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Vehicle specific power (VSP) is useful for estimation of vehicle emissions.
Previous research has indicated that vehicle specific power and emissions
are sensitive to variation of road grade. Several methods have been used for
acquisition of road grade data in earlier studies, but all have certain limitations
such as insufficient accuracy, complicated data processing, or requirements for
devices or data that are not easily available. The objective of this study was to
develop and verify a road grade measurement framework based on an
electronic pressure sensor. The method includes atmospheric pressure
acquisition using electronic sensors, determination of the pressure-altitude
relationship based on meteorological station data, filtering of altitude data by
Fourier transform, and grade calculation combined with the onboard
diagnostics distance. Road grades and vehicle specific power calculated
based on atmospheric pressure were found reliable and accurate, which
also improved the accuracy of vehicle emission rates calculation.
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1 Introduction

Vehicle specific power (VSP), which is useful for estimation
of vehicle emissions, is the instantaneous power per unit mass
of the vehicle calculated based on its speed and acceleration and
the road grade (Jimenz-Palacios, 1999; Frey et al., 2002; Nam,
2003). It accounts for the power demand, rolling resistance, and
road grade, and has been used to develop empirical models of
light-duty vehicle emissions based on second-by-second
dynamometer and portable emissions measurement system
(PEMS) data (EPA, 2002). Previous research has indicated
that VSP and emissions are sensitive to variation of road
grade (Denis and Winer, 1993; Enns et al., 1993; Kelly and
Groblicki, 1993; Denis et al., 1994; Pierson et al., 1996; Cicero-
Fernandez et al., 1997; Rosero et al., 2021). For a given speed,
larger positive road grades lead to increased VSP, which in turn
leads to higher average emission rates. For example, the
estimated average NO emission rate for a road grade of 6%
is approximately a factor of two greater than that for a 0% road
grade (Zhang and Frey, 2012). Therefore, precise grade data are
important for VSP calculation and emissions estimation.

The measurement of road grade is more difficult than the
calculation of speed and acceleration, precise measurements of
which can be obtained directly from the electronic control unit
(ECU) of a vehicle using the onboard diagnostics (OBD)
protocol. In previous research (Souleyrette et al., 2003; Toutin,
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2004; Zhang and Frey, 2012; Zhang et al., 2021, 2019; Perugu,
2019; Chong et al., 2020), although several different methods
have been used for acquisition of road grade data, for example,
design drawing data, traditional surveying, GPS measurements,
and mobile mapping such as LiDAR, all have certain limitations
in their application.

Design drawing data can be convenient for inferring the road
grade of a corresponding roadway. However, owing to the
potential for errors and changes during construction, road
grades estimated from design drawing data might not be
sufficiently accurate. Furthermore, obtaining design drawing
data
agencies, and design drawings of different roads might have

often requires authorization from corresponding
to be sourced from different agencies, which could complicate the
data acquisition process.

Traditional (eg, a

rangefinder or total station) can provide relatively precise

surveying using various devices
grade data by measuring distances and vertical height
differences. However, data collection using this method can be
a time-consuming and expensive process. Furthermore, the
measurements should be performed on the road of interest,
which means it can be dangerous because it is often
unrealistic to expect to close roadways to ensure measurement
safety. Use of a digital inclinometer in a moving vehicle is another
direct on-road method for obtaining road grade data. However,
the vehicle’s suspension system can mean that measurements of
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TABLE 1 Comparison of several methods of road grade measurement.

Methods Advantages

Inferred from design drawing Convenience, relatively precise
Traditional surveying Precise

Digital inclinometer Direct measurement

10.3389/fenvs.2022.1051858

Limitations
Construction errors exist, authorization-required, specific roads only
Time-consuming, dangerous

Impacted by suspension system

GPS measurement Convenience and flexible

RTK measurement Precise, convenience and flexible

Limited precision

Additional fees required, impacted by buildings

LiDAR measurement Precise

Atmospheric pressure sensors

Convenience and flexible, relatively precise,

Expensive and computation-consuming, impacted by the land surface and on-
road vehicles

Local sea-level atmospheric pressure data required

measurement low-cost
u Arduino Uno
BMP180 uc )
’ : Laser rangefinder
BMP388 Ismal port
—u
Serial port Bluetooth | GPS module %
e |
ELM 327
Data collection PC
b ;
(COZ, CO, HC) sensor sensor Agtipg
FIGURE 1

Measurement devices used in the study.

the body angle of the vehicle do not accurately reflect the grade of
the road surface.

