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Abstract

The European Union road transport CO2 emissions 
regulation foresees mandatory targets for passenger 
vehicles. However, several studies have shown that 

there is a divergence between official and real-world values 
that could range up to 40% compared to the NEDC reference 
value. The introduction of the Worldwide Harmonized Test 
Protocol (WLTP) limited this divergence, but it is uncertain 
whether it can adequately address the problem, particularly 
considering future evolutions of vehicle technology. In order 
to address this issue, the recent EU CO2-standards regulation 
introduces the monitoring of on-road fuel consumption and 
subsequently CO2 emissions by utilizing On-Board Fuel 
Consumption Meters (OBFCM). In the near future, all vehicles 
should provide instantaneous and lifetime-cumulative fuel 
consumption signals at the diagnostics port. Currently, the 

fuel consumption signal is not always available. The current 
study investigates a monitoring approach that obtains and 
normalizes on-road vehicle operation data of existing vehicles 
and estimates on-road CO2 emissions through vehicle simula-
tion. The first step is to reconstruct the engine fuel consump-
tion map, based on laboratory vehicle measurements in order 
to use it as reference data. Subsequently, a methodology is 
developed to set up a vehicle simulation model aiming at using 
the signals retrieved through the OBD port, under real-world 
operation, and to emulate data availability under a monitoring 
scheme. Subsequently, the methodology is validated with 
reference data from both measurements and simulations. In 
the current study, three vehicles were tested over both cold 
and hot conditions and it was found that under real-world 
conditions the divergence in the overall calculated CO2 emis-
sions was below ±5% between simulated and measured values.

Introduction

The road transport CO2 emission performance stan-
dards in Europe sets a mandatory, New European 
Driving Cycle (NEDC) based, target of 95 g/km for 

passenger cars for 2020/21. For 2025, the equivalent 2021 
WLTP CO2 emission target must be further reduced by 15% 
on the basis of the Worldwide harmonized Light vehicle Test 
Procedure (WLTP), while the respective target for 2030 is 
37.5%[1]. However, it has been observed that there is a diver-
gence between the official values that are used for ensuring 
CO2 emissions compliance with the actual on-road emissions. 
According to published studies, the divergence presented a 
growing trend reaching up to 42% in 2017, while it was at 8% 

in 2001, on the NEDC basis [2]. This divergence is attributed 
to several factors that are not captured in the certification 
test, such as weather conditions, auxiliary usage (e.g. air-
conditioning), driving style, engine operating area coverage 
and driving resistance [3]. Additionally, there were points in 
the NEDC testing protocol that were open to interpretation 
(e.g. lubricant viscosity) and could be taken advantage to 
deliver lower emissions, while the use of certain fuel consump-
tion reduction technologies like start-stop could be overesti-
mated [4]. Introduction of the WLTP is expected to reduce 
the gap, but a divergence of about 10-15% is likely to remain 
[5]. This divergence highlights the need to monitor real-world 
CO2 emissions in order to ensure that the targets are 
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achievable in the real world. Additionally, the divergence can 
force users can to be skeptical when buying a vehicle. Given 
the situation, the MILE21 project, funded by the LIFE 
program of the European Commission, is developing a 
platform which aims to provide more representative fuel 
consumption and CO2 emission values to users. MILE21 
develops a methodology to enable data retrieval from vehicles, 
normalize them and estimate CO2 emissions through 
vehicle simulation.

Aim of this study is to develop a standardized proce-
dure to create, calibrate and validate vehicle simulation 
models that will be used to predict real-world fuel consump-
tion of passenger cars. The process is based on the 
following steps:

 • Collect on-road and laboratory data

 • Develop a methodology for simulation model calibration 
using the collected data

 • Use the calibrated model to predict on-road CO2 
emissions and compare simulation results with 
measured data

This attempt is intended to supplement a series of 
measures that are taken in order to monitor CO2 emissions 
and check real-world compliance. Until 2020, it was not 
compulsory for the vehicle’s On-Board Diagnostics (OBD) 
port to provide a fuel consumption signal, which could be used 
as a starting point for calculating fuel consumption. The 
deployment of the On-Board Fuel Consumption Meter 
(OBFCM), starting in 2020 for new vehicle types and becoming 
mandatory for all new vehicles from 2021 in Europe [6], will 
provide access to additional data that could be used for simu-
lating real-world vehicle performance. Taking this into consid-
eration, the applied methodology makes use of reliable data 
that will also be accessible without the use of complex and 
expensive equipment.

