Several cases, chosen to be representative of the 
vehicle types and operations in the fleet, were used: 
 

 Large trucks, (Vehicles A, B, F, G, P) 
 Medium truck, (Vehicle X, S) 
 Bus, Intercity operation (C) 

 
  Idle City Rural Highway 

VEH_A_TEST5 32% 14% 10% 43% 
VEH_B_TEST2 28% 28% 19% 25% 
VEH_F_TEST3 11% 44% 16% 29% 
VEH_G_TEST2 19% 39% 18% 23% 
VEH_P_TEST4 6% 32% 39% 24% 
VEH_X_TEST1 9% 34% 30% 27% 
VEH_S_TEST3 9% 36% 31% 25% 

Table 4 - Examples of trip compositions – Share of idling, city, rural and 
motorway operation 
 

  City Rural Highway 
VEH_A_TEST5 21% 15% 63% 
VEH_B_TEST2 39% 26% 35% 
VEH_F_TEST3 49% 18% 33% 
VEH_G_TEST2 49% 22% 29% 
VEH_P_TEST4 34% 41% 25% 
VEH_X_TEST1 37% 33% 29% 
VEH_S_TEST3 39% 34% 27% 

Table 5 Examples of trip compositions – Share city, rural and motorway 
operation excluding idling 
 
Table 4 shows the trip composition determined from the speed following ranges: 
 

 Less than 50 km/h: city; 
 Between 50 and 70 km/h: rural; 
 Greater than 70 km/h: highway. 

 
Figure 2 (through the intercept on the Y axis) shows that some vehicles (A, B) 
included long sections with idling, representing more than 30% of the total test 
data. In the first case (A), this idling was due to the decision not to interrupt the 
measurements. In the second case (B), the idling represented the real operation 
of the vehicle, i.e. an asphalt truck unloading and waiting on a construction site. 
For these vehicles, it must be noted that the non-idling data represented several 
hours and that they met without problem the criterion regarding the minimum 
trip duration (i.e. at least 3 times the engine work on the ETC), as shown by the 
results in Table 3. 
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Figure 2 – Example of cumulative speed distributions 

 
The effect of the trip composition upon the engine emissions evaluation is 
discussed more in detail in sections 4.4.5 (in general) and 4.5.2 (for in the case 
of the idling operation). From the analysis conducted in the present section, it 
appears already that the average test route characteristics (as presented in 
section 3.4.1) are not detailed enough to characterize the test route and the 
driving conditions. To make the test evaluation easier and to better report under 
which conditions a given vehicle is driven, it would be needed to develop other 
indicators.  
 
This shall include the share of idling time (with respect to the total test duration) 
and could include for instance: 
 

 The cumulative speed distributions to allow a quick verification of the 
driving conditions, e.g. to determine for instance the share of city, rural 
and highway operation; 

 The reporting of the GPS trace on a map, together with the associated 
driving conditions. 

 

3.5 Data handling procedures and tools 

3.5.1 Test data 
The parameters that had to be recorded are listed in Table 6. The unit mentioned 
is the reference unit whereas the source column shows the types of methods that 
were used. 

3.5.2 Time alignment 
The test data listed in Table 6 are split in 3 different categories: 
 

 Category 1: Gas analyzers (THC, CO, CO2, NOx concentrations); 



 Category 2: Exhaust flow meter (Exhaust mass flow and exhaust 
temperature); 

 Category 3: Engine (Torque, speed, temperatures, fuel rate, vehicle speed 
from ECU). 

 
The time alignment of each category with the other categories may be verified by 
finding the highest correlation coefficient between two series of parameters. All 
the parameters in a category shall be shifted to maximize the correlation factor. 
The following parameters may be used to calculate the correlation coefficients: 
To time-align: 

 Categories 1 and 2 (Analyzers and EFM data) with category 3 (Engine 
data): the vehicle speed from the GPS and from the ECU. 

 Category 1 with category 2: the CO2 concentration and the exhaust mass 
flow; 

 Category 2 with category 3: the CO2 concentration and the engine fuel 
flow. 

 
Parameter Unit Source 
THC concentration (1) ppm Analyser 
CO concentration (1) ppm Analyser 
NOx concentration (1) ppm Analyser 
CO2 concentration (1) ppm Analyser 
CH4 concentration  (1) (2) ppm Analyser 
Exhaust gas flow kg/h EFM 
Exhaust temperature °K EFM 
Ambient temperature(3) °K Sensor 
Ambient pressure kPa Sensor 
Engine torque N.m ECU or Sensor 
Engine speed rpm ECU or Sensor 
Engine fuel flow g/s ECU or Sensor 
Engine coolant temperature °K ECU or Sensor 
Engine intake air temperature(3) °K Sensor 
Vehicle ground speed km/h ECU and GPS 
Vehicle latitude degree GPS 
Vehicle longitude degree GPS 

(1)Measured or corrected to a wet basis 
(2)Gas engines only 
(3)Use the ambient temperature sensor or an intake air temperature sensor 

Table 6 - Test parameters 
 

3.5.3 EMROAD© 
Reporting templates and an automated data analysis have been developed to 
ensure that all the calculations (of mass, distance specific and brake specific 
emissions) and verifications were done in a consistent way throughout the 
program. 
 
The standardised reporting templates included, for every road test: 

 Second by second test data for all the mandatory test parameters; 
 Second by second calculated data (mass emissions, distance, fuel and 

brake specific); 



 Improved time alignment procedures between the different families of 
measured signals (analysers, EFM, engine); 

 Data verification routines, using the duplication of measurement principle, 
to check for instance the directly measured exhaust flow against the 
calculated one; 

 Averages and integrated values (mass emissions, distance, fuel and brake 
specific). 

 
The calculations and the data verifications were carried out using EMROAD©. 
 

3.5.4 Data consistency checks 
Three types of (post-test) data consistency checks have been developed. They 
are complementing the 'normal' verifications made during a test, e.g. the zero-
span of the gas analysers. 
 
Type 1 
The first was a very simple and automated routine checking: 

 The presence of all the mandatory parameters; 
 The existence of values outside the instrument ranges or outside normally 

expected ranges (e.g. vehicle speed negative or greater than 120 km/h); 
 
Type 2 
The second is a verification of the exhaust mass flow and the emissions data. It 
makes use of a correlation between the fuel rate -calculated from the emissions 
and the exhaust mass flow, using the carbon balance equations in the ISO 
standard (R11). A linear regression was performed for the measured and 
calculated fuel rate values. The method of least squares was used, with the best 
fit equation having the form: 
 
y  =  mx + b 
 
where: 
y  = Calculated fuel flow [g/s] 
m = slope of the regression line 
x  = Measured fuel flow [g/s] 
b  = y intercept of the regression line 
 
The slope (m) and the coefficient of determination (r²) were calculated for each 
regression line. This analysis was performed in the range [15% of the maximum 
value - maximum value] and at a frequency greater or equal to 1 Hz. 
 