GPS measurement is the method used most widely for
determining road grade measurements for use in VSP
calculations (Awuah-Bzezinska et al., 1997; Bae et al., 2001;
Souleyrette et al., 2003). A GPS system can be easily integrated
into a PEMS to collect three-dimensional coordinates that can
characterize a route. The road grade can then be calculated
based on differences of distance and altitude. However, large
numbers of buildings along a road could interfere with the
GPS signal and affect the accuracy of the GPS measurement
results, especially the accuracy of altitude measurements.
Undertaking multiple runs along the same roadway and
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using many other sources of data (Yazdani Boroujeni and
Frey, 2014) (e.g., accelerometers and gyroscopes) could
improve the accuracy of estimations of road grade.
However, such an approach is time consuming and
expensive when collecting data over large areas.

Real-time kinematic positioning (RTK), using measurements
of the phase of the signal’s carrier wave relies on a single reference
station or interpolated virtual station to provide real-time
corrections for errors in navigation systems such as GPS
(Wanninger, 2018), can provide cm-level accuracy for road
that
specialized mapping skills are required to conduct RTK

grade measurement. However, its limitations are

measurement, and a base station or additional fees for RTK
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TABLE 2 Comparison of atmospheric pressure published by national meteorological stations and measured by atmospheric pressure sensors (8 December
2019).

Station name Published?® BMP180 BMP388
Measured? ADP Measured?
Pidu 14:00 962.7 962.91 + 0.04 021 0.022 962.92 + 0.01 0.22 0023
15:00 962.6 962.46 + 0.03 0.14 0015 962.58 + 0.01 0.02 0.002
Wenjiang 16:00 963.8 963.28 + 0.05 0.52 0.054 963.42 £ 0.01 0.38 0.039
Shuangliu 17:00 968.7 969.17 + 0.03 0.43 0.044 969.01 + 0.01 031 0.032

“Unit of published pressure and measured pressure is hPa.
"Absolute deviation, hPa.
“Relative deviation, %.

network service is necessary. Meanwhile, the measurement With recent developments in electronic technology, low-cost,
accuracy may be impacted by the urban building to a certain high-precision atmospheric pressure sensors (BOSCH, 2015;
extend. BOSCH, 2018) provide the possibility of using this method

Mobile mapping, such as LiDAR, using a moving platform for road grade measurements. By collecting atmospheric
can integrate data from multiple sensors to provide three- pressure data using a low-cost atmospheric pressure sensor
dimensional positioning of both the platform and the ground and building the relationship between altitude and
surface. LIDAR can be used to generate a digital elevation model atmospheric pressure, altitude and road grade data could be
with cm-level accuracy, which could be used to calculate road calculated precisely. Compare with other methods, the pressure
grade (Zhang et al, 2003; Toutin, 2004; Liu, et al, 2019). sensor-based method may be slightly less accurate than LiDAR and
However, this method also has many limitations. For example, RTK. However, it is more cost-effective while requiring less
owing to the complexity of the land surface of many urban areas equipment and data processing, and it is more convenience and
attributable to vegetation, buildings, and on-road vehicles, the flexible to be conduct in on-road measurement. A Comparison of
elevation data obtained might not fully represent reality several methods of road grade measurement were shown in Table 1.
(Bindschadler et al., 1999; Hill et al., 2000; Sun and Ranson, The objectives of this study were to build and verify a road
2000; Letsky et al., 2002; Hernandez-Pajares et al., 2003; Lim grade measurement framework based on an electronic pressure
et al., 2003; North Carolina Floodplain Mapping Program, 2013). sensor, and to use the obtained road grade data in calculations of
Moreover, urban areas often have many undercrossing tunnels VSP and estimations of emission rates.