Methodology
The development of the methodology requires vehicle testing 
and for this reason, a series of vehicles were tested in the labo-
ratory and under real-world conditions. The laboratory testing 
was focused on WLTP measurements on the chassis dyna-
mometer, while the real-world measurements were performed 
with the use of Portable Emissions Measurement System 
(PEMS) on a pre-defined route that combines urban, rural 
and motorway driving sections.

The simulation models were created by using the tools 
AVL Cruise [7] and CO2MPAS. CO2MPAS was developed by 
the European Commission to correlate WLTP measurements 
to the CO2 emission targets that have been set under the 
NEDC testing protocol [8,9]. Although the WLTP - NEDC 
correlation is out of the scope of the current study, CO2MPAS 
has the capability to generate a vehicle model from limited 
measurement data and perform vehicle simulations. AVL 
Cruise, on the other hand, is a tool that enables detailed 
vehicle simulation with high accuracy results. For one of the 

tested vehicles, the Original Equipment Manufacturer (OEM) 
provided data, which enabled the simulation in both AVL 
Cruise and in CO2MPAS. By comparing the CO2MPAS and 
AVL Cruise results it was possible to evaluate the capabilities 
of the CO2MPAS internal processes to generate accurate 
vehicle simulation models. The validation at this stage was 
required as CO2MPAS was designed with a focus on the type 
approval procedure and running a test cycle. In this way, it 
was needed to extend and reveal the tool’s capabilities of 
running a real-world profile with a validated simulated 
platform. Subsequently, the real-world driving route was 
simulated by CO2MPAS and the results were compared to the 
measured values.

An overview of the process is as follows:

 1. Measurements. Three vehicles have been measured 
over the WLTP and on-road to develop a 
normalization methodology for simulating on-road 
CO2 emissions from measurement data.

 2. Simulation model setup. A complete vehicle model 
with OEM data was available in AVL Cruise and in 
this way two simulation runs were performed on AVL 
Cruise. The first one used the OEM data, while the 
second used inputs that derived from the 
measurement data. The process to produce the latter 
was as below:

 a. CO2MPAS has been used to generate the vehicle’s 
fuel consumption map in order to investigate 
the capabilities of the CO2MPAS internal 
processes in structuring a vehicle model with 
limited data.

 b. The vehicle technical data availability on public 
sources was checked. If there was no available data, 
then an alternative approach was applied to assess 
the missing data.

 c. Measurements were compared with AVL Cruise 
OEM model data and Cruise CO2MPAS model 
data (both WLTP - real-.world driving) to validate 
the quality of the CO2MPAS input data

 3. Vehicle simulation. CO2MPAS has been used 
to simulate the remaining vehicles to anticipate 
the lack of data by built-in processes for 
structuring vehicle models. The process followed the 
steps below:

 a. Calibration sub-model: WLTP measurement data 
were used as input to create the vehicle model as 
the CO2MPAS internal processes were validated. 
CO2MPAS uses these data to produce a complete 
vehicle model.

 b. Prediction sub-model: Run the real-world cycle in 
CO2MPAS to produce the respective results

 c. CO2MPAS simulations were compared with  
real-world driving measurements to validate the 
vehicle models that have been produced without 
OEM data

The following sections describe in detail the measurement 
campaign, the simulation model setup and the 
vehicle simulation.
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Measurements
The experimental campaign was performed with three 
different vehicles under the following testing protocol:

 • Vehicle coast-down test to determine the actual driving 
resistances of each vehicle according to WLTP

 • Two repetitions of WLTP measurements; one cold and 
one hot start

 • Two repetitions of on-road measurements; one cold and 
one hot start

The WLTP measurements have been performed on the 
chassis dynamometer in the facilities of Laboratory of Applied 
Thermodynamics of the Aristotle University of Thessaloniki.