The results of the linear regressions (slope (m) and the coefficient of 
determination (r²)) were calculated for all tests and vehicles. The r² results may 
be qualified as excellent in most cases. For the value of the slope (m), different 
situations occurred, depending on the uncertainty on the ECU fuel rate. For low 
uncertainties, the calculated fuel rate was usually within ±5% of the measured. 
For high uncertainties (or even unknown ECU fuel rate), the verification on the 
slope could not be done as evidenced by slope values outside the range [0.8 - 
1.2]. 



 
Type 3 
The last verification that was developed looks at the consistency of the ECU 
torque values with respect to the declared full-load curve. 
 
All the submitted data passed with the 'Type 1' verification. The results of the 
Type 2 data consistency checks are summarised in Table 7. 



 

Margin 
% of tests within the 

range 

Slope m ±5% 37.84 

Slope m ±10% 54.05 

Slope m ±20% 64.86 

r2 > 0.95 97.30 

r2 > 0.98 54.05 

r2 > 0.99 35.14 
Table 7 - Results of the 'Type 2' verification: percentage of vehicles fulfilling pre-

set criteria for the slope m and the coefficient of determination 
 

3.5.5 Plausibility of BSFC values 
The following figure represents the average brake-specific fuel consumption 
(BSFC) of the vehicles tested in the Pilot Program. The BSFC results are 
calculated from the PEMS data: the fuel consumption is obtained from the 
emissions and exhaust mass flow data whereas the work is calculated from the 
ECU torque and speed signals. 
 
The results shows that some BSFC values are anomalous (150-160 grams of fuel 
per kWh) when compared to the ‘normal’ values observed for such engines (from 
190 g/kWh). The results from section 3.5.4 were helpful to understand which test 
parameter is likely to cause such anomalous values: ECU torque, exhaust flow 
measurement, emissions or all. These findings are summarised in Table 8. 
 
Parameter / Verification Number of cases 
Exhaust Flow / Type 2 1 
Emissions / Zero-Span 1 
ECU engine torque / Full load curve 1 
At least 2 of the above 1 

Table 8 - Number of cases per cause for non-plausible BSFC values 
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Figure 3 - Brake-Specific Fuel Consumption of all vehicles 

 
From the data screening presented in sections 3.5.4 and 3.5.5, a few data sets 
(shown in Table 8) were found not meet the required quality. 

3.6 Average results 
The vehicles emissions are presented in Figure 4, Figure 5 and Figure 6 as brake-
specific emissions for the complete test routes. Each bar represents the average 
of the tests conducted for each vehicle (not necessarily on the same route). 
These values are not used to evaluate the conformity of the engines with the 
applicable standards. They simply represent an indication of the average engine 
emissions performance over the corresponding test conditions. 
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Figure 4 - Brake-Specific THC emissions of all vehicles 
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Figure 5 - Brake-Specific CO emissions of all vehicles 
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Figure 6 - Brake-Specific NOx emissions of all vehicles (NB: EURO IV and V 

vehicles together) 
 



4 In-Service Conformity Emissions Evaluation 

4.1 Introduction 
Following the recommendations of the EU-PEMS project preceding the Pilot 
Program, two data evaluation methods were retained as candidates. Their 
feasibility in view of ISC has been assessed throughout the different phases of 
the work: 
 

 The "control-area methods", use only that part of the data for which the 
operating points are for a minimum period of uninterrupted time within a 
predetermined control area; thus forming a sequence of consecutive points 
within this control area. Each sequence is also called 'event'. The US-NTE 
(Not To Exceed) method - already established as a standard for in-use on-
highway testing in the United States - falls into this category. 

 
 The "averaging window methods" that use all the operation data are based 

on a moving averaging window whose size is based on a reference quantity 
(typically the engine work or the engine CO2 mass emissions measured 
with the engine's certification cycle). 

 

4.2 Control area methods 

4.2.1 Introduction 
The engine "operating points" are defined as pairs of engine speed and torque 
values, typically read from the vehicle ECU when testing with PEMS. The in-
service brake-specific emissions are calculated when the engine operating points 
belong to the control area for a minimum duration, also known as the 
"minimum sampling rule". An "event" can be defined as a sequence of data 
whose operating points belong to the control area for at least the duration of the 
minimum sampling rule (at least 30 consecutive seconds in the US-NTE). For 
each event, a brake-specific emissions value is calculated, dividing the mass 
emissions by the event work. 
 
The calculations in this study were carried out with the US-NTE area and the 
default minimum sampling rule set to a duration of 30 seconds. The speed 
boundaries of the control area (filled in with a yellow color in Figure 7), are 
obtained from the engine speeds lown  and highn , whereas the power boundary is 

set to 30% of maximum engine power and the torque boundary to 30% of 
maximum torque, where: 
 

 - highn  is determined by calculating 70 % of the declared maximum net 
power. The highest engine speed where this power value occurs on the 
power curve is defined as highn . 

 - lown  is determined by calculating 50 % of the declared maximum net 

power. The lowest engine speed where this power value occurs on the 
power curve is defined as lown . 



The control area low speed boundary is obtained from: 
 

Equation 1 ( )lowhighlowlow nnnNTE −+= 15.0  
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Figure 7 Definition of the US-NTE area 

 
An engine operating point is retained for the calculation when it fulfils the 
following criteria: 
 

 Rule1: Engine speed ≥ lowNTE  
 Rule 2: Engine power ≥ 30% of Engine maximum power 
 Rule 3: Engine torque ≥ 30% of Engine maximum torque 
 Rule 4: The operating point is part of a set of at least 30 seconds of data 

which lay always in the control area (minimum sampling rule). 
 
In the United States official rules (Code of Federal Regulations Paragraph 86.007-
11 and Paragraph 86.1370-2007). Other criteria (not used for the evaluation in 
section 4.2.2) are applied on the engine condition. 
 

4.2.2 Effect of control are methods on data sets 
The amount of data “captured” with respect to the total of data is illustrated for 
one vehicle and one route in Figure 8, which shows the vehicle speed-time trace 
and the control area events are plotted. For the complete trip shown in Figure 14, 
the amount of data captured corresponding to Figure 8 is 14%. 
The same analysis was conducted for all the vehicles tested in the Pilot Program. 
The results are presented in Figure 9 and show that: 

 A limited amount of the total test data can be used (10 to 20%), with the 
exception of the fully loaded trucks operated on the motorway with cruise 
control (40%); 

 The control area methods do not provide any data when the vehicles are 
tested under dynamic conditions: typically, vehicles operated with stop and 
go such as (See the first part of the trip on Figure A1); 



 The event durations are rather short, i.e. in the range of 1 to 2 minutes 
maximum. 