that prohibit the determination of road grade using LIDAR. The
expense of devices such as LIDAR and the time-consuming data
processing requirements are other important issues that limit 2 MethOdOlOgieS
application of this method (Zhang and Frey, 2012). However,

with the development of LiDAR, its cost is gradually decreasing, The methodological approaches used in this study can be
and now it has been widely used in autonomous vehicles. divided into two elements: experimental design, and
Therefore, the cost of road grade measurements using LIDAR application to VSP and emission rate calculations. In this
may be reduced in the future. section, the experimental design is introduced, including

In summary, the above road grade measurement methods all descriptions of the devices used in this research,
have certain limitations such as insufficient accuracy, measurement route, data collection and analysis, and
complicated data processing, or requirements for devices or verification of the results. Then, the road grade information
data that are not easily available. Therefore, a new method for based on the atmospheric pressure sensor data is used in the
precise and convenient estimation of road grade is necessary. calculations of VSP and emission rates to validate the
Generally, owing to specific atmospheric properties, a strong effectiveness of the approach.

relationship exists between atmospheric pressure and altitude
within a certain range. Thus, altitude can be calculated based on
atmospheric pressure (World Meteorological Organization, 2.1 Experimental design
2007; Keisan, 2018), and road grade can be calculated based

on altitude variation. This method of estimation based on 2.1.1 Devices used in this study
altitude already has various applications in the fields of The measurement devices used in this study are illustrated in
outdoor activities and aviation. Figure 1 and described in the following.
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FIGURE 2
On-road measurement route and validation section.

Traveling direction

FIGURE 3
Laser rangefinder-based grade measurement method.

The pressure sensors are used for measurement of on-road
atmospheric pressure and air temperature. Two types of
atmospheric pressure sensor are used in the system:
BMP180 and BMP388 (BOSCH, 2015; BOSCH, 2018), for which
the absolute accuracy and relative accuracy of the pressure
and 0.12 and 0.08 hPa,
respectively. The accuracy of temperature measurements by the
BMP180 and BMP388 sensors is 1.0 and 0.5°C, respectively. The
operating temperature of the sensors is —-40-85°C, and the

measurements are 1 and 0.4 hPa,

measurement range is 300-1,250 hPa, which can well meet the
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measurement needs. The two sensors are connected to the Arduino
Uno (Arduino, 2020) through a IIC interface, and further connected
to the data collection PC via a USB serial port.

The atmospheric pressure sensors used in this study were
taken to several national meteorological stations within Chengdu
(Sichuan Province, China) to obtain comparative measurements.
Because there is an error in the measurement results of the
atmospheric pressure sensors, and because the meteorological
stations only release hourly data, the sensors were used to
measure atmospheric pressure within 1 min before the release
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of the meteorological station data, and the average value was
calculated as the measurement result. Table 2 compares the
atmospheric pressure published by certain national meteorological
stations and that recorded by the electronic atmospheric pressure
sensors. The absolute deviation of the measured value acquired by the
BMP180 sensor does not exceed 1 hPa and that of the BMP388 sensor
does not exceed 0.4 hPa relative to the value published by the national
meteorological stations. The relative deviation of the measurements
by the BMPISO BMP388
is <0.05 and <0.01 h Pa, respectively. The results indicate that the
values measured using the electronic atmospheric pressure sensors

obtained and Sensors

effectively reflect the actual atmospheric pressure value, and that the
sensors have an accurate response to relative variations of pressure.

The OBD-II interface (ELM Electronics, 2020) is used to
connect the ECU of the measured vehicle and for reading the
vehicle’s on-road driving parameters, such as speed and engine
RPM. The data are transferred via Bluetooth to the data
collection PC.

The GPS module is used to collect GPS locations and to
transfer the data to the data collection PC via Bluetooth.

The laser rangefinder (TruPulse 200) (LaserTec, 2020) can
measure straight-line distance by sending and receiving a laser
pulse. The device has a built-in gyroscope, which can obtain the
viewing angle and decompose the measured straight-line
distance into horizonal distance and vertical distance. The
maximum operating distance of the laser rangefinder is
2,000 m, and the accuracy is 0.2 m. The laser rangefinder was
used to measure the grade of the validation section of the
measurement route to verify the road grade data obtained
using the atmospheric pressure sensors and GPS.

