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Abstract
Vehicles are an important source of air pollutants and greenhouse gases. Their emissions are controlled since the 1970’s by laboratory tests, but divergences
are often found between the results and real-world emissions. Real Driving Emissions procedure was implemented in many countries, in order to evaluate the
vehicle closer to actual operation. In order to reduce the dispersion of the results, some dynamic parameters, such as speed and acceleration, are controlled,
but the in�uence of the road grade has not being taken into account. This paper presents an alternative for the dynamic metrics, based on the Vehicle Speci�c
Power, that allows evaluating more accurately the vehicle dynamics and representing better both the up-and-downhill effect as well the low engine power
driving requirement, even when the regulatory parameters are into their limits.

1. Introduction
More than half of urban population in the world is exposed to air pollution levels above the safety standard (WHO 2018). It has been estimated that in 2016 air
pollution resulted in 4.2 million deaths worldwide; aside from this, there is a long list of adverse effects related to air pollution such as cardiovascular and
respiratory diseases, cancer and adverse birth outcomes (WHO 2018, 2020).

Vehicles are a relevant source of greenhouse gases (GHG) like carbon dioxide (CO2) and methane (CH4) and primary pollutants: carbon monoxide (CO),
nitrous oxide (NOx), particulate matter (PM), unburned hydrocarbons and other volatile organic compounds (VOC). Vehicles emissions of VOC and NOx play
also an important role in the formation of ozone (O3) and secondary PM, the main pollutants in many metropolitan areas worldwide (CETESB 2019; WHO
2020).

The vehicle emission measurement can be done in different methods, e.g., remote sensing, laboratory tests or in the real-world, like the Real Driving Emissions
(RDE) test, where the vehicle is evaluated on the streets and roads; however, the results are subjected to an inherent uncertainty due to lack of precision in the
instruments and variations in trip conditions such as tra�c, accelerations, topography and temperature (Giechaskiel et al. 2018).

In order to reduce the dispersion of results, the European RDE procedure determines that some parameters must be kept under control, such as cumulative
positive altitude gain, speed and acceleration. However, it is still possible that this procedure could be improved; e.g., the road grade is not considered, despite
its in�uence in the CO2 and pollutants emission (EU 2016a). As a practical example, during a RDE test it was witnessed that the driver was accelerating the
vehicle mainly in downhill in order to accomplish more easily the dynamics requirements, but with lower power requested and reducing fuel consumption and
emissions, and this behavior was not re�ected in the parameters report.

The Vehicle Speci�c Power (VSP) is an interesting tool because it takes into account the road grade and it is already successfully applied in mathematic
models for air pollution emission from vehicles and to evaluate vehicle dynamic in road tests (Frey et al. 2010; Khan and Frey 2016). This study has the
objective of applying VSP to assess the dynamic of RDE tests in a more comprehensive way than the regulatory parameters from European RDE procedure.

2. Vehicle’s Evaluation For Pollutants: From Laboratory To Real Driving Emission

2.1 The beginning: laboratory tests
In California, USA, the Air Resources Board (CARB) introduced, since 1970, air quality standards and settled programs to reduce the pollutant emissions, where
auto manufacturers must meet the �rst standards for hydrocarbons and nitrogen oxides emissions (CARB 2017). A test cycle called Federal Test Procedure
#75, or FTP-75 for short, was developed to evaluate light duty vehicles (LDV) in dynamometer under controlled conditions and verify their compliance to these
standards. The FTP-75 reproduces a typical urban-rural trip in Los Angeles metropolitan area and it was adopted for type-approval in USA, Canada, Brazil and
Australia (Dieselnet.com 2019). Europe introduced also, since the 1990’s a procedure to measure fuel consumption, CO2 and pollutants emission. At �rst, used
to be the New European Driving Cycle (NEDC) but it was replaced after 2017 by the Worldwide Harmonized Light Vehicles Test Cycle (WLTC). For the
development of the WLTC, real world in-use data was collected by the UN body from Europe, India, Japan, South Korea and United States, in order to be a more
realist cycle for global use (Tutuianu et al. 2014; Alphabet.com 2019). Besides Europe, WLTC is also used in Japan for type-approval proposals and it is being
implemented in China, South Korea and Russia (Alphabet.com 2019).

These laboratory procedures have good repeatability but all of them are just an average of tra�c condition, vehicle load, accelerations and speeds, without up
and down hills and running under a more restrict environment temperature conditions that in real world. Other factors not considered in the laboratory tests
include vehicle’s mileage, variations in the quality of the fuel, actual driver’s behavior, tra�c jams and air conditioning usage (AVL 2015; Blumberg and Posada
2015; Pouresmaeili et al. 2018; Khan and Frey 2018). Divergences between CO2 emissions from laboratory to real world are also discussed within some
governmental programs that tax vehicles by its e�ciency (May et al. 2014; Duarte et al. 2016; Tietge et al. 2017; Tsiakmakis et al. 2017).

Due these matters, laboratory tests are criticized for lacking representativeness; in fact, many studies point to Diesel passenger cars emitting NOx in real world
from 2 to 25 times higher than the regulatory limits and CO2 up to 50% higher than in the laboratory tests; gasoline vehicles show problems related to cold
start emission and CO2 up to 90% higher. And more, divergences can be found in some vehicles due the presence of fraudulent resources, for example the
presence of an ECU software for the type approval process and another completely different program for running on the roads (May et al. 2014; Tutuianu et al.
2014; Blumberg and Posada 2015; German 2016; Kadijk et al. 2016; Marner 2016; Takai and Ishii 2016; Khan and Frey 2018).