 

 
Figure 8 - Example of data covered by the control area method: truck with 50% 

of its max. payload on city and motorway routes 
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Figure 9 - Percentage of test data in the control area using the US-NTE 

calculation settings (Minimum sampling rule of 30s) 
 

4.2.3 Conclusions on the control area methods 
The control area methods (US-NTE type) have the following practical drawbacks: 
 

 They make only use of a small fraction of the data (10 to 20% of the total 
test data for under common European driving conditions); 

 The emissions calculations are made for very short durations (30 seconds 
to 2 minutes) and the resulting emissions exhibit scatter and are difficult to 
interpret; 

 Finally, the measurement of PM mass emissions would be extremely 
challenging, as the principle of the control area methods requires the 
measurement of PM mass changes for durations as short as 30 seconds: 
the technical feasibility of such a measurement is more than uncertain for 
the future low-PM emissions engines equipped with Diesel Particle Filters 
(DPF). 

 



4.3 Averaging window methods 

4.3.1 Introduction 
For the averaging window methods, the emissions are averaged over windows 
whose common characteristic is the engine work or its CO2 mass emissions on a 
reference certification transient cycle. The reference quantity, i.e. the engine 
work or its CO2 mass emissions, is easy to calculate or to measure: 

 In the case of work: from the basic engine characteristics (Maximum 
power), the duration and the average power of the reference transient 
certification cycle; 

 In the case of the CO2 mass: from the engine CO2 emissions on its 
certification cycle. 

 
The first average value is obtained between the first data point and the data 
point for which the reference quantity is reached. The calculation is then moving, 
with a time increment equal to the data sampling frequency (at least 1Hz for the 
gaseous emissions). The averaging window method is a moving averaging 
process, making use of a reference quantity obtained from the engine 
characteristics and its performance on the reference type approval transient 
cycle. 
 

 
Figure 10  - Principle of the averaging window method 

 
The reference quantity fixes the character of the averaging process (i.e. the 
duration of the windows). The possibility to use a CO2 mass instead of engine 
work was investigated to possibly simplify the whole procedure: it could avoid 
the recording of engine torque and speed from the ECU. The equivalency 
between these two approaches is discussed in section 4.5.3. 
 

4.3.2 Averaging window calculations 
The calculation principle is the following: the data set is partitioned in sub set 
whit length determined to match the engine CO2 mass or work measured over 
the reference laboratory transient cycle; for each of the above defined sub set we 
compute the engine emissions. The moving average calculations are conducted 
with a time increment tΔ  equal to the data sampling period. In the following the 
sub set will be referred to as “averaging window”. 
 
The duration )( ,1,2 ii tt −  of the ith averaging window is determined by: 

For the CO2 mass based method: 
refCOiCOiCO mtmtm ,2,12,22 )()( ≥−  



Where: 
• - )( ,2 ijCO tm  is the CO2 mass measured between the test start and time tj,i, g; 

• is the CO2 mass determined for the ETC, g; 
• t2,i shall be selected such as: 
• )()()()( ,12,22,2,12,22 iCOiCOrefCOiCOiCO tmtmmtmttm −≤<−Δ−  

 
Where tΔ is the data sampling period, equal to 1 second or less. 
 
In each window, the CO2 mass is calculated integrating the instantaneous 
emissions. 
 
For the Work based method: 

refii WtWtW ≥− )()( ,1,2  

Where: 
• - )( ,ijtW  is the engine work measured between the start and time tj,i, kWh; 

• - refW  is the engine work for the ETC, kWh. 

• t2,i shall be selected such as: 
)()()()( ,1,2,1,2 iirefii tWtWWtWttW −≤<−Δ−  

 
Where tΔ is the data sampling period, equal to 1 second or less. 
Any section of invalidated data for: 

 The periodic verification of the instruments and/or after the zero drift 
verifications; 

 The data outside the applicable conditions (e.g. altitude or cold engine); 
 shall not be considered for the calculation of the work / CO2 mass and the 

emissions of the averaging window. 
 
The mass emissions (g/window) shall be determined using the emissions 
calculation formula for raw exhaust gas, as described in the European Directives 
2005/55/EC-2005/78/EC in Annex III, Appendix 2, Section 5. 
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Figure 11 - Work based method 



CO2 Emissions [kg]

Em
is
si
on

s 
[g
]

)( ,2 itm

)( ,1 itm

m

CO2 mass based method

refCOiCOiCO mtmttm ,2,12,22 )()( <−Δ−

refCOiCOiCO mtmtm ,2,12,22 )()( ≥−

)( ,22 ttm iCO Δ− )( ,22 iCO tm)( ,12 iCO tm

 
Figure 12 - CO2 based method 

 

4.3.3 Calculation of the specific emissions 
For the Work based method: 
The specific emissions egas (g/kWh) are calculated for each window and each 
pollutant in the following way: 
 

 
ref

gas W
me =  

 
Where: 

• m is the mass emission of the component, g/window 
• Wref is the engine work for the ETC, kWh 

 

4.3.4 Calculation of the conformity factors 
The conformity factors are calculated for each individual window and each 
individual pollutant in the following way: 
 
For the CO2 mass based method: 

C

I

CF
CFCF =  

With 
refCO

I m
mCF

,2

=  (in service ratio) and 
refCO

L
C m

m
CF

,2

= (certification ratio) 

  
Where: 

• m  is the mass emission of the component, g/window 
• refCOm ,2

 is the engine CO2 mass measured on the ETC or calculated from: 

 
 refrefCO WBSFCm ⋅⋅= 172,3,2

 

 



Lm  is the mass emission of the component corresponding to the applicable limit 
on the ETC, g 
 
For Work based method: 

L
eCF =  

 
Where: 

• e is the brake-specific emission of the component, g/kWh 
• L is the applicable limit, g/kWh 

 

4.3.5 Maximum allowed conformity factor 
For the CO2 mass based method: 
The valid windows are the windows whose duration does not exceed the 
threshold duration calculated from: 
 

max
max 2.0

3600
P

W
D ref

⋅
⋅=  

 
Where: 

• maxD  if the maximum allowed window duration, s 
• maxP  is the maximum engine power, kW 

 
For the Work based method: 
The valid windows are the windows whose average power exceeds the power 
threshold of 20% of the maximum engine power. 
 

4.3.6 Calculation steps 
To calculate the conformity factors, the following steps have to be followed: 
 
Step 1: Additional and empirical time-alignment, as described in section 3.5.2. 
 
Step 2: Invalid data: Exclusion of data points not meeting the applicable ambient 
and altitude conditions: for the pilot program, these conditions (on engine 
coolant temperature, altitude and ambient temperature) were defined in the 
Directive 2005/78/EC [R3]. 
 
Step 3: Moving and averaging window calculation, excluding the invalid data. If 
the reference quantity is not reached, the averaging process restarts after a 
section with invalid data. 
 
Step 4: Invalid windows: Exclusion of windows whose power is below 20% of 
maximum engine power. 
 
Step 5: Selection of the reference value from the valid windows: 90% cumulative 
percentile. 