2.1.2 Measurement route

The measurement route is shown in Figure 2. The route has
overall distance of approximately 30 km, and it includes seven
overpasses and five undercrossing tunnels. As marked in
Figure 2, a section of the route was selected as the validation
section for the laser rangefinder measurements, and the road
grade data of this section obtained using different methods were
compared for accuracy verification.

2.1.3 Data collection and analysis

This study conducted two measurement experiments. In the
first experiment, the distance and relative altitude of the
verification section were measured using the laser rangefinder.
Those data were used to calculate the slope data of the
verification section as a verification reference. In the second
experiment, a car was required to travel along the route. The
pressure sensors, OBD interface, GPS module, and gas analysis
module were carried onboard the vehicle to collect second-by-
second data, which were then used for calculation of the slope
along the entire route, and subsequent calculations of VSP and
emission rates. The specific details are introduced in the
following.
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2.1.3.1 Validation data collection and analysis

Although it is time consuming to directly measure road
grade, the accuracy of such an approach is reasonably high.
Therefore, we used a laser rangefinder to measure the grade of
the validation section of the driving route (Figure 3) as
The
measurement procedure requires two people to move

reference for verification of the other methods.

forward alternately. The rear person takes the marker
placed on the ground by the leading person as reference for
distance measurement and to obtain the horizontal distance [;
and altitude difference h;. To improve the accuracy of the
measurements, the distance covered by each advance should
be no greater than 30 m and the grade variation of each road
section should be small. During our survey, the surveyors
walked along the side of the road. The grade of each road
section was calculated using the following equation:

S = (I’li—ho)/li (1)

where s; is the grade of each road section i, h; is relative altitude, [;
is the distance of each road section, and h, is the height of the
rangefinder tripod.

2.1.3.2 On-road data collection and analysis

The atmospheric pressure sensors, OBD-II Interface, GPS
module, and gas analysis module were carried by the
measured vehicle as it traveled along the route. The model
of the tested vehicle was an Audi A4 (2.0 L, manufactured in
July 2017) with cumulative mileage of 15,280 km. The second-
by-second data of atmospheric pressure, temperature, GPS
location, vehicle ECU data, and mass emission rates were
collected. In order to ensure that the atmospheric pressure
measured by the sensors can represent the ambient pressure of
the vehicle, the sensors should be set outside the vehicle, or
keep the windows open while the sensors were set inside the
vehicle to ensure that the atmospheric pressures inside and
outside the vehicle were consistent through air circulation.
The road grade data were calculated by adopting the following
steps.

2.1.3.2.1 Pressure-altitude relationship:

A strong relationship exists between atmospheric pressure, sea
altitude.
January to

level atmospheric pressure, temperature, and
data (NMSDC, 2020) (1

31 December 2019) recorded at five weather stations within

Meteorological

Chengdu were used to modify the constants in the empirical
formula (World Meteorological Organization, 2007; Keisan,
2018). The modified formula was as follows:

T

H=(—r
9.4794.[p/

- T)/0.0036 (2)

where p is atmospheric pressure, p, is sea level atmospheric

pressure, H is altitude, and T is thermodynamic
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temperature. Based on the altitudes of the five
meteorological stations within Chengdu and their

published temperature and sea level atmospheric pressure
data, the atmospheric pressures were calculated using Eq. 2.
The coefficient of determination (R?) between the published
atmospheric pressure and calculated atmospheric pressure
was 0.99, and the root mean square error (RMSE) was 0.7
(Supplementary Figure S5), indicating that the formula is
very accurate for the description of pressure-altitude
relationship.

On the basis of the modified formula, the second-by-second
altitude was then calculated using the atmospheric pressure,
temperature, and sea level atmospheric pressure. The atmospheric
pressure and temperature data were measured directly by the pressure
sensors, and the sea level pressure data for each second were obtained
by linear interpolation based on hourly data from local weather
stations. Because the variation of sea level atmospheric pressure is
small over short periods and is unaffected by change of elevation, the
sea level atmospheric pressure data from this source had little effect on
the calculation of altitude. By setting different values of T, p, and py,
the sensitivity of the estimation of altitude to temperature, pressure,
and sea level pressure was analyzed. Furthermore, the corresponding
cumulative distance for the pressure-sensor-based altitude data could
be calculated by summing the velocity values.