The on-road testing took place in the region of Thessaloniki 
following a pre-defined route as shown in Figure 1 with the 
main specifications as presented in Table 1 [10].

The required equipment for the on-road measurements 
was a PEMS device that it was installed on the vehicle and it 
was able to provide instantaneous exhaust gas emission 

concentration. An example of the installed PEMS equipment 
on a vehicle is shown in Figure 2.

The technical characteristics of the vehicles that were 
utilized in the experimental campaign are presented in 
Table 2.

Simulation Model Setup
The development of the simulation models on the AVL Cruise 
platform uses the same vehicle model topology as described 
by Tsokolis et. al [11] and Samaras et. al [12]. Figure 3 illus-
trates the structure of the model, which comprises all the 
necessary components to describe the powertrain of a modern, 

 FIGURE 1  Trip route in Thessaloniki area
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TABLE 1 On-road route and trip characteristics

Trip parameter Value
Trip distance [km] 75

Trip duration [min] 95

Maximum speed [km/h] 127

Altitude difference end-start [m] 52.6

Road type sequence Urban-Rural-Motorway

Road type distance share  
(Urban-Rural-Motorway) [%]

36-36-28

© SAE International and SAE Torino Group.

 FIGURE 2  PEMS equipment installed on a vehicle
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TABLE 2 Specifications of the tested vehicles

Vehicle 
model

Engine 
capacity 
[cm3]

Engine power 
[kW] Gearbox Fuel type

Vehicle A 1560 82 @ 3200 RPM Manual Diesel

Vehicle B 1461 55 @ 4000 RPM Manual Diesel

Vehicle C 999 55 @ 6200 RPM Manual Petrol
© SAE International and SAE Torino Group.

 FIGURE 3  Vehicle simulation model topology
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non-electrified vehicle, such as the internal combustion 
engine, the drivetrain (gearbox, final drive differential and 
tires), the electrical circuit and the control modules. For each 
of the components, input data were provided so that the simu-
lation of respective vehicle part can be achieved. Two of the 
most crucial components for the accurate simulation, are the 
internal combustion engine and the drivetrain characteristics. 
In order to simulate the internal combustion engine, the fuel, 
the engine type, the engine’s fuel consumption map, the full 
load and motoring curves is needed. Similarly, for the drive-
train components, the gear ratios and the gearbox efficiency 
map were provided. Information such as the full load curve 
or the gear ratios can be  found in public sources like the 
official websites of the OEMs [11]. Contrary to that, fuel 
consumption or gearbox efficiency maps are not available, 
thus in the following section, a method to extract these data 
is described. The driver is simulated with a proportional 
integral derivative controller and the target is to follow a 
velocity profile that is provided as input. The utilized solver 
was neither static nor quasi-static, but it solves the kinematic 
equations of the longitudinal dynamics.

Input Data Extraction In order to structure the vehicle 
model, it is required to create an engine fuel consumption 
map and a drivetrain loss map. The engine fuel consumption 
map was generated using OBD data, such as engine load and 
coolant temperature. In order to isolate the fuel flow rate 
needed for the vehicle propulsion only, the effect of various 
auxiliaries and technologies, such as start-stop was first 
removed. This process is applied by the CO2MPAS tool that 
subsequently generates the engine fuel map [13]. Additional 
details on the CO2MPAS models are provided in the 
following section.

The drivetrain loss map, on the other hand, was generated 
with the use of a component model approach that makes use 
of drivetrain technical characteristics, such as transmission 
ratio and input torque to calculate the respective power loss 
map. All the data are derived from the OBD data, except for 
the battery current that was not always available and in these 
cases was measured with a separate instrument. In addition, 
the vehicle modelling makes also use of publicly available 
technical data, such as engine capacity and gear ratios or if 
these data are not available, it relies on generic values from 
publicly available sources and signals as described by Tsokolis 
et. al [11]. The following paragraphs describe in detail the 
deployed approach.

Engine Fuel Map Component Model The OBD 
provides data on the engine operating conditions that could 
be used to generate the equivalent to a fuel-map. However, a 
direct correlation between fuel consumption and engine 
operation points such as a conjunction of torque and engine 
speed is difficult for various reasons.