2.2 The Real Driving Test
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In USA, on-road measurement is done since 2005 to evaluate heavy-duty vehicles emissions; for LDV, real world emission is used for monitoring (EPA 2005;
Engeljehringer 2019). The European Union developed a procedure for vehicle’s real-world measurement called Real Driving Emissions (RDE), which it was
made effective after 2016 for monitoring and since 2018 for regulatory proposals (EU 2016a). RDE is being also adopted, even partially, in many other
countries, like South Korea, Japan and Australia (Engeljehringer 2019). China is preparing itself to apply a similar RDE test like Europe in a regulatory phase
called China 6, that will take effect after July/2020 (He and Yang 2017) and a RDE international procedure, based on the European and Japanese methods, is
under development by the United Nations Economic Commission for Europe (UNECE) (UNECE 2020). As European and UNECE RDE are very similar and the
international method is still on the way to be implemented, in this study the EU procedure was adopted as reference for the RDE test.

2.2.1 EU RDE procedure
When Europe de�ned Regulation 715/2007 (EU 2007), it pointed to the need of ensuring that real world emissions correspond to the measurements in
laboratory tests, recommending the introduction of a speci�c procedure to this. The European RDE procedure have a combination of trips that represents a
regular drive at local and express roads and highways (EU 2016a, b), the vehicle is coupled to a Portable Emission Measurement System (PEMS), that is able
to measure CO2, CO, NOx, PN, PM and HC (AVL 2016; EU 2016a; Horiba 2016).

According to the EU RDE requirements (EU 2016a, b), the test must have three phases, divided by speed: urban, up to 60 km/h, rural, between 60 to 90 km/h,
and motorway, over 90 km/h; each one driving at least 16 km; the cumulative positive elevation gain limit is 1200 m / 100 km; altitude difference between the
start and �nish must be lower than 100 m; moderate environment conditions are when altitude is below 700 m and temperature between 0 to 30°C.

The RDE Brazil is based on EU RDE and will be made effective after 2022, in a new type-approval phase called PROCONVE L7 (CONAMA 2018). The main
difference between EU and Brazilian procedures is that, in Brazil, there are just two driving phases, urban and rural; the urban trip is about 30 to 40 km long
and rural trip has about 16 to 20 km.

The traveled distance and engine data come from vehicle on-board diagnosis (OBD) and the PEMS built-in GPS provides both horizontal and vertical position
which results also in distance, as well as speed and altitude. The GPS accuracy in the horizontal plan is about 3 meters; however, vertical measurement is
subject an inherent higher dispersion (Garmin 2020); for example, Drosos and Malesios (Drosos and Malesios 2012) notice an error up to 7 meters in a free
�eld study.

EU RDE accepts data from GPS for evaluation of positive cumulative altitude gain, but due to the noise in altitude the values must be smoothed, where a two-
step interpolation is done over 400 meters segments (EU 2016a). According to Zhang and Frey (Zhang and Frey 2006) and Sandhu (Sandhu and Frey 2013), a
single-step interpolation on 160 meters segments is enough to represent accurately the road grade; on the other hand, the 400 meters criterion is accepted
worldwide, even though it produces a less variable pro�le and enlarges the con�dence intervals.

There are other two alternative methods to measure altitude that are cost-effective and with good precision: by digital elevation maps (DEM) and by
barometric altimeter. Other costly options are the use of LIDAR in an airplane traveling over the region to be analyzed, inertial sensors and high frequency GPS
(Zhang and Frey 2006). Many DEM are available in the internet, providing altitude values for latitude/longitude coordinates with a horizontal resolution
between 30 to 90 meters (GPSvisualizer.com 2019). For the Brazilian topography, for example, the DEM is based on the Shuttle Radar Topography Mission
(SRTM-3), developed by NASA that gather altitude data between parallel 56°S and 60°N at 90 meters resolution for all South America (NASA 2021).

Barometric altitude can be come from an atmospheric air pressure sensor and calculated by the Eq. 1 (Grimm 1999). Usually, all PEMS models have this
sensor available.

Z = 8*(1013 - P) (1)

Where Z is the altitude (m) and P is the atmospheric pressure (hPa or milibar).

2.2.2 RDE dynamic parameters
Since the driver’s behavior has direct effect on emission, EU RDE settles limits for vehicle’s dynamic (EU 2016b). There are two parameters under control:
Relative Positive Acceleration (RPA) and v*a[95]. RPA, in m/s2, is measured every time when the vehicle accelerates more than 0.1 m/s2; instants with
acceleration lower than 0.1 m/s2 or negative are not taken on account. The EU RDE procedure de�nes a minimal value to RPA; to be under this limit means
that the driver is requiring such a low power from the vehicle that will introduce a bias in the results, because the vehicle will have a very low consumption and
pollutants emissions than in comparison to the laboratory test.

In a similar way, v*a[95], measured in m2/s3 or W/kg, is the percentile 95 of vehicle speed times positive acceleration for which one-second time steps (EU
2016b). This parameter represents how much kinetic energy is required to accelerate the vehicle; a v*a[95] above the limits shows that the driver is requiring
more power than compared to laboratory test cycle and it also may distort the emissions results (Fontaras et al. 2014; Wyatt et al. 2014; Pouresmaeili et al.
2018).

2.3 VSP as dynamic parameter
VSP is de�ned as the energy consumption of a vehicle to overcoming the rolling resistance and aerodynamic drag, expressed in kW/ton or W/kg; the main
parameters are speed, acceleration and road grade (Jiménez-Palacios 1999; Rodríguez et al. 2016). In this study, VSP calculation is based on Eq. 2 proposed
by Jiménez-Palacios (Jiménez-Palacios 1999) that is a simpli�cation from the Speci�c Power equation used by EPA, because it is based in average values for
rolling resistance, aerodynamic drag and air density:
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VSP = v * (1.1 * a + 9.81 * grade + 0.132) + 3.02*10E-4 * (v + vw)2 * v (2)

Where v is vehicle instant speed (m/s); a is vehicle instant acceleration (m/s2); grade is the vertical rise by distance (%) and vw is wind speed (m/s); the VSP
result is expressed in W/kg.