2.1.3.2.2 Fourier transform filtering:

Pressure data measured by the atmospheric pressure sensors
contain noise, and therefore the calculated altitude data were
filtered using the Fourier transform. To quantify the best
threshold for filtering, the relative altitude data measured by
the laser rangefinder were used as reference. The steps of filtering
were as follows.

Step 1. Obtain the distance-altitude series by matching the
pressure-based altitude with distance accumulated from
second-by-second speed of OBD-II interface according to the

timestamp.

Step 2: Resample the distance-altitude series in Step 1 by
interpolation to obtain equidistant altitude series (A 5m
interval was used in this study).

Step 3: Fast Fourier conversion was performed on the altitude series
sampled at equal intervals to obtain the frequency domain
distribution. Set a random filtering threshold, the component of
frequency domain series with higher frequencies than the threshold
was discarded, and the remaining part was transformed to
equidistance altitude series by reverse Fourier conversion. The
Fourier transform and reverse transform were accomplished using

the numpy. fft module of Python 3.6 (SciPy community, 2020).

Step 4: The filtered altitude data for the validation section of the
measurement route and the laser rangefinder-based altitude data
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were placed in the same coordinate system by aligning their start
points. Thus, the relative altitude from the pressure sensor at the
distance of each laser rangefinder measurement node was
obtained by interpolation, and the RMSE values of the two
sets of data were calculated, as follows:

RMSE = \/Zl (RAP,, - RAL,)’ /i (3)
where RAP,; is the relative altitude based on the laser rangefinder
measurements at d;, RALy; is the relative altitude based on the
pressure sensor data at d;, d; is the cumulative distance of the road
section from 1 to 7, and i is the sequence number of the road
section.

Step 5: Using the same method of setting different filtering
thresholds and calculating the corresponding RMSEs, the
optimal filtering threshold corresponding to the minimum
RMSE was defined and used to filter the altitude series for the
entire measurement route (A threshold of 0.0045 was obtained
with minimum RMSE in this study).

The comparison of distance-altitude curves before and after
filtering process and their frequency domain distributions were
shown in the Supplementary Figure S1 (BMP388) and
Supplementary Figure S2 (BMP180).

2.1.3.2.3 Pressure-based road grade calculation:

The filtered cumulative distance-altitude series was used to
calculate the road grade series for each road section using
Eq. 4:

grade .y = (altitude, — altitude'”)/(distancen — distance,,)

4

where m and n are the start and end points of the road section,
respectively, distance,, and distance,, are the cumulative distances of
location m and n on the measurement route, respectively, and
altitude,, and altitude,, are the altitudes of location m and » on the
measurement route, respectively. The altitude and cumulative
distance for each location were obtained by interpolation using
the filtered cumulative distance-altitude curve.

2.1.4 Results verification

With reference to the division of the road segment measured by
the laser rangefinder and using Eq. 4, the grade of each road segment
was calculated based on the altitude data measured by the
atmospheric pressure sensor. Similarly, the grade data of each
road segment based on GPS altitude were also calculated.
Regression analysis then was performed to verify the accuracy of
the grade data obtained from the different sources (i.e., BMP180,
BMP3988, and GPS). The results of the regression analysis including
slope, R*, and RMSE were used to quantify the accuracy of each
method. The regression analysis involved the linear least squares
model, which is commonly used in many fields and thus further
details are not repeated here.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1051858

Meng et al. 10.3389/fenvs.2022.1051858

Time-Pressure Plot(Original)