Steps 2 to 5 apply to all regulated gaseous pollutants (and shall apply to PM in 
the future). 
 

4.4 Results with the averaging window method 

4.4.1 Introduction 
The emissions are presented as ‘Conformity Factors’ (as defined in Section 
4.3.4), to compare the EURO IV and V engines on the same scale. The emissions 
are averaged using the principle described in Section 4.3.2 and the engine work 
on the European Transient Cycle (ETC) as a reference. Most of the vehicles were 
tested several times but the results in sections 4.4.2 and 4.4.3 are presented for 
one (randomly selected) test. 
 

4.4.2 Brake-specific results for all vehicles 
Figure 11, Figure 12, Figure 13 and Figure 14 show the brake-specific emissions 
(calculated using the work based averaging window method) versus the average 
power respectively for THC, CO and NOx: each point represents a pair of values 
corresponding to a unique averaging window. 
 

 
Figure 11  - THC brake-specific emissions from the averaging window method – 

All vehicles, one test per vehicle 
 



 
Figure 12  - CO brake-specific emissions from the averaging window method – 

All vehicles, one test per vehicle 
 

 
Figure 13  - NOx brake-specific emissions from the averaging window method – 

EURO IV vehicles, one test per vehicle (Limit on ETC cycle, 3.5 g/kWh) 
 



 
Figure 14  - NOx brake-specific emissions from the averaging window method – 

EURO V vehicles, one test per vehicle (Limit on ETC cycle, 2 g/kWh) 
 

4.4.3 NOx Conformity Factors for all vehicles 
The results presented in section 4.4.2 for the NOx brake-specific emissions are 
show respectively the numbers obtained for the EURO IV (Figure 13) and the 
EURO V (Figure 14) vehicles. To compare EURO IV and EURO V vehicles on the 
same scale, the results are expressed as conformity factors. Two colours are 
used: orange for EURO IV and green for EURO V. 
 

 
Figure 15  - NOx conformity factors from the averaging window method – EURO 

IV and V vehicles, one test per vehicle 
 
From Figure 15, the following observations can be made: 



 
 The figure does not reflect the density of the data; 
 A large share of averaging window lies in the range 20%-40% of the 

maximum engine power. 
 The shape of the individual ‘clouds’ is give information on the behaviour of 

the engine systems: an anomalous increase of brake specific emission at 
low power can be caused by average windows either including a significant 
portion of idling data and/or poorly functioning after-treatment systems; 

 The vehicles/engines that would fail clearly on the right side and outside 
the main ‘cloud’. 

 
Figure 16 shows the same results as Figure 15 expressed in g/h instead of g/kWh 
(or its corresponding conformity factor). The increasing brake-specific emissions 
at low engines loads presented in Figure 15 do not necessarily correspond to 
increasing time-specific emissions. 
 

 
Figure 16  - Time-specific NOx emissions from the averaging window method – 

EURO IV and V vehicles, one test per vehicle 
 

4.4.4 Test to test variability 
The nature of on-road testing includes the variability of the testing conditions 
generated by the changes of the vehicle payload, the traffic and the driver, for a 
given test route. The variability is expected to be even larger if different test 
routes are driven. The first case (illustrated with the case of vehicle A) shows 
how the (averaging window) NOx emissions vary for the same vehicle driven on 
different test routes (7) with different payloads. The second case (illustrated with 
the case of vehicle O) shows how the (averaging window) NOx emissions vary for 
the same vehicle driven several times (4) on the same route and with the same 
payload. Table 9 and Table 10 show the main pass-fail results. More 
interestingly, the histograms of the NOx emissions show that in some cases bi-
modal distributions may be obtained. This is the case for test #4, or – to a lower 



extent – for test #3 for vehicle A. These results also confirm that the better 
representativeness of the engine emissions (which is a strong indicator of the 
engine emissions performance and therefore its potential conformity) is obtained 
with the 90% cumulative percentile. The data in Figure 19 shows for some 
vehicles a large difference between the maximum emissions and the 90% 
cumulative percentile, which confirms that the 90% cumulative percentile could 
be a better indicator of the engine emissions performance. The 10% highest 
emissions may in some cases be a result of the averaging process and leading to 
windows including a large share of idling and causing higher brake-specific 
emissions. 
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Figure 17  - Histograms of NOx conformity factors and average power 

calculated from the averaging window method – Vehicle A, all tests 
 

0

500

1000

1500

2000

2500

3000

3500

0.00 0.50 1.00 1.50 2.00 2.50

N
um

be
r o

f e
ve
nt
s

NOx Conformity Factors

Test 1

Test 2

Test 3

Test 4

 

0

200

400

600

800

1000

1200

1400

1600

1800

0 10 20 30 40 50 60 70

Windows Average Power [%]

N
um

be
r o

f e
ve
nt
s

Test 1

Test 2

Test 3

Test 4

 
Figure 18  - Histogram of NOx conformity factors and average power calculated 

from the averaging window method – Vehicle O, all tests 
 

Test 1 2 3 4 5 6 7 
Max NOx CF 1.44 1.45 1.61 1.50 1.70 1.43 1.29 
90% NOx CF 1.15 1.34 1.17 1.43 1.65 1.40 1.25 
Min. Window Power 24 21 12 14 11 23 18 
Max. Window Power 50 35 59 54 60 34 65 
Data Coverage 
Index 

100 100 100 100 100 100 100 

Percentage of valid 
windows 

100 100 100 100 100 100 100 

Table 9 - Vehicle A – Test-to-test repeatability using the main results of the 
pass-fail analysis 



 
Test 1 2 3 4 
Max NOx CF 1.26 1.34 1.22 1.55 
90% NOx CF 1.16 1.18 1.10 1.03 
Min. Window Power 30 30 31 31 
Max. Window Power 51 48 47 48 
Data Coverage 
Index 

100 100 100 100 

Percentage of valid 
windows 

100 100 100 100 

Table 10  - Vehicle O – Test-to-test repeatability using the main results of the 
pass-fail analysis 
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Figure 19  - Distribution of NOx conformity factors – All vehicles, one tests 

 

4.4.5 Case studies 
The present section describes in detail results obtained for a few cases of vehicles 
and for operating conditions that are typical for the European vehicle market and 
operating conditions and in particular: 
 

 CS1: A large truck, (Vehicle O/P, SCR, EURO V) with high and low payload 
(mixed driving conditions); 

 CS2: A medium truck, (Vehicle X, SCR, EURO IV), half loaded, tested under 
mixed driving conditions; 

 CS3: An 'intercity bus', (Vehicle C, SCR, EURO IV) i.e. a bus tested under 
mixed driving conditions; 

 CS4: A large construction (asphalt) truck (Vehicle B, SCR, EURO IV) whose 
operation includes multiple loads and long idling durations. 