The calculation of fuel consumption can be realized with 
different approaches depending on the available data. 
However, it should allow to isolate and remove the effect of 
various auxiliaries and technologies on fuel consumption:

 • Engine cylinder operation - cylinder deactivation

 • Influence of alternator

 • Effect of the A/C and other auxiliaries

 • Function when the vehicle is coasting:

 • Decoupled engine

 • Engine decoupled and switched off

The vehicle model was produced using CO2MPAS based 
on OBD data recorded during the WLTP measurements and 
the calculated fuel map was extracted from the tool. CO2MPAS 
is calibrated on transient cycles so any transient effect is inher-
ently captured, in fact there are some internal functions 
related to specific technologies that correct in case of steady 
state conditions. Subsequently, the map was used as input for 
the AVL Cruise model and the simulation results were vali-
dated against OEM data-based simulation.

Drivetrain Component Model The drivetrain compo-
nent model that was developed in-house calculates a drive-
train loss map for engine torque and speed as input param-
eters. A similar approach has been deployed for heavy-duty 
vehicles [14] and was adjusted to operate for light-duty 
vehicles. The required data for calibrating the component 
model consisted of in-house data of gearbox efficiency 
measurements for both cold and hot start conditions. The 
approach uses a grid of normalized operation points with 
normalized input speed and normalized input torque as axes 
in order to cover effectively the complete operating range. The 
normalization is considered to have been performed based on 
maximum values and subsequently, the normalized grid is 
denormalized based on the maximum input torque and speed 
as in the Eq. (1).
 A A Ain denorm norm in_ _= × max  

 T T Tin denorm norm in_ _= × max  (1)

Ain_denorm: Denormalized input speed (RPM)
Anorm: Normalized input speed (-)
Amax_in: Maximum input speed (RPM)
Tin_denorm: Denormalized input torque (Nm)
Tnorm: Normalized input torque (-)
Tmax_in: Maximum input torque (Nm)

The torque loss for each operation point is calculated 
based on the Eq. (2)

 T a b A c T d A T Tloss norm norm norm norm in= + × + × + ×( ) × max _  (2)

Tloss: Torque loss (Nm)
a, b, c, d: coefficients of loss model

The coefficients a, b, c, d can be calculated as a function 
of the transmission ratio and in this way separate loss maps 
can be produced for each gear and final drive. Cold start could 
have a significant impact on drivetrain losses and should, 
therefore, be taken into consideration when simulating such 
components [15,16]. For this reason, two different sets of func-
tions were produced to calculate the distinct drivetrains loss 
maps for both cold and hot start conditions. Table 3 presents 
the coefficients’ calculation formulas as a function of the 
transmission ratio xi to be applied for each gear i.

The component model approach was applied for a gearbox 
with known efficiency maps for both cold and hot conditions 
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for validation. It was found that there is a good agreement 
between the simulated and the measured efficiency maps as 
shown in Figure 4.

Simulation Model Validation
The result of the previous steps was an AVL Cruise simulation 
model that was developed using publicly available data and 
easily accessible measurement signals. In order to evaluate the 
quality of the input data used, it is essential to compare the 
performance of the developed model with the model that uses 
original (OEM) data and the road load as determined under 
the coast down procedure. Figure 5-a shows the calculated 
CO2 emissions over the same real-world trip for the two 
models (OEM, generic) of Vehicle A, compared with the 
measurement. The total CO2 emissions seem to be overesti-
mated by 2.4% when the original fuel consumption map is 
used and underestimated by ~2.5% with the use of the map 
derived by CO2MPAS. Additionally, Figure 5-b presents the 
difference between measured and simulated cumulative fuel 
consumption for the whole duration of the trip. The graph 
shows that for both models the difference remains within ±5% 
throughout the trip indicating the potential to apply this 
methodology for real-world fuel consumption prediction.

As it can be  seen, the absolute difference between 
measurements and simulations is lower than 3% or 3 g/km. 
From this example, it can be concluded that there is a potential 
to utilize the CO2MPAS internal correlation processes for 
producing the necessary data to predict real-world fuel 
consumption of a given vehicle.