Distance-Altitude Plot(Filtered)
96700 T T T D T T
I ] --- BMP180 : i === BMP180
E | | --- BMP388 460 i( ! \ ——- BMP388
96600 i | | ®">.\A n
! : b b @
455 ! 3 ® i K
96500 4 ¢ o 1 —® ! ~ H ! r“
z ﬁ i aso W 3 A . Y
g | £ * \ f i o o
H )t 5 s A A
g e L Wr i Wq S s \‘.‘ il i i i
j ‘Y 2 “‘. | hf‘l Pl wf' v !
| l 1 {\' ' \ oMy .
96300 M { i 440 U vt At P lv A
. " | ’ W ‘L.'i’ - ©
96200 ' ¥ 435 "VA \
/\@J L ®
430 O) :
96100 - - : -
0 1000 2000 3000 4000 5000 0 5000 10000 15000 20000 25000
Time/(s) Distance/(m)
FIGURE 4

Comeparison of pressure variation (A) and altitude variation (B) over entire on-road measurement route based on two types of pressure sensor.

Distance-Altitude Plot

25 T T T T T
E —- BMP180
20 1 s = -+ BMP388
- ‘.\ —- GPS
15 " aa N — - measurement
.= . \
= 10 77 §§ N '
£ o 4 N !
5 . // g \_g.: \ | ®
E /3 YN, &
g , Lo Ni~._ . Kchua Middle Rd. ©) ! -
0) =i N =~ fe———5j Kehua South Rd, o
I =TT Qz...__ /._.\‘_--_-‘ o — '4 Re
-5 “\ﬁ}E‘ﬂ R Y 1 1 ek et
: \ TR T T
W iy k-l.. — v
-10 - P
-15
0 500 1000 1500 2000 2500
Distance/(m)

Distance-Grade Plot

Grade/(%)

.. ] . ? . BMP180
4 Y 3 . + . -
i A \ | v v ‘ ] —. BMP388
-6 s /' — - GPS
\ . / + measurement
i L \ :
0 500 1000 1500 2000 2500

Distance/(m)

FIGURE 5
Altitude (A) and grade (B) variations of validation section based on different methods.

Frontiers in Environmental Science 08 frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1051858

Meng et al. 10.3389/fenvs.2022.1051858

TABLE 3 Comparison of average grade data of measurement road sections obtained using different methods>.

BMP180

BMP388

AD® RD¢ ADP RD¢

Average value for all road sections 0.6 58 0.4 38 2.6 250
Average value for road sections with a grade greater than 1% 0.2 16 0.1 6 0.7 69
“Specific values for different road sections are shown in Supplementary Table S1.
®Absolute deviation, %.
“Relative deviation, %.
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FIGURE 6
Scatter plots between grade based on real-world measured grade data (laser rangefinder) and grade data based on BMP180 pressure sensor,
BMP388 pressure sensor, and GPS data.

2.2 Applications

2.2.1 VSP calculation and comparison based on
different grade data

The second-by-second VSP data of the validation section were
calculated separately based on road grade data obtained from the
BMP180 pressure sensor, BMP388 pressure sensor, GPS, and laser
rangefinder. The speed data and acceleration data of the
corresponding positions were obtained from the OBD-II
interface. The VSP calculation method was as follows (EPA, 2002):

VSP = 0.278v(0.305a + 9.81 sin(a - tan(s/100)) + 0.132)

+0.00000650° (5)

where VSP is vehicle specific power (kW/t), v is vehicle speed
(km/h), a is acceleration [(km/h)/s], and s is road grade (%).

Taking VSP data based on road grade data obtained from the
laser rangefinder as standard, regression analysis was performed
with VSP data based on road grade data obtained from each of
the other sources. The values of slope, R>, and RMSE of the
regression analyses were used to quantify the accuracy of the VSP
data based on the different methods.
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2.2.2 Calculation of emission rates for different
road grades and VSP bins

On the basis of the vehicle driving cycle data and mass
concentration of exhaust pollutants measured by the gas analysis
module (the parameters of the gas analysis modules were
introduced in the Supplementary Appendix) (InfraTec, 2020;
itg, 2018, itg, 2018), the second-by-second emission rates of
several pollutants (ie, CO,, CO, NO, and HC) were
calculated for the entire route based on the mass-balance-
based approach and ideal gas law, as reported in the literature
(Zhang, 2006). The road grade and VSP data were divided into
several bins, and the average emission rates of the pollutants
corresponding to different road grade bins and VSP bins were
calculated and compared.