 
The trip composition for these vehicles is presented in section 3.4.2. The figures 
show the vehicle speed and the main averaging window results as function of 
time, i.e.: 



 The average window power (a); 
 The NOx conformity factors (a); 
 The distribution/histogram of the NOx conformity factors (b). 

 
Table 11 presents: 

 The main pass-fail emissions results; 
 The window coverage to indicate which windows are below the proposed 

threshold of 20% of maximum engine power; 
 The data coverage index to indicate which sections of the data are not 

included in any of the windows. 
 

Vehicle O P X B C 
Test 3 3 1 3 3 
Maximum NOx CF 1.22 1.51 1.20 1.32 1.38 
90% C.P. NOx CF 1.10 1.48 1.13 1.22 1.32 
Min. Window Power  31% 25% 20% 12% 18% 
Max. Window Power 47% 33% 29% 46% 28% 
Data Coverage Index 100 100 100 100 100 
Percentage of valid 
windows 

100 100 100 100 100 

Table 11 - Main Pass-Fail results for case study vehicles 
 
The following observations can be made: 

 The effect of the vehicle payload (or power to mass ratio) upon the average 
power may be observed with the results from vehicles O and P: a lower 
power to mass ratio (high payload, vehicle O) corresponds to higher 
average operating powers and lower brake-specific emissions (i.e. 
conformity factor); 

 The route composition has an influence upon the thermal history of the 
engine system. Results from vehicle X are obtained on a test route where 
the first part is performed at low engine power, which results in longer 
warm-up time for the engine and the after treatment system, hence 
increasing the emission in the first section of the test. On the contrary, the 
tests conducted for vehicles O and P were less challenging in that respect, 
as the vehicle was taken to the motorway only after a short city-rural 
section. 

 
The figures presented for each case also show: 

 Which average emissions (windows) are excluded by the power threshold 
rule - when applicable - or the 90% cumulative percentile: these exclusions 
are evidenced on the top figures (labelled a), by the purple and orange 
bars, respectively for the power threshold and the cumulative percentile. 

 The probability of the single data points to belong to averaging windows, as 
a consequence of the above exclusions, shown in the bottom figures 
(labelled b). In the latter figures, the data points having a probability equal 
to zero are the ones excluded for cold start. 

 
The (b) figures illustrate a feature of the moving averaging window methods: the 
data points do not have equal probabilities to belong to a window. For instance, 
the first 'valid' (i.e. not excluded for cold start or altitude) data point can only 



belong to the first 'valid' (i.e. above the power threshold or not belonging to the 
highest 10%) window. 
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 (b) 
Figure 20  - Vehicle O, Test 3 (Large truck, full load) - Pass fail results (a) NOx 
conformity factor and invalid windows – (b) Data points in-window probability 
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(b) 

Figure 21  - Vehicle P, Test 3 (Large truck, half load) - Pass fail results (a) NOx 
conformity factor and invalid windows – (b) Data points in-window probability 
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(b) 

Figure 22  - Vehicle X, Test 1 (Medium truck, half loaded) - Pass fail results (a) 
NOx conformity factor and invalid windows – (b) Data points in-window 

probability 
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(b) 

Figure 23  - Vehicle B, Test 3 (Construction truck, variable payloads, long idling 
periods) - Pass fail results (a) NOx conformity factor and invalid windows – (b) 

Data points in-window probability 
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(b) 

Figure 24  - Vehicle C, Test 3 (Intercity Bus) - Pass fail results (a) NOx 
conformity factor and invalid windows – (b) Data points in-window probability 



4.5 Settings of the averaging window method 

4.5.1 Power threshold 
The reasons for the introducing the power threshold were: 

 To find a solution to account for increasing brake-specific emissions at low 
power (illustrated in Figure 13), which in many cases is caused by the 
inclusion of long idling periods in the averaged values. 

 To evaluate windows whose power is as close as possible to the power of 
the transient certification test cycle, in view of the engine conformity 
evaluation. 

 
Figure 25 and Figure 26 show the power ranges calculated with the averaging 
window method for all the vehicle-engine-payload combinations tested 
respectively in the PEMS research project and in the Pilot Program. In Figure 25, 
the two 'tractor only' test cases are represented by the bars for vehicle 1 and 2, 
followed by "empty". Their maximum window power does not exceed 18%. The 
power range is going below 20% and the corresponding windows are the ones 
including a significant share of idling operation (Vehicle 5 - Full). 
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Figure 25 - Work window power ranges for all the vehicle-engine-payload 

combinations – Data from the EU-PEMS project 
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Figure 26  - Averaging window power ranges for vehicle-engine-payload 
combinations – Data from the EU-PEMS Pilot Program - (V.L = Vehicle with 

variable payload, i.e. several payloads during a single test) 
 

4.5.2 Effect of idling 
For some of the vehicles tested during this program, the data included large 
sections in which the vehicle was idling. In some situations, vehicle idling cannot 
be avoided during a test: it is part of the real vehicle operation (construction) 
and/or it is caused by traffic congestion. Such results were illustrated for vehicle 
B (construction truck) in section 4.4.5. The effect of idling upon emissions is 
shown in Figure 28 for vehicle A: the exhaust temperature may decrease down to 
a temperature where the SCR after-treatment systems have a low efficiency or 
are even shut-down. Figure 28 also shows the engine coolant temperature 
throughout the entire test and highlights that – as the coolant temperature 
remains above 70°C - the engine remains 'hot' under the definition of the 
laboratory engine test. 
 
To understand how the data evaluation method deals with such testing/driving 
situations, the effect of idling upon the engine behaviour and the averaged 
emissions is illustrated for three tests conducted with vehicle A, in Figure 27. The 
results were analysed with the averaging window method respectively for the 
work based calculations (a), CO2 mass based (b) and limited idling durations (c). 
For the latter, the calculations were carried out using the following principle: if 
the vehicle started to idle for more than 2 minutes, the data corresponding to the 
idling following the first 2 minutes was discarded. For instance, if the vehicle is 
idling for 10 minutes, the data corresponding to the last 8 minutes was marked 
as invalid and not included in the averaging calculations. 
 



Figure 28 shows the engine coolant and exhaust temperatures throughout an 
entire test. Both the coolant and the exhaust temperature decrease significantly 
during idling. The coolant temperature remains greater than 70°C: the engine 
remains 'hot' according to the definition of a laboratory test. The decrease of the 
exhaust temperature below 250°C is affecting the efficiency of the SCR after-
treatment system, as evidenced by the NOx concentrations in the parts of the 
test following the idling phases. 
 

Method Test 3 4 5 

Work based 
Max NOx CF 1.49 1.44 1.63 
90% NOx CF 1.17 1.26 1.25 

CO2 mass based 
Max NOx CF 1.54 1.49 1.58 
90% NOx CF 1.25 1.35 1.33 

Work based with 
maximum idling 
duration (2 min.) 