Vehicle Simulation
CO2MPAS Vehicle Models The tool receives vehicle data 
from measurements and performs a series of calculations to 
generate vehicle-specific data, such as the fuel map. For official 
use, the data must originate from a WLTP measurement and 
subsequently, the tool performs a vehicle simulation over the 
NEDC to calculate the respective CO2 emission values and 
energy consumption. It should be highlighted that CO2MPAS 
was designed to operate without the instantaneous fuel 
consumption as input data, due to the unavailability of the 
respective signal during WLTP. In this way, it was developed 
to operate by making use of other measurement data to infer 
the equivalent to the vehicle fuel maps and run the simulation. 
More information about CO2MPAS structure and operation 
can be found in [13], where according to the developers even 
with limited data, the margin of error of this approach falls 
within a ±4% range [17].

TABLE 3 Transmission model coefficient calculation functions 
for cold and hot conditions for each gear i dependent on gear 
ratio xi

Para-
meter Hot Cold
a −0.000046 − 0.001142 · ln (xi) 0.002456 − 0.000216 · xi
b 0.032189 − 0.012269 · ln (xi) 0.116378 − 0.001405 · xi
c 0.01964 + 0.008802 · xi 0.038340 − 0.002808 · xi
d −0.05442 − 0.025105 · xi −0.220412 + 0.034467 · xi

© SAE International and SAE Torino Group.

 FIGURE 4  Comparison of simulated and measured 
transmission losses
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 FIGURE 5  Differences to measured and simulated fuel 
consumption comparison over the trip
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The CO2MPAS model can be  separated into two sub-
models: the calibration model and the prediction model. The 
first one corresponds to the data that is required to setup and 
calibrate the vehicle model, while the second to the calculation 
of the CO2 emissions over the desired route. The following para-
graphs describe the required input data for both sub-models.

Calibration Model. The measurement data is used for the 
calibration model to generate the fuel map and other data 
required for performing a vehicle simulation. The data needed 
to calibrate the model were derived from WLTP 
measurement signals:

 • Vehicle speed (km/h)

 • Engine speed (RPM)

 • Engine coolant temperature (oC)

 • Alternator current (A)

 • Battery current (A)

 • Calculated load value (%)

 • Engaged gear (-)

The tool is able to replicate the vehicle’s fuel map and take 
also into consideration the cold start effect by implementing 
an extended Willan’s model [13]. A similar correction takes 
place also for the driveline components such as the gearbox. 
In order to capture this effect, the engine coolant temperature 
data must also include the engine cold start operating conditions.

Additional vehicle technical data is required, which could 
be  found in publicly available sources or in the vehicle’s 
handbook. These additional data are summarized below:

 • Engine specifications capacity, stroke, number of 
cylinders, fuel type, type of charging

 • Powertrain type: hybrid technology

 • Transmission: gearbox type (manual, automatic, etc.), 
transmission ratios

 • Vehicle mass

 • Tire dimensions

 • Fuel-saving technologies: start-stop, cylinder 
deactivation, engine coasting

It should be highlighted that additional data can also 
be provided in order to improve the quality of the simulation. 
These data include for example information on battery voltage, 
capacity and state of charge, alternator voltage and efficiency, 
etc. In the absence of specific data, CO2MPAS generic data 
was used in the current simulation plan as shown in Table 4.

Prediction Model. The calibration sub-model that was 
developed in the previous section was used to produce the 
vehicle model and predict the trip CO2 emissions. To perform 
on-road trip simulations, some trip specific parameters shown 
in Table 5 needed to be adapted to prepare the prediction 
model. This was done by bypassing the respective CO2MPAS 
inputs. Column Name indicates the parameters that were 
adjusted by adding it in the CO2MPAS input spreadsheet, 
while the Value column presents how the input value 
was calculated.