VSP is being applied in mathematic models to evaluate vehicular emissions as well to evaluate the deviations among on-road and laboratory measurements,
as shown by Frey et al. (Frey et al. 2002, 2010). Although a direct correlation cannot be determined, many studies show that VSP, emissions and consumption
are linked with one another in RDE tests and remote monitoring (Faria et al. 2019; Murena et al. 2019; Varella et al. 2019; Yuan et al. 2019; Yang et al. 2020).

3. Methods
The analysis of VSP as criteria to evaluate the dynamics of RDE tests is based on four steps: i) calculate VSP from laboratory cycles; ii) de�ne equations to
determine maximum and minimum VSP for these cycles; iii) calculate VSP from RDE tests and iv) analyze these data under VSP max/min criteria and
comparing with v*a[95] and RPA results.

3.1 Calculating VSP from laboratory test cycles
WLTC and FTP-75 laboratory test cycles are the baseline of the RDE test because they are planned to reproduce a typical driving trip under controlled
parameters and the regulated pollutants are measured �rstly through these tests.

In order to have VSP results able to be compared with RPA and v*a[95], it is important to follow a similar method to calculate VSP from those used for them.
The step-by-step to this calculation is: i) set the speed x time from the cycle in an Excel sheet; ii) calculate acceleration, second by second; iii) calculate VSP
according to Eq. 2 and iv) sort the results by acceleration; selecting only points with positive acceleration higher than 0,1 m/s2. It is important to consider here
why it has gotten just positive acceleration data: �rst, European procedure evaluates just positive acceleration and it was important to keep the same criteria
here and, secondly, no acceleration or negative acceleration means that the vehicle is running at constant speed, coasting or breaking, requiring very low or
even no power and producing almost no pollution. So, since all VSP values in this study are related to positive acceleration, henceforward the parameter under
analysis will be referred as VSP+.

3.2 Maximum and minimum VSP + equations
The second step is to de�ne equations that can embrace the VSP + points from the laboratory cycles. Since WLTC covers a broader speeds range than FTP-75,
they are developed to the �rst one and afterwards veri�ed about the coverage of the second cycle.

The process to de�ne them to maximum and minimum VSP+, or VSP + Max and VSP + Min for short, is: i) aggregate VSP + results from WLTC cycle in 13
speed bins: 0–10 km/h; 10,01–20 km/h and so on, up to 130 km/h. The binning is useful to make easier settling the percentiles 5 for VSP + Min and 95 for
VSP + Max; 10 km/h bins was chosen because it is the smallest range able to be analyzed without introduce so much noise; on the other hand, bin ranges of
20 km/h or larger did not produced better results than 10 km/h; ii) determine the percentiles 5 and 95 for each bin, to analyze data tendency. Percentiles are
important to avoid in�uence from extreme VSP + points that could distort or blur results. Once more, the values 5–95 are arbitrary, however other values, such
as 10–90, were tested and produced similar results, thus the �rst choice shows to be adequate; iii) create equations to de�ne VSP + Min and Max and iv) verify
how many VSP + points are inside the area covered by the curves that represents VSP + Max and Min. The target here is the curves embracing more than 90%
of VSP + points of each cycle.

3.3 RDE tests runs

3.3.1 Vehicles
This step used ten tests developed with �ve different cars, that were driven on different altitude gains. These vehicles were chosen due to their close
characteristics: compact models for 4 or 5 passengers, aspirated 4-cylinders Otto engine and similar weight, engine displacement, engine power and power-to-
mass ratio (PMR), as shown in Table 1. Since it was request con�dentiality by the manufacturers about sharing data from their models, all vehicles evaluated
in this study are just named as #1, #2, etc.

Table 1
– Vehicles’ characteristics

CAR ID. EMISSION

STD.

FUEL GEARBOX ENGINE DISPL.

(cm3)

POWER

(kW)

WEIGHT

(kg)

PMR

(W/kg)

#1 Euro 4 E100 Manual 1600 90 1040 86,5

#2 Euro 6 E10 Manual 1242 51 1015 50,3

#3 Euro 6 E10 Manual 999 51 940 54,3

#4 Euro 6 E10 Manual 999 77 1273 60,5

#5 Euro 6 E10 Manual 999 70 1110 63,1
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Vehicle #1 has two important particularities: First, the software used in its ECU is not OEM but it was developed by engineer students from Sao Paulo
University (USP); because this, the vehicle is not compliant for CO emission, according to limit of 2.0 g/km for Brazilian phase L5, similar to Euro 4. However,
the test data is still useful for comparing VSP + data and the increase or decrease of CO2 and pollutants emissions in different altitude gains. Secondly, the
vehicle #1 engine is �exfuel, what means it is able to burn gasoline, ethanol or a mix of both in any proportion; so, its emission pro�le, even high, is interesting
to be evaluated and compared with only gasoline-fueled vehicles.

3.3.2 Instruments
The PEMS is, as the acrostic means, a portable system to measure vehicle’s emissions and dynamic data from RDE tests. It is composed of compact
laboratory-grade gas analyzers, exhaust �ow meter, ECU connection by OBD port, a high frequency GPS (5 Hz or higher), a computer to gather data at least at
1 Hz and batteries to power supply. All results are saved in a *.csv �le to be post-processed after the test. A PEMS weights about 100 to 150 kg and can be
assembled into the trunk or on an external support (AVL 2016; Horiba 2016).

Vehicle #1 was evaluated with a Horiba OBS-ONE model; vehicle #2 with a Sensors SEMTECH and the others with an AVL MOVE. All PEMS accomplish EU
regulation (EU 2016a) and were validated by comparing their results against a vehicular laboratory; Table 2 shows the main parameters evaluated. All models
take altitude data from the GPS but their vertical accuracy is not clearly de�ned in the OEM datasheets. For the Horiba OBS-ONE and the AVL MOVE is
available also the barometric pressure with good resolution, in millibars with more than 3 signi�cant algharisms after the decimal point; Sensors SEMTECH
express it in millibars but rounded to no algharisms after the decimal point, what is not enough precision to calculate the road grade as required by VSP.

Table 2
– Validation requirements

Parameter Accuracy (difference of laboratory reference)

Distance (km) < 250 m/test

CO < 150 mg/km or 15%, whichever is larger

CO2 < 10 g/km or 10%, whichever is larger

NOx < 15 mg/km or 15%, whichever is larger

Exhaust mass �ow +/- 3 kg/h, standard error < 10%, r2 > 0.9

3.3.3 Tests conditions and characteristics
The analysis in this study is focused on the urban phase, because the environmental parameters and execution methods are similar in all RDE tests, with
exception of the altitude gain, which is a key factor for VSP. It was evaluated emissions of CO, NOx and CO2. Keeping in mind the 1,200 m / 100 km limit of
altitude gain, in this study were used, for each vehicle, one trip close to or above this limit, named as high altitude gain, and another trip with about half limit, or
600 m / 100 km, named as medium altitude gain. Tests #1 and #2 were made in Sao Bernardo do Campo, Brazil; tests #3, #5, #7 and #9 in Esperia, Italy and
#4, #6, #8 and #10 in Sacromonte, Italy. These locations are relevant to this study because they represent more than only one region or country and they are
also close to important big cities as Sao Paulo and Milan, although far enough to avoid heavy tra�c. Table 3 shows the trips conditions and Figs. 1 and 2
have their topographic pro�les.

Table 3
– Test conditions

Car ID. Test # Amb. Temp.

(°C)

Trip length

(km)

Urban trip duration (s) Avg. Speed

(km/h)

Avg. Altitude

(m)

Altitude gain (m/100km)

#1 1 30,5 28,2 4873 22,0 766,5 579

2 22,7 28,8 4986 21,1 774,1 1159

#2 3 24,6 31,6 3576 32,0 240,8 631

4 20,0 60,9 6520 33,7 437,4 1713

#3 5 12,2 32,5 4146 28,8 238,8 649

6 5,3 63,0 6806 33,7 440,1 1614

#4 7 23,6 31,8 3733 31,4 239,5 640

8 18,7 61,2 6138 36,3 438,6 1653

#5 9 19,6 31,9 4009 29,3 236,6 677

10 17,8 61,8 6551 34,0 448,7 1632

3.4 Analyzing RDE tests
The method used to calculate VSP + from RDE tests is similar to the VSP + calculation from WLTC exposed in 3.1, however, the in�uence of altitude gain must
be considered, which requires a speci�c care with it.
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3.4.1 Altitude measurement
The main data for altitude comes from the PEMS built-in GPS, second by second, that also provides latitude and longitude coordinates, which are processed in
the website < www.gpsvisualizer.com> to add altitude from point to point, based on the available DEM (GPSvisualizer.com 2019). Barometric data comes from
the PEMS atmospheric air pressure sensor.

GPS, DEM and barometric pressure are fully available only for tests #1 and #2 but lack some information for the others tests; hence these three datasets from
tests #1 and #2 are compared one each other in order to determine GPS precision, as well the need of smooth.

3.4.2 Calculating and analyzing VSP+
The method to calculate VSP + from RDE tests is: i) import speed and altitude data from PEMS; ii) smooth the GPS altitude variation by mobile media �lter; iii)
calculate distance traveled second by second for points with speed higher than 1 km/h; iv) calculate the road grade, in percent variation of altitude per
distance; v) calculate acceleration, second by second; vi) calculate VSP + according Eq. 2, second by second and vi) select the points with acceleration greater
than 0,1 m/s2.

The following parameters from these data were evaluated:

% points above VSP + Max curve

% of these points (above VSP + Max curve) that occurred with the vehicle running on positive road grade

% points below VSP + Min curve

% of the points below VSP + Min curve that occurred with the vehicle running on negative road grade

% of negative VSP + points

PEMS data from all vehicles were processed with the freeware EMROAD version 6.03, which is developed by Joint Research Centre (JRC) – Italy (JRC 2020)
and the following data were picked up from EMROAD reports:

v*a[95] and the regulatory maximum value for v*a[95]

RPA and the regulatory minimum value for RPA

Cumulative positive elevation gain

CO2, CO and NOx speci�c emissions in g/km

4. Results And Discussion

4.1 Calculating VSP + from WLTC and FTP-75 cycles
The VSP + from WLTC and FTP-75 cycles were calculated by Eq. 2 and according to the method described in item 3.1; the results are summarized in the
Table 4 and Fig. 3.

Table 4
– WLTC and FTP-75 VSP + results

Cycle Cycle
duration (s)

Positive accel.
points (s)

Positive accel.
points (%)

Urban (< 60 km/h)
points (s)

Urban positive accel.
points (s)

Urban positive accel.
points (%)

WLTC 1800 610 34% 983 423 43%

FTP-
75

1874 611 33% 1284 537 42%

It is important to observe that in both cycles the percentage ratios of positive acceleration points are very similar, as well as the area covered by VSP + points
up to 60 km/h, however, at medium and higher speeds WLTC covers a greater range.

4.2 De�nitions of VSP + Max and Min equations
Following the method de�ned in 3.2, VSP + points from WLTC resulted in the Eq. 3 for VSP + Max and Eq. 4 for VSP + Min; they produced two curves that
embrace 94.4% of all VSP + WLTC points and 90.3% of FTP-75 points, as seen in Figs. 4 and 5.

VSP + Max = -0.0019 * X E2 + 0.472 * X + 0.6 (3)

VSP + Min = 0.00128 * X E2 + 0.0028 * X + 0.57 (4)

Where X is the instantaneous speed (km/h).

4.3 Analyzing RDE tests

4.3.1 Altitude’s accuracy

http://www.gpsvisualizer.com%3E/
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The comparison of the three raw datasets, GPS, DEM and barometric altitude, brings a high correlation for altitude but there is a very poor correlation for road
grade. It shows that main parameter, altitude, is accurate, but can have small variations, or noise, in the road pro�le which can lead to high differences in the
road grade. Since this noise affects the VPS + values, it is necessary to smooth the gathered data, regardless of which instrument is supplying it. Figures 6 and
7 display a small sample of the altitude and road grade pro�les from test #2, where it is possible to see the irregularities in the pro�le and their effect in the
road grade; Table 5 shows the correlation for altitude and Table 6 for the road grade.

Table 5
– Correlation between altitude sources (raw data)

Test #1 – cumulative altitude gain: 579 m / 100 km

Source of data R2

DEM x GPS 0.967

DEM x Barometric 0.917

GPS x Barometric 0.915

Test #2 – cumulative altitude gain: 1159 m / 100 km

DEM x GPS 0.899

DEM x Barometric 0.926

GPS x Barometric 0.938

Table 6
– Correlation between road grades (raw data)

Test #1 – cumulative altitude gain: 579 m / 100 km

Source of data R2

DEM x GPS 0.447

DEM x Barometric 0.017

GPS x Barometric 0.062

Test #2 – cumulative altitude gain: 1159 m / 100 km

DEM x GPS 0.003

DEM x Barometric 0.013

GPS x Barometric 0.005

The smoothing in the EU RDE procedure is based on distance; however, in this study, all data from tests are indexed by time and not by distance. In order to
smooth the altitude data in 160 meters segments as recommended by Sandhu (Sandhu and Frey 2013), the average speed of the urban trip was taken from
EMROAD to calculate how many seconds are needed to travel 160 m. In the tests #1 and #2 the average urban speed is about 21.5 km/h or 5.97 m/s,
consequently it is necessary approximately 27 seconds to travel 160 m; so, in this study the smooth was done by moving average in segments of 30 s.
Figures 8 and 9 display the same small sample of altitude and road grade pro�les from test #2 after smoothing and Table 7 shows the correlation for altitude
and Table 8 for the road grade. The GPS data after smooth presented good correlation with DEM and barometric altitude for road grade, thus able to be used
in the VSP + analysis.

Table 7
– Correlation between altitude sources (after smooth)
Test #1 – cumulative altitude gain: 579 m / 100 km

Source of data R2

DEM x GPS 0.977

DEM x Barometric 0.928

GPS x Barometric 0.915

Test #2 – cumulative altitude gain: 1159 m / 100 km

DEM x GPS 0.912

DEM x Barometric 0.942

GPS x Barometric 0.946
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Table 8
– Correlation between road grades (after smooth)

Test #1 – cumulative altitude gain: 579 m / 100 km

Source of data R2

DEM x GPS 0.889

DEM x Barometric 0.874

GPS x Barometric 0.927

Test #2 – cumulative altitude gain: 1159 m / 100 km

DEM x GPS 0.588

DEM x Barometric 0.676

GPS x Barometric 0.767

4.3.2 VSP + in comparison with v*a[95] and RPA from RDE tests
The dynamic parameters found in the ten tests, according to the European RDE procedure, are summarized in Table 9 and the VSP + calculated according to
the method described in 3.4.2 is shown in Table 10.

Table 9
– Dynamics according RDE EU procedure

Car ID. Test # Altitude gain (m/100km) RPA min RPA

in the test

v*a[95]

max

v*a[95]

in the test

#1 1 579 0.14 0.21 14.6 9.9

2 1159 0.14 0.17 14.7 8.9

#2 3 631 0.12 0.17 14.8 11.2

4 1713 0.12 0.15 15.0 8.3

#3 5 649 0.13 0.20 15.1 13.9

6 1614 0.12 0.14 15.3 7.4

#4 7 640 0.13 0.19 15.4 14.2

8 1653 0.12 0.18 15.5 10.6

#5 9 677 0.13 0.18 15.7 13.9

10 1632 0.12 0.15 15.8 9.3

Regarding the dynamic parameters RPA and v*a[95], all tests ful�ll the regulatory limits, even if the altitude gain is high or low, and both parameters are lower
for tests with high altitude gain.

Table 10
– VSP + results

Car
ID.

Test
#

# VSP + 
points

% VSP + above
max

% VSP + above max in pos.
road grade

% VSP + below
min

% VSP + below min in negative
road grade

% VSP + 
negative

#1 1 1400 6.0% 78.6% 9.8% 69.3% 2.4%

2 1424 6.6% 91.5% 21.2% 79.8% 9.0%

#2 3 1231 2.8% 44.1% 11.1% 80.3% 0.3%

4 2433 8.1% 96.5% 22.3% 94.6% 10.6%

#3 5 1253 8.5% 65.4% 13.0% 81.0% 0.5%

6 2463 6.1% 98.0% 24.2% 96.6% 10.9%

#4 7 1152 10.2% 53.4% 10.2% 90.6% 0.1%

8 2343 12.5% 90.8% 21.5% 97.2% 9.4%

#5 9 1188 9.0% 68.2% 12.2% 87.6% 1.5%

10 2308 10.0% 97.4% 25.5% 95.9% 11.9%
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In these graphic examples, Fig. 10 represents VSP + results from test #9, with the vehicle being driven on a trip with medium altitude gain of 677 m / 100 km
and Fig. 11 shows VSP + from test #10, with the same vehicle running a trip with high altitude gain of 1632 m / 100 km.

About the VSP + results, it is important to highlight:

Several points are above VSP + Max curve, with the driver requiring more vehicle power than in the WLTC and FTP-75 cycles;

The positive road grade (uphill) has more in�uence in VSP + points above Max curve for high altitude gain; on the other hand, for medium altitude gain,
many points occurred even when driving on negative road grade (downhill);

Several points are under VSP + Min curve, thus the driver is requiring less power than in the laboratory test, due to lower accelerations and/or accelerating
on downhill;

An average of 87.3% of VSP + points below Min curves occurred when driving on negative road grade;

The concentration or position of the clusters of VSP + points higher or lower in relation to VSP + Max / Min curves indicates respectively more or less
power requirement;

The scattering of VSP + points is higher for high altitude gain in comparison to the medium altitude gain. This higher dispersion is due to the RDE
requirement of the altitude difference between trip start and �nish must be less than 100 m; because of this, when the vehicle is being driven on high
altitude gain, half of the trip is done in high positive road grade but the other half of the trip is in high negative road grade. There is higher VSP + demand
above Max curve to drive on uphill; however, in the other half of the trip, downhill, both VSP + below Min and VSP + negative are bigger due to the low
power required;

One important issue is that, even considering only positive v*a[95] points, there are negative VSP + points; thus, vehicle is increasing speed at negative
road grade with low or no power required and the accelerator is off or almost off; sometimes the driver must break the vehicle to avoid the increasing of
speed. In these cases, it is common that the ECU cuts the fuel injection in rotational speeds over than 1,500-2,000 RPM, resulting in zero or close to zero
consumption and emissions;

All negative VSP + points occurred on negative road grade.

4.3.3 Emissions comparison between VSP + and v*a[95] and RPA
According to Suarez-Bertoa (Suarez-Bertoa et al. 2019) the driving behavior and the road grade are the main in�uence in CO2, CO and NOx emissions. However,
the catalyst design, its dimensions and noble metals concentration have a great in�uence in the emissions (Brück et al. 1995; Koltsakis and Stamatelos 1997).
The results in the Table 11 show a CO increase of about 200% for vehicles #2 and #3, which are those with lower PMR, and high NOx emission for vehicle #4,
the vehicle with highest VSP + above Max curve, as seen in Table 10. It is important to remember that during downhill in high altitude gain the car’s accelerator
is off and the �nal CO2 emission can be lower than in low or medium altitude gain, what happened for vehicles #2, #3 and #5.

Table 11
– Emissions – Urban trip

Car ID. Test # PMR

(W/kg)

Altitude gain (m/100km) CO2

(g/km)

Δ % CO

(g/km)

Δ % NOx

(g/km)

Δ %

#1 1 87 579 179.3 10% 16.776 -22% 0.032 -20%

2 87 1159 197.6 13.117 0.026

#2 3 50 631 151.6 -8% 0.353 197% 0.008 -4%

4 50 1713 140.1 1.047 0.008

#3 5 54 649 179.8 -10% 0.130 236% 0.019 -8%

6 54 1614 161.1 0.435 0.018

#4 7 60 640 149.3 12% 0.362 -45% 0.119 142%

8 60 1653 167.5 0.198 0.288

#5 9 63 677 166.1 -6% 0.147 13% 0.073 -23%

10 63 1632 156.0 0.167 0.056

5. Conclusions
The regulatory parameters RPA and v*a[95] are not so effective to evaluate dynamics in RDE test in higher altitude gains because they tend to present lower
values even if more power is being required. VSP + presents to be a more comprehensive tool to analyze the vehicle power requirement, especially in high
accelerations and altitude gain. These two factors have crossed in�uence on CO2 and pollutants emissions, although this correlation happens in a complex
and not direct way. As VSP + evaluation of a RDE test dynamic requires similar effort for post-processing calculation and its results are more accurate than
v*a[95] and RPA, there is a potential for introducing VSP + as regulatory parameter of RDE procedure, for development tests and vehicle homologation.
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The tests analyzed here cover some speci�c situations; it is still necessary to extend this analysis to broader conditions such as diverse altitude gains,
different driver behaviors and PMR, as well as requiring as much power available or, in the contrary, under slow accelerations and so on, in order to de�ne more
clearly the boundaries for VSP + demand in real world driving and comparing it with laboratory cycles. Future improvements in the altitude measurement can
also contribute to more exact VSP + values.

6. Declarations
Ethical approval and consent to participate

Not applicable

Consent for publication

Not applicable. 

Available data

The datasets generated and/or analyzed during the current study are available 

in the Mendeley Data repository at: Forcetto, Andre (2021), “VSP dataset”, Mendeley Data, V1, doi: 10.17632/bv7kjn5crj.1,
<http://dx.doi.org/10.17632/bv7kjn5crj.1>

Competing interests

The authors declare that they have no competing interests.

Funding

This research did not receive any speci�c grant for funding agencies in the public, commercial or not-for-pro�t sectors.

Authors’ contribution

The contribution from the authors to this study are: conceptualization, methodology, formal analysis and the �nal written manuscript performed by ALSF; the
�rst manuscript drafts written by ALSF, OSJ and FFMF. The validation of research data and results, as well the supervision performed by MFA and FGVAF. All
authors approved the �nal manuscript.

Acknowledgements

We would like to thank Mr. Pierre Bonnel, from JRC Italy, for his collaboration sharing invaluable data from RDE EU tests.

We would like to thanks TCA Horiba Ltd. for their collaboration sharing invaluable data from RDE Brazil tests.

We thank also Mr. Fernando Queiroz for his collaboration in providing language revision.

7. References
1. Alphabet.com (2019) From NEDC to WLTP. https://www.alphabet.com/en-ww/wltp%0A. Accessed 16 Dec 2019

2. AVL (2015) Real driving emissions – real life testing. In: 12o. Forum SAE de tecnologia de motores diesel. Curitiba, Brazil, p 37

3. AVL (2016) Avl m.o.v.e gas pems 493. https://www.avl.com/-/avl-m-o-v-e-gas-pems-portable-exhaust-gas-analyzer?
redirect=https%253A%252F%252Fwww.avl.com%253A443%252Fsearch%253Fp_p_id%253D3%2526p_p_lifecycle%253D0%2526p_p_state%253Dnormal%
1%2526p_p_col_count%253D1%2526_3_search%253D%252. Accessed 26 Dec 2016

4. Blumberg K, Posada F (2015) Comparison of US and EU programs to control light-duty vehicle emissions

5. Brück R, Diewald R, Hirth P, Kaiser F-W (1995) Design criteria for metallic substrates for catalytic converters. Warrendale, USA

�. CARB CARB (2017) History of air resources board. https://www.arb.ca.gov/knowzone/history.htm. Accessed 20 Jan 2017

7. CETESB CA do E de SP (2019) Qualidade do ar no estado de São Paulo 2018. CETESB, Sao Paulo

�. CONAMA CN do MA (2018) Resolucao n. 492 de 20 de dezembro de 2018. 13

9. Dieselnet.com (2019) Emission Test Cycles FTP-75. https://www.dieselnet.com/standards/cycles/ftp75.php. Accessed 16 Dec 2019

10. Drosos VC, Malesios C (2012) Measuring the Accuracy and Precision of the Garmin GPS Positioning in Forested Areas: A Case Study in Taxiarchis-
Vrastama University Forest. J Environ Sci Eng B 1:. https://doi.org/10.17265/2162-5263/2012.04.015

11. Duarte GO, Gonçalves GA, Farias TL (2016) Analysis of fuel consumption and pollutant emissions of regulated and alternative driving cycles based on
real-world measurements. Transp Res Part D Transp Environ 44:43–54. https://doi.org/10.1016/j.trd.2016.02.009

12. Engeljehringer K (2019) Emission trend. In: AVL South America TECHDAY. p 80

13. EPA UEPA (2005) 40 CFR Parts 9 and 86 - Control of emissions of air pollution from new motor vehicles: In-use testing for heavy-duty diesel engines and
vehicles: �nal rule. 34



Page 11/17

14. EU EU (2016a) Regulation 2016/427 of Mar./10th/2016. As regards emissions from light passenger and commercial vehicles (Euro 6). https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32016R0427. Accessed 30 Mar 2016

15. EU EU (2007) REGULATION (EC) No 715/2007 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 20 June 2007 on type approval of motor
vehicles with respect to emissions from light passenger and commercial vehicles (Euro 5 and Euro 6) and on access to vehicle repair and mai. In: Off. J.
Eur. Union. https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32007R0715

1�. EU EU (2016b) Regulation 2016/646 of Apr./20th/2016. As regards emissions from light passenger and commercial vehicles (Euro 6). https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32016R0646. Accessed 25 Apr 2016

17. Faria M V, Duarte GO, Varella RA, et al (2019) Energy Research & Social Science Driving for decarbonization : Assessing the energy , environmental , and
economic bene � ts of less aggressive driving in Lisbon , Portugal. Energy Res Soc Sci 47:113–127. https://doi.org/10.1016/j.erss.2018.09.006

1�. Fontaras G, Franco V, Dilara P, et al (2014) Development and review of Euro 5 passenger car emission factors based on experimental results over various
driving cycles. Sci Total Environ 468–469:1034–1042. https://doi.org/10.1016/j.scitotenv.2013.09.043

19. Frey HC, Unal A, Chen J, et al (2002) Methodology for developing modal emission rates for EPA’s multi-scale motor vehicle & equipment emission system.
State Univ US EPA, Ann Arbor, MI 18–20

20. Frey HC, Zhang K, Rouphail NM (2010) Vehicle-Speci�c Emissions Modeling Based upon on-Road Measurements. Environ Sci Technol 44:3594–3600.
https://doi.org/10.1021/es902835h

21. Garmin (2020) Precisão do GPS em leituras de posição, distância e velocidade nos dispositivos Outdoor portáteis. https://support.garmin.com/pt-BR/?
faq=P3DdzRfgik3fky125aHsFA. Accessed 28 Nov 2020

22. German J (2016) The emissions test defeat device problem in Europe is not about VW. In: ICCT - Int. Counc. Clean Transp.
http://www.theicct.org/blogs/staff/emissions-test-defeat-device-problem-europe-not-about-vw. Accessed 25 Nov 2016

23. Giechaskiel B, Clairotte M, Valverde V, Bonnel P (2018) Real driving emissions : 2017 assessment of Portable Emissions Measurement Systems (PEMS)
measurement uncertainty. Luxembourg

24. GPSvisualizer.com (2019) Find missing elevations with GPS Visualizer. http://www.gpsvisualizer.com/elevation. Accessed 13 Jan 2021

25. Grimm AM (1999) Capítulo 4 - Pressão Atmosférica. In: Univ. Fed. do Paraná - UFPR. http://�sica.ufpr.br/grimm/aposmeteo/cap4/cap4-3.html. Accessed
10 Mar 2018

2�. He H, Yang L (2017) China’s stage 6 emission standard for new light-duty vehicles (�nal rule). In: ICCT - Int. Counc. Clean Transp.
https://theicct.org/publications/chinas-stage-6-emission-standard-new-light-duty-vehicles-�nal-rule. Accessed 15 Feb 2021

27. Horiba (2016) OBS-2200 [EuroVI Compliant]. http://www.horiba.com/automotive-test-systems/products/emission-measurement-systems/portable-
emission-measurement-systems/details/obs-2200-877/. Accessed 26 Dec 2016

2�. Jiménez-Palacios JL (1999) Understanding and Quantifying Motor Vehicle Emissions with Vehicle Speci�c Power and TILDAS Remote Sensing by.
Massachusetts Institute of Technology

29. JRC JRC (2020) EMROAD. In: Eur. Commision. https://circabc.europa.eu/w/browse/79a4a9b6-4003-4e02-956d-048dcef1a169. Accessed 10 Jan 2020

30. Kadijk G, Ligterink N, Mensch P V, Smokers R (2016) NOx emissions of Euro 5 and Euro 6 diesel passenger cars – test results in the lab and on the road.

31. Khan T, Frey HC (2016) Evaluation of Light-Duty Gasoline Vehicle Rated Fuel Economy Based on In-Use Measurements. J Transp Res Board 21–29.
https://doi.org/10.3141/2570-03

32. Khan T, Frey HC (2018) Comparison of real-world and certi�cation emission rates for light duty gasoline vehicles. Sci Total Environ 622–623:790–800.
https://doi.org/10.1016/j.scitotenv.2017.10.286

33. Koltsakis G, Stamatelos A (1997) Catalytic automotive exhaust aftertreatment. Prog energy Combust Sci 23:1–39.
https://doi.org/https://doi.org/10.1016/S0360-1285(97)00003-8

34. Marner B (2016) Emissions of nitrogen oxides from modern diesel vehicles

35. May J, Bosteels D, Favre C (2014) An assessment of emissions from light-duty vehicles using PEMS and chassis dynamometer testing. SAE Int J Engines
7:10. https://doi.org/10.4271/2014-01-1581

3�. Murena F, Vittoria M, Antonietta M (2019) Real driving emissions of a scooter and a passenger car in Naples city. Transp Res Part D 73:46–55.
https://doi.org/10.1016/j.trd.2019.06.002

37. NASA J propulsion laboratoty (2021) The shuttle radar topography mission. In: NASA – Natl. Aeronaut. Sp. Adm.
https://www2.jpl.nasa.gov/srtm/index.html. Accessed 13 Jan 2021

3�. Pouresmaeili MA, Aghayan I, Taghizadeh SA (2018) Development of Mashhad driving cycle for passenger car to model vehicle exhaust emissions
calibrated using on-board measurements. Sustain Cities Soc 36:12–20. https://doi.org/10.1016/j.scs.2017.09.034

39. Rodríguez RA, Virguez EA, Rodríguez PA, Behrentz E (2016) In�uence of driving patterns on vehicle emissions: A case study for Latin American cities.
Transp Res Part D Transp Environ 43:192–206. https://doi.org/10.1016/j.trd.2015.12.008

40. Sandhu GS, Frey HC (2013) Effects of errors on vehicle emission rates from Portable Emissions Measurement Systems. Transp Res Rec 2340:10–19.
https://doi.org/10.3141/2340-02

41. Suarez-Bertoa R, Valverde V, Clairotte M, et al (2019) On-road emissions of passenger cars beyond the boundary conditions of the real-driving emissions
test  . Environ Res 176:. https://doi.org/https://doi.org/10.1016/j.envres.2019.108572

42. Takai S, Ishii H (2016) Vehicle Compliance Programs in Japan. In: US EPA COMPLIANCE SUMMIT. p 26



Page 12/17

43. Tietge U, Mock P, Franco V, Zacharof N (2017) From laboratory to road: Modeling the divergence betweeno�cial and real-world fuel consumption and CO
emissionvalues in the German passenger car market for the years 2001–2014. Energy Policy 103:212–222. https://doi.org/10.1016/j.enpol.2017.01.021

44. Tsiakmakis S, Fontaras G, Cubito C, et al (2017) From NEDC to WLTP : effect on the type-approval CO 2 emissions of light-duty vehicles. Luxembourg

45. Tutuianu M, Marotta A, Steven H, et al (2014) Development of a World-wide Worldwide harmonized Light duty driving Test Cycle (WLTC)

4�. UNECE (2020) Proposal for a new UN Regulation on uniform provisions concerning the approval of vehicles with regards to Automated Lane Keeping
System

47. Varella RA, Faria M V, Mendoza-villafuerte P, et al (2019) Science of the Total Environment Assessing the in � uence of boundary conditions , driving
behavior and data analysis methods on real driving CO 2 and NO x emissions. Sci Total Environ 658:879–894.
https://doi.org/10.1016/j.scitotenv.2018.12.053

4�. WHO WHO (2018) World Health Statistics 2018: monitoring health for the SDGs, sustainable development goals. World Health Organization, Geneva

49. WHO WHO (2020) Health and sustainable development - Air pollution. https://www.who.int/sustainable-development/transport/health-risks/air-
pollution/en/. Accessed 14 Jan 2020

50. Wyatt DW, Li H, Tate JE (2014) The impact of road grade on carbon dioxide (CO2) emission of a passenger vehicle in real-world driving. Transp Res Part D
Transp Environ 32:160–170. https://doi.org/10.1016/j.trd.2014.07.015

51. Yang Z, Liu Y, Wu L, et al (2020) Real-world gaseous emission characteristics of Euro 6b light-duty gasoline- and diesel-fueled vehicles. Transp Res Part D
78:102215. https://doi.org/10.1016/j.trd.2019.102215

52. Yuan W, Frey HC, Wei T, et al (2019) Comparison of real-world vehicle fuel use and tailpipe emissions for gasoline-ethanol fuel blends. Fuel 249:352–364.
https://doi.org/10.1016/j.fuel.2019.03.115

53. Zhang K, Frey HC (2006) Road Grade Estimation for On-Road Vehicle Emissions Modeling Using Light Detection and Ranging Data Road Grade
Estimation for On-Road Vehicle Emissions Modeling Using Light Detection and Ranging Data. J Air Waste Manage Assoc 2247:777–788.
https://doi.org/10.1080/10473289.2006.10464500

Figures

Figure 1

Sao Bernardo do Campo/Brazil
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Figure 2

Esperia and Sacromonte / Italy

Figure 3

VSP+ from WLTC and FTP-75 cycles

Figure 4

VSP+ Max / Min x WLTC
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Figure 5

VSP+ Max / Min x FTP-75

Figure 6

Test #2 – Altitude pro�le (raw data)
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Figure 7

Test #2 – Road grade pro�le (raw data)

Figure 8

Test #2 – Altitude pro�le (after smooth)
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Figure 9

Test #2 – Road grade pro�le (after smooth)

Figure 10

Test #9 – VSP+ for low altitude gain
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Figure 11

Test #10 – VSP+ for high altitude gain
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