Max NOx CF 1.24 1.29 1.35 

90% NOx CF 1.16 1.20 1.23 

Table 12 - Vehicle A – Vehicle idling: Effect of different calculation methods upon 
the representative emissions 

 
The results showed in Table 12 that the 3 methods (work based, with 20% power 
threshold, and the limitation of the idling duration) lead to close results in terms 
of representative emissions values. More details on the results provided by the 
methods are presented in Figure 27. 
 

 
(a) 

 
(b) 

 
(c) 

 

Figure 27 - Average window power (%) versus conformity factor, vehicle A, 3 
tests - (a) work based (b) CO2 mass based (c) work based with maximum idling 

duration of 2 minutes 
 



(a) 

(b) 
Figure 28  - Vehicle Speed (a) Engine coolant and exhaust (b) temperatures 

changes throughout a test including a long idling section: Vehicle A, Test 3 
 

4.5.3 Reference quantity: work or CO2 mass? 
Not to rely on the torque data broadcasted on the vehicle networks by the Engine 
Control Units and whose accuracy is uncertain, the possibility to use another 
reference quantity for the moving average was investigated. To keep a strong 
link with the certification transient cycle, the work based approach was selected 
because it provides an 'energy based' evaluation, i.e. describes the emissions of 
the engine for a given quantity of energy. The relationship between the work and 
the CO2 mass emissions is illustrated in Figure 29 for the vehicles that have 
passed the plausibility and data quality checks. 
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Figure 29 Trip work versus CO2 mass 
 



The work-based calculations were used as the baseline for the following 
evaluation: the aim was to achieve the closest possible results using a CO2 mass 
as reference quantity. What CO2 mass could lead to averaging durations equal or 
nearly equal to the durations obtained with the work based approach? Using the 
engine CO2 mass emissions from the reference transient certification cycle was 
not possible (in the program) as the values were not officially available for the 
tested engines. To overcome this difficulty, the average fuel efficiency was 
assumed to be the same for all the engines (i.e. a brake-specific fuel 
consumption of 200g/kWh) and used to estimate a mass of CO2 emissions on the 
transient certification cycle. Results are presented for 3 of the vehicles (B, X and 
C). 
Figure 30 shows the comparison of the conformity factors calculated with both 
reference quantities and for the 3 vehicles. The trend of conformity factors is 
similar for both methods. The difference between the two methods is not 
constant, as the engine efficiency is not constant throughout the power range, 
hence resulting in a non-constant work / CO2 mass ratio and finally in slightly 
different averaging durations. Figure 31 shows how much the work / CO2 mass 
conformity factor can vary with respect to the average test conformity factor. 
 

(a) 

(b) 
Figure 30 Comparison of work based / CO2 based NOx conformity factors for 

two of the case studies (a) Vehicle B (b) Vehicle X 



 

 (a) 

 (b) 
Figure 31 Variation of the Work / CO2 mass ratio throughout the test (in % of 

the average value)  for (a) Vehicle B (b) Vehicle X (c) 
 
Figure 32 shows such results for the vehicles of the program that have passed 
the plausibility and data quality checks, (i.e. the ones that are likely to have 
delivered plausible torque data). The differences between the methods can be 
extremely small for the cases where the measured BSFC (from the PEMS) is close 
to 200g/kWh, which corresponds to the assumed BSFC for all engines. From the 
above presented results, one can conclude that the results obtained with both 
methods are nearly equivalent, provided that the CO2 mass used for the 
averaging process is really close to the reality for the tested engine. 
 
The comparison of the methods has been conducted with both uncertain torque 
values from ECU (affecting the work based window calculations) and uncertain 
reference CO2 mass emissions (affecting the CO2 based calculation). Therefore, 
the quantitative differences between the methods should be interpreted as a 
worst case situation. 
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Figure 32 Comparison of work based / CO2 based on the 90% cumulative 

percentile of the NOx conformity factors  
 

4.6 Reference certification cycle effects 
The objective of the analysis is to evaluate the effect of the reference certification 
cycle upon the averaging process, as the cycle will change from the ETC to the 
WHTC when moving from the EURO V to the EURO VI standards. The following 
vehicles and conditions have been analysed: 
 

 Long haul large trucks, fully (Vehicles A, O) or half-loaded (P); 
 A construction truck, with variable loads (B); 
 An medium size truck, half loaded, operated on city, rural and motorway 

roads (X); 
 An intercity bus (C); 
 A city bus, run at very low average speed with its average passenger load 

(BC). 
 
The calculations were run using the ETC (transient certification cycle for EURO V) 
and the WHTC (EURO VI) to determine the reference work used for the averaging 
window calculations. For both cycles, the following results are presented: 
 

 The percentage of valid windows, i.e. windows whose power is greater than 
or equal to 20% of the maximum engine power; 

 The window power ranges obtained from the averaging process. 
 
These results were compared to two 'operation indicators', i.e. the power-to-
mass ratio of the vehicles and their average operating speed. For instance, high 
power-to-mass ratio (e.g. low payloads) and low operating speeds force the 
engine to operate in the low power range. The results show that the 'most 
common' cases - such as the large or medium trucks, even at half load - have 95 
to 100% of valid windows, i.e. have their engines operating above 20% on 



average. Only the bus cases (intercity or city) have a significant percentage of 
invalid windows, i.e. below the proposed 20% power threshold. 
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4.7 Conclusions on the averaging window methods 
The averaging window methods have been used as the base method for the 
following grounds: 
 

 All the test data is accounted for, possibly with the exception of cold engine 
emissions; 

 The method shows the variability of the emissions as a function of the 
operating conditions: indicators like the average engine power or the 
average vehicle speed can be calculated inside each window; 

 It offers the possibility to draw statistics from the in-service averaged 
emissions and therefore to have a good ability to judge the conformity of a 
vehicle/engine combination; 



 The resulting averaging durations mean that the emissions remain on 
average at a given level for long periods of time. 

 
To minimize the differences that may occur between the tests (as discussed in 
section 4.4.4) and therefore to provide the best possible judgement on the 
engine emissions (see the histograms of emissions presented in section 4.4.4), it 
has been proposed for the method to use the 90%CP of the windows whose 
average power is greater than 20% as the value that shall be used to represent 
the engine emissions performance ('reference emissions value'). 
 
As evidenced by the cases shown in the present document, this 'reference 
emissions value' representative of an engine may be exceeded in a limited 
number of situations. Such situations may occur and therefore be caught by the 
averaging process when the vehicle operation includes: 
 

 Long idling periods; 
 High power to mass ratios (with low payloads, or with and engine oversized 

for its usage); 
 Low average ground speeds (city operation in particular). 

 
With the averaging window method and the associated rules (the power 
threshold and the representative emissions value) - all the data points do not 
have the same probability to belong to a window. However, it was also shown 
that only the cold start points and/or the long idling operation were completely 
excluded from any window. 
 