The simulation of the trip requires a series of data 
describing the trip characteristics which can be derived at the 
vehicle’s OBD port. These included:

 • Time (s)

 • Vehicle speed (km/h)

 • Engine speed (RPM)

 • Calculated load value (%)

 • Engaged gear/transmission ratio (-)

 • Elevation (m); calculated by atmospheric pressure or 
from GPS

 • Coolant temperature (oC)

Not all these signals are available at the OBD port in all 
vehicles, which are needed to increase the precision of the 
calculation. For instance, the calculated load value, if provided 
as input by the OBD, is used to assess transmission efficiency. 
In order to address this issue, an alternative approach was also 
considered for the calculated load value, along for the elevation 
and transmission ratio. The latter is required as input for the 
vehicle technical specifications input during the model setup. 

TABLE 4 Generic values for various vehicle parameters

Parameter Value
Battery capacity (Ah) 70

Battery nominal voltage (V) 12

Nominal voltage of the alternator (V) 14

Alternator maximum power (kW) 1.75

Efficiency of the alternator (-) 0.67
© SAE International and SAE Torino Group.

TABLE 5 Trip specific input parameters

Parameter Name Value
Starting 
temperature

prediction.initial_
temperature 
WLTP-H

Engine starting 
temperature

Battery state of 
charge

prediction.initial_
state_of_charge 
WLTP-H

Depends on signal 
availability/Could 
be omitted

Vehicle mass prediction.vehicle_
mass WLTP-H

WLTP mass + 175 kg

Adjusted f0 prediction.f0 
WLTP-H

WLTP f0 * Trip mass/
WLTP mass

Adjusted f2 prediction.f2 
WLTP-H

WLTP f2 * (101325 / 
(287.05 * (Trip ambient 
temperature + 273.15))) 
/ (101325 / (287.05 * 
(WLTP test temperature 
+ 273.15)))

Start and stop prediction.has_
start_stop WLTP-H

Depends on the vehicle

Start stop 
activation time

prediction.start_
stop_activation_
time WLTP-H

Set to 1, whenever 
available

Set single phase 
trip

prediction.wltp_h.
phases_integration_
times

[(0, 100000000)]
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If not available, it can be calculated from the measured data. 
The following paragraph describes this alternative approach.

Calculation Approach on Missing Parameters. The 
transmission ratio can be found by plotting the wheel speed 
vs the engine speed. The resulting series of straight lines will 
indicate the operational points as in the example in Figure 6, 
which was retrieved from the CO2MPAS simulation of Vehicle 
A. Each line indicates a distinct gear ratio and, in this way, 
each acquisition can be allocated to a distinct gear. In case 
there are no gearbox data available, at this stage, it is also 
possible to calculate the transmission ratio, which is required 
both by CO2MPAS and the component model that calculates 
the drivetrain loss map.

One of the key parameters for the accurate simulation of 
CO2 emissions under real-world conditions is the road slope. 
Information regarding the altitude profile of a specific trip is 
mainly obtained via a GPS device installed on the vehicle, as 
done during the Real Driving Emissions testing [18]. An alter-
native way to get information regarding altitude, when a GPS 
device is not available, is to take advantage of the barometric 
pressure. Using the hydrostatic equation as shown in Eq. (3) 
it is possible to obtain the differential height as a function of 
the differential pressure. Either using this expression or its 
the integral, slope variation or altitude can be calculated 
during post-processing of the recorded data. As described in 
[12] in order to increase the accuracy of this calculation it is 
important to consider any variation of the barometric pressure 
due to meteorological conditions and apply corrections of air 
density. Such an approach can provide accurate data of road 
gradient that are included in the simulation models.

 dp g dh dh
dp

g
= - ® = -r

r0
0

 (3)

dh: elevation change (m)
dp: difference in atmospheric pressure (Pa)

ρ: air density (kg/m3)
g0: acceleration of gravity (m/s2)

The engine load can be calculated by calculating the 
required drive power at the wheels and then reverse calcu-
lating the power at the engine. The first step is to calculate the 
vehicle-specific power as shown in Eq. (4).