3 Results and discussion
3.1 Altitude calculation sensitivity analysis

By setting different values of T, p, and p, in Eq. 2, the
sensitivity of the altitude estimation to temperature, pressure,
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BMP388 pressure sensor, and GPS data.

and sea level pressure was determined as 1.79 m/°C, —9.06 m/
hPa, and 8.53 m/hPa, respectively. In this study, both
temperature and pressure were measured with accuracy of
0.5°C and 0.08 hPa (relative accuracy), respectively, and
therefore all the errors were <1 m. The pressure at sea level
data were released by the national meteorological stations. Sea
level pressure changes little over short periods and its hourly
variation is generally not greater than 0.4 hPa; that is, the
cumulative error of the distance measurement in an hour
is <5m. Thus, the altitude results calculated using this
method satisfy the research requirements.
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3.2 Comparison of altitude and grade
acquisition of different devices

The on-road measurements were conducted twice in the
morning and afternoon of the 14th January, a cloudy day. In the
morning measurement, the sea-level pressure was 1,016.91 +
0.36 hPa and the temperature was 8.6 + 0.26°C. In the afternoon
measurement, the sea-level pressure was 1,012.76 + 0.33 hPa and
the temperature was 5.6 + 0.25°C (according to the integrated
hourly data recorded at the national meteorological station on
the same day). The results of morning measurement were mainly
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TABLE 4 Comparison of pollutant average emission rate ratios in different research using flat road (Bin 3 in this study) emission rates as a baseline.

Pollutant Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 References
CcO 0.51 0.85 1.00 143 1.83 (This study)
0.51 0.82 1.00 1.23 2.04 He et al. (2022)
0.31 0.89 1.00 224 34.38 Yang et al. (2021)
Co, 0.46 0.96 1.00 1.58 222 (This study)
0.46 0.80 1.00 1.28 2.29 He et al. (2022)
0.58 0.99 1.00 1.11 2.10 Yang et al. (2021)
0.34 0.69 1.00 1.31 1.66 Costagliola et al. (2018)
0.27 0.68 1.00 1.32 1.70 Gallus et al. (2017)
HC 0.50 0.95 1.00 1.66 221 (This study)
0.44 0.78 1.00 1.30 243 He et al. (2022)
1.19 1.37 1.00 1.49 15.21 Yang et al. (2021)
NO, 0.37 1.10 1.00 2.06 1.75 (This study)
0.49 0.81 1.00 1.26 2.17 He et al. (2022)
1.55 1.04 1.00 1.94 6.52 Yang et al. (2021)
0.23 0.55 1.00 1.73 2.77 Costagliola et al. (2018)
0.20 0.63 1.00 1.37 1.81 Gallus et al. (2017)
Fuel 0.46 0.96 1.00 1.57 222 (This study)
0.46 0.80 1.00 1.28 2.29 He et al. (2022)

*Grade bin:1: (00, =3%); 2: (=3%, —0.5%); 3: (—0.5%, 0.5%); 4: (0.5%, 3%]; 5: (3%, +00).

the results of afternoon
measurement were shown in the Supplementary Appendix.

The time-pressure curve and cumulative distance-altitude curve

analyzed in the manuscript,

based on the two types of atmospheric pressure sensor are shown in
Figures 4A, B, respectively. The two sets of pressure series and
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altitude series (after filtering) are consistent, which shows that the
pressure sensors reflect the real pressure variation precisely, and that
filtering can eliminate the influence of sensor noise and better reflect
the actual elevation. The altitude series both show a trend of initial
decrease followed by increase, which is consistent with the terrain of
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Pollutant emission rates for different VSP bins.

Chengdu. Additionally, the elevation changes associated with 3.3 Comparison of VSP results based on
overpasses and underpass tunnels (Figure 2 and Figure 4B) are different road grade data
obvious.

The relative altitude and grade variations for the validation On the basis of grade data obtained using the different methods,
section of the measurement route based on different data sources the VSP variations for the validation section of the measurement
are shown in Figures 5A, B, respectively. Taking the curves based route