Finally, the possibility to use for the reference quantity a CO2 mass instead of 
work has been evaluated. It was found that these two approaches are nearly 
equivalent from a technical perspective, as there is a strong correlation between 
the two parameters: differences may arise as the work/CO2 mass ratio (which 
reflects the engine efficiency) may vary slightly as a function of the engine 
operating conditions. These differences have been quantified using the available 
data and they should be minimized in a test protocol including robust provisions 
to prescribe the composition of test routes. 



5 Lessons learned 
The lessons learned from the European PEMS pilot program for heavy-duty 
engine can be summarised as follows. 

5.1 Data quality 
The plausibility verifications have indentified a small number of cases (4 out of 30 
vehicles) for which the uncertainty on the some parameters can be qualified as 
'high'. The main concern regarded the torque from the ECU, as it could not be 
verified nor calibrated with the measures foreseen in the initial test protocol. To 
overcome this issue, it is necessary to introduce additional rules to check the 
correctness and the plausibility of the test data, in particular the torque from the 
ECU and the exhaust flow. 

5.2 Data evaluation methods 
Since the 'control area' method (such as the US NTE) were not fully applicable for 
the European situation (see section 4.2.2), the work focused on the assessment 
and the development of the moving averaging window. 
 
For a given vehicle-payload combination, the average emissions may vary 
depending on the route, the driver and the traffic conditions. The variability of 
the on-road emissions is quantified for a given route through the averaging 
window process. 
 
The abovementioned nature of the on-road emissions tests (variability of 
emissions and influence on uncontrollable parameters like traffic) has to be 
accepted: the PEMS based ISC test and the associated data evaluation method 
are designed to maximize the probability that the engine emissions comply with 
the applicable standards, i.e. to give a sufficient confidence that the engine would 
comply if extracted from the vehicle and tested on an engine dynamometer: 
 

 The engines emissions are measured with the engine running on the 
vehicle; 

 The vehicle is operated for a minimum duration (minimum work to be 
reached, equivalent to 2 to 3 hours of uninterrupted driving) under 'normal' 
conditions; 

 The test conditions are defined by: 
o The ambient (temperature), and environmental (altitude) conditions; 
o The test route (which should be as much as possible the normal 

vehicle operating routes); 
o The vehicle payload. 

 
To make the PEMS measured engine emissions as representative as possible, 
several elements shall be developed to accompany the test protocol: 
 

 The minimum amount of data to be collected; 
 The use of the highest test emissions to check the engine conformity (90% 

cumulative percentile); 



 The (even rough) definition of test routes characteristics to ensure that the 
vehicles are driven in a realistic way.  

 
As the selection of the test route may still influence the final result (As discussed 
in sections 4.4.4 and 4.5.2), additional elements shall be developed as 
requirements or at least as guidance for the selection, the composition and the 
verification of the test routes. This should lead to a minimisation of the 
differences between various test routes. 
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7 Annex - Averaging Window Numerical Example 
 
The calculation of emissions with the work based method shall be carried out in 
several steps, as described below. 
 
This section gives only a numerical example for the moving averaging window 
calculations. Examples of the calculation procedures for emissions mass 
calculations (such as in Steps 1 and 3) can be found in the relevant sections of 
this regulation. 
 
Step 1: Calculation of gaseous instantaneous emissions of each individual point in 

the test. 
 
Step 2: Flagging of invalid individual points, i.e. the data points not meeting the 

requirements defined in Annex II, Section 4.2 (for the ambient 
temperature and the atmospheric pressure) and/or 4.3 (for the engine 
coolant temperature). 

 
Step 3: Calculation of both the integrated mass emissions and the engine work at 

any time t during the test by integration of the instantaneous emission 
values, excluding the data points flagged under step 2.  

 
Step 4: Using the reference engine work, determination of the size of the 

averaging windows and calculation of the corresponding mass emissions 
for every window. 

 
Step 5: Determination of the windows below the specified power threshold (e.g. 

20% of the maximum engine power) 
 
 
An example of results obtained after Step 3 is given in Table X1 and the masses 
obtained for the averaging windows are reported in Table X2. 
. 
The following data is used for the calculations: 
 
* Data sampling frequency and time increment for the moving window 

calculation: 
st 1=Δ  

 
* Engine work on the reference certification cycle: kWhWref 00.20=   

* Maximum engine power: kWP 202max =  

 
Calculation example 1: First averaging window (window #1, i=1) 
 
* Start time 

st 01,1 =  

 
* The end time 1,2t  is obtained when the engine work in the window exceeds refW  



From Table X1: 
kWhtW 0)( 1,1 =  

kWhttW 97.19)( 1,2 =Δ−  and kWhtW 01.20)( 2 =  with st 22701,2 =  

 
The NOx brake specific emissions of window #1 are calculated using: 

kWhmg
tWtW
tmtm

e igas /57.0
00.001.20
00.050.11

)()(
)()(

1,11,2

1,11,2
, =

−
−

=
−
−

=  

 
The average power in window #1 is calculated averaging the power values 
between 1,1t  and 1,2t , not accounting for the data points excluded under step 2. 

The average power shall be expressed in % of the maximum engine power, i.e. 
divided by maxP . 

The average power of window#1 is 15.71% of the maximum engine power. 
 
 
Calculation example 2: Averaging window #1242 
 
* Start time 

st 12411,1 =  

 
* The end time 1,2t  is obtained when the engine work in the window exceeds refW  

From Table X1: 
kWhtW 81.9)( 1,1 =  

kWhttW 79.29)( 1,2 =Δ−  and kWhtW 82.29)( 2 =  with st 28211,2 =  

Therefore: refWkWhtWttW <=−=−Δ− 98.1981.979.29)()( 1,11,2  and 

refWkWhtWtW >=−=− 01.2081.982.29)()( 1,11,2  

 
The NOx brake specific emissions of window #1242 are calculated using: 

kWhmg
tWtW
tmtm

egas /40.0
81.982.29
83.585.13

)()(
)()(

1,11,2

1,11,2
1242, =

−
−

=
−
−

=  

 
The average power in window #1 is calculated averaging the power values 
between 1,1t  and 1,2t , not accounting for the data points excluded under step 2. 

The average power shall be expressed in % of the maximum engine power, i.e. 
divided by maxP . 

The average power of window#1242 is 22.55% of the maximum engine power. 



Table X1 – Second-by-second integrated mass emissions and engine work during 
a test 
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[s] [mg] [mg] [kWh]  

0 0.79 0.00 0.00 Start point of window #1 

1 1.64 0.01 0.01 Start point of window #2 

2 2.36 0.02 0.02 (…) 

3 2.94 0.03 0.02  

4 3.23 0.04 0.02  

5 3.43 0.04 0.03  

6 3.48 0.04 0.03  

7 3.50 0.04 0.03  

8 3.50 0.04 0.04  

9 3.51 0.04 0.04  

10 3.51 0.04 0.04  

(…) (…) (…) (…)  

1240 614.05 5.83 9.81 Start point of window #1240 

1241 614.14 5.83 9.81 (…) 

1242 614.23 5.83 9.82  

1243 614.31 5.83 9.82  

1244 614.42 5.83 9.82  

1245 614.55 5.83 9.82  

1246 614.84 5.83 9.83  

1247 615.20 5.83 9.83  

1248 615.73 5.84 9.85  

1249 616.96 5.84 9.87  

1250 619.25 5.86 9.89  

 (…) (…) (…) (…)  

2269 1268.79 11.50 19.97  

2270 1271.34 11.50 20.01 End point of windows #1 to 10 

2271 1273.62 11.51 20.04 (…) 

2272 1274.64 11.52 20.06  

2273 1275.13 11.52 20.06  

2274 1275.51 11.53 20.07  

2275 1276.81 11.53 20.10  

2276 1279.35 11.53 20.14  

2277 1281.75 11.53 20.17  

2278 1283.51 11.54 20.20  

2279 1284.82 11.55 20.22  

2280 1286.01 11.55 20.23  



(…) (…) (…) (…)  

2820 1916.05 13.85 29.79 
End point of windows #1240 to 

1243 

2821 1917.74 13.85 29.82 
End point of windows #1244 to 

1247 

2822 1919.42 13.86 29.84 (…) 

2823 1921.10 13.86 29.87  

2824 1922.77 13.87 29.90  

2825 1924.44 13.87 29.92  

2826 1926.08 13.88 29.95  

2827 1927.74 13.88 29.97  

2828 1929.37 13.89 30.00  

2829 1931.00 13.89 30.02  

2830 1932.62 13.90 30.05  

(…) (…) (…) (…)  

 
 
 



Table X2 – Mass calculations for some (work based) averaging windows 
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- [s] [s] [kWh] [kWh] [kWh] [mg] [mg] [%]  

1 0 2270 0.00 20.01 19.97 0.00 11.50 15.71 Invalid window 

2 1 2271 0.01 20.04 20.01 0.01 11.51 15.73 Invalid window 

3 2 2271 0.02 20.04 20.01 0.02 11.51 15.73 Invalid window 

4 3 2271 0.02 20.04 20.01 0.03 11.51 15.73 Invalid window 

5 4 2271 0.02 20.04 20.01 0.04 11.51 15.73 Invalid window 

6 5 2271 0.03 20.04 20.01 0.04 11.51 15.74 Invalid window 

7 6 2271 0.03 20.04 20.01 0.04 11.51 15.74 Invalid window 

8 7 2271 0.03 20.04 20.01 0.04 11.51 15.75 Invalid window 

9 8 2271 0.04 20.04 20.01 0.04 11.51 15.75 Invalid window 

10 9 2271 0.04 20.04 20.01 0.04 11.51 15.76 Invalid window 

11 10 2271 0.04 20.04 20.01 0.04 11.51 15.76 Invalid window 

 (…) (…) (…) (…) (…) (…) (…) (…)  

1241 1240 2821 9.81 29.82 29.79 5.83 13.85 22.54 Valid window 

1242 1241 2821 9.81 29.82 29.79 5.83 13.85 22.55 Valid window 

1243 1242 2821 9.82 29.82 29.79 5.83 13.85 22.57 Valid window 

1244 1243 2821 9.82 29.82 29.79 5.83 13.85 22.58 Valid window 

1245 1244 2822 9.82 29.84 29.82 5.83 13.86 22.60 Valid window 

1246 1245 2822 9.82 29.84 29.82 5.83 13.86 22.61 Valid window 

1247 1246 2822 9.83 29.84 29.82 5.83 13.86 22.62 Valid window 

1248 1247 2822 9.83 29.84 29.82 5.83 13.86 22.64 Valid window 

1249 1248 2823 9.85 29.87 29.84 5.84 13.86 22.66 Valid window 

1250 1249 2823 9.87 29.87 29.84 5.84 13.86 22.66 Valid window 

1251 1250 2824 9.89 29.90 29.87 5.86 13.87 22.66 Valid window 

1252 1251 2825 9.91 29.92 29.90 5.87 13.87 22.66 Valid window 

1253 1252 2826 9.93 29.95 29.92 5.89 13.88 22.67 Valid window 

1254 1253 2827 9.95 29.97 29.95 5.90 13.88 22.68 Valid window 

1255 1254 2828 9.98 30.00 29.97 5.91 13.89 22.68 Valid window 

1256 1255 2829 10.00 30.02 30.00 5.92 13.89 22.67 Valid window 

 (…) (…) (…) (…) (…) (…) (…) (…)  
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Abstract 
The European emissions legislation requires to check the conformity of heavy-duty engines with the applicable 
emissions certification standards during the normal life of those engines: these are the “In Service Conformity” 
(ISC) requirements. 
It was considered impractical and expensive to adopt an in-service conformity (ISC) checking scheme for 
heavy-duty vehicles, which require removal of engines from vehicles to test pollutant emissions against 
legislative limits. Therefore, it has been proposed to develop a protocol for in-service conformity checking of 
heavy-duty vehicles based on the use of Portable Emission Measurement Systems (PEMS). 
The European Commission through DG ENTR in co-operation with DG JRC launched in January 2004 a co-
operative research programme to study the feasibility of PEMS in view of their application in Europe for In-
Service Conformity of heavy-duty engines. The technical and experimental activities were started in August 
2004 to study the feasibility of PEMS systems and to study their potential application for on-road measurements 
on heavy-duty vehicles. The main objectives of the above project had been defined as follows: 
-To assess and validate the application and performance of portable instrumentation relative to each other, and 
in comparison with alternative options for ISC testing; 
-To define a test protocol for the use of portable instrumentation within the ISC of heavy-duty vehicles; 
-To assess on-road data evaluation methods such as the US ‘Not To Exceed’ (NTE) approach and possibly to 
develop a simplified ones; 
-To address the need of the European industry, authorities and test houses to go through a learning process 
with on-vehicle emissions testing. 
 
The main objective of the present document is to report on: 
a. The evaluation of the test protocol, i.e. to judge whether the mandatory data and its quality were appropriate 
for the final evaluation (S 
b. The analysis conducted to evaluate the potential of the different data evaluation (Pass/Fail) methods for ISC 
and in particular their ability to use on-road PEMS emissions data. The candidate methods were categorized 
into two families: 
-The "control-area / data reduction methods" (Chapter 4) that use only a part of the data, depending whether the 
operation points considered are part of a control area and belong to a sequence of consecutive points within this 
control area. The US-NTE (Not To Exceed) method - already established as an official tool in the United States - 
falls into this category but variations of the methods could be envisaged (with another control area for instance). 
-The "averaging window methods" (Chapter 4.3) that use all the operation data. 
The main objective of task b. was to answer the following question: “Once the data has been collected correctly, 
what is the most appropriate method to analyse the test data measured with PEMS and to judge whether the 
engine is in conformity with the applicable emissions limits?” 
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