 

VSP vNoWind veh

veh
air d Veha g c g

C A

=

× × + × + × × + × × × × ×
1 1

0 5
. sin cos

.j j r vv

m
veh

Veh

2æ

è
ç

ö

ø
÷ 

 
 (4)

VSPNoWind: vehicle specific power (kW/t)
Vveh: vehicle speed (m/s)
aveh: vehicle acceleration (m/s2)
g: acceleration of gravity (m/s2)
φ: road slope (rad)
c: rolling resistance coefficient (-)
mveh: vehicle mass (kg)
ρair: air density (kg/m3)
Cd: aerodynamic coefficient (-)
AVeh: vehicle frontal area (m2)

In the next step, the engine power is calculated by 
applying, in reverse, the drivetrain component model in order 
to assess the drivetrain losses. Subsequently, the power value 
is converted to torque and the respective load value is calcu-
lated as a percentage of the maximum torque value of each 
specific engine operation point.

Results & Discussion
The comparison of the measurements with the simulations 
based on the distance specific CO2 (g/km) emissions shows a 
divergence lower than 5% for the whole trip. Figure 7 presents 
the difference between measurements and simulated CO2 
emissions by coolant temperature at test start for each vehicle.

In the next step, the cumulative CO2 emissions were 
calculated and expressed over time as shown in Figure 8. The 
comparison of the cumulative data indicated where a diver-
gence in the simulation could occur and whether it is fluctu-
ates though the trip. It was found that the CO2 emissions were 
consistent in the case of Vehicle A with a Root Mean Squared 
Error (RMSE) of 0.132 for the cold trip and 0.15 for the hot. 
However, the RMSE increased in the case of Vehicle B at 0.411, 
while for Vehicle C it was 0.502 and 0.472 for the cold and hot 
trip respectively. Also, the divergence is more apparent in the 
middle of the trip between 2500 and 4000 s and then it reduces 
again. This difference could be attributed to the elevation 
changes that are more prominent during this part of the trip, 
as it can be seen in the route profile in Figure 1. The hot trip 
of Vehicle B was not included as a sensor malfunctioned 
during the trip and it did not provide the required data.

The trips presented a divergence of -4.1% in the cumula-
tive CO2 emissions for the cold trip of Vehicle A, which was 
the highest divergence. On the other hand, the lowest one was 
for the cold trip of Vehicle C at -0.8%. In order to investigate 
the divergence, the cumulative CO2 emissions were separated 

 FIGURE 6  Example of the gear ratio calculation.
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into speed bins. In this way, the vehicle speed in each trip was 
separated into 0-50, 50-90, 90-140 km/h bins that correspond 
to the urban-rural-motorway sections. Subsequently, the 
instantaneous difference in the cumulative CO2 emissions was 
calculated in order to identify possible trends. Figure 9 
presents the distribution of the difference by speed bin for 
each of the performed trips.

The divergence in the CO2 emissions or Vehicle A present 
an almost normal distribution for all speed bins. However, 
the distribution has a second peak at around -1%, which means 

that there is an effect that causes an underestimation of emis-
sions. It should be highlighted that this underestimation is 
present in all speed bins. Vehicles B and C, on the other hand, 
present a similar trend, but in these cases, the effect is more 
prominent in the urban speed bin. This could be attributed 
to the fact that the vehicle’s engine map was produced based 
on WLTP data that covers a limited engine operation range, 
as most of the operation points in measurements lie between 
1000 and 2000 RPM. At engine loads higher than encountered 
during WLTP as shown in Figure 10, which could occur 
during real world driving due to various parameters such as 
road gradient, driving style, payload, the simulation would 
need to extrapolate the engine map to calculate CO2 emissions 
and this could lead to a divergence. The divergence is lower 
for Vehicle A, as it was the most powerful vehicle and the 

 FIGURE 8  Comparison of cumulative CO2 emissions
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 FIGURE 9  Divergence distribution of cumulative CO2 
emissions by speed bin
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 FIGURE 10  Trip engine operation points.
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 FIGURE 7  Difference in CO2 emissions between 
measurements and simulations.
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required trip engine load is covered better by the 
WLTP measurements.

To analyze this assumption further, the engine operation 
range was separated into engine speed bins and for each bin, 
the divergence was investigated. Figure 11 presents the diver-
gence in boxplots by engine speed and vehicle speed bin. It 
shows that CO2 emissions are underestimated at lower engine 
speeds, where also higher loads occur, as for instance during 
uphill driving.

Figure 12 presents a comparison of the instantaneous 
CO2 emissions between measurements and simulation and 
shows that the values in both approaches converge. The lowest 
R2 it was found to be 0.843 for Vehicle B, while the highest 
value was 0.915 for Vehicle A for the cold start test. There is 
not a clear trend that could be the reason for the divergence, 
but it is confirmed that CO2 emissions are underestimated for 
lower vehicle speeds which are related to higher engine loads.

The study has shown that the methodology exhibited the 
capacity to calculate real-driving CO2 emissions with errors 
lower than 5%. To the authors' knowledge, the prediction 
accuracy achieved is acceptable considering that the attempt 
used a limited number and publicly available data for the 
model calibration. However, it is also highlighted how impor-
tant it is to have data that cover a larger range of the engine 
operating conditions than the WLTP to avoid extrapolation 
by the model, as was observed for the real-world simulation.

The OBD provides a series of signals that could be used 
as input for models. calibration. The required fuel or CO2 
emission mass flow data could be calculated by signals such 
as the mass airflow and lambda. However, new vehicle models 
are equipped with OBFCM that provides the instantaneous 

fuel consumption value at the OBD port, along with the energy 
consumption for electrified powertrains. In this way, it can 
be used to further refine the methodology and remove or 
minimize the need for laboratory measurements. The latter 
would be possible especially if additional OBD signals are 
made available, such as battery and alternator current. In the 
future, more electrified powertrains such as hybrid vehicles 
will be deployed to reduce CO2 emissions and decarbonize 
transportation [19]. Therefore, an approach to also include 
these vehicles for monitoring and predicting their real-world 
performance should be developed. Furthermore, CO2MPAS 
could be used as a tool to replicate the vehicle’s fuel map, which 
could be extracted and used in another simulation tool.

Conclusions
A methodology was developed that focused on the monitoring 
of on-road CO2 emissions through a simulation approach, by 
making use of limited data, which could also be retrieved 

 FIGURE 11  Divergence boxplot by engine speed bin.
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 FIGURE 12  Comparison of instantaneous CO2 emissions 
and R2 by test
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without sophisticated equipment, such as a generic use OBD 
logger. A complete vehicle simulation model was developed 
in AVL Cruise, which was used for validating the method-
ology. Subsequently, the methodology made use of CO2MPAS 
that has internal correlation algorithms in order to replicate 
the real-world trip conditions and perform the simulation. In 
the next step, the results were validated with the measurement 
data and it was found that the divergence was below 5% for 
all tested vehicles. However, the divergence was prominent on 
higher loads, which could be attributed to the limited engine 
operating range of the WLTP that was used for calibrating 
the model. In this way among other uses, the methodology 
could be implemented in the MILE21 or a similar platform, 
where it could be  used to estimate fuel consumption of 
consumer-defined trips. Future research could investigate an 
approach to implement real-world data in the model calibra-
tion, especially with the use of the OBFCM signal from the 
OBD. Finally, it should also be  noted that additional 
powertrains, such as hybrids and alternative fuels should also 
be  investigated as their deployment will become 
more widespread.
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Definitions/Abbreviations
LDV - Light-Duty vehicles
MAE - Mean Absolute Error
MILE21 - More Information Less Emissions
NEDC - New European Driving Cycle
OBD - On-Board Diagnostics
OBFCM - On-Board Fuel Consumption Meter
OEM - Original Equipment Manufacturer
PEMS - Portable Emissions Measurement System
RDE - Real-Driving Emissions
RMSE - Root Mean Squared Error
WLTP - Worldwide harmonized Light Vehicle Test Procedure

TABLE 6 Cumulative CO2 emissions statistics

Vehicle ID Temperature RMSE MAE Measurement (kg) Simulation (kg) Difference CO2 (%)
A cold 0.132 0.079 9.663 9.272 -4.1%

A hot 0.15 0.115 9.234 8.915 -3.5%

B cold 0.411 0.377 8.694 8.926 2.7%

C cold 0.502 0.445 10.241 10.161 -0.8%

C hot 0.472 0.436 9.565 9.293 -2.8%
© SAE International and SAE Torino Group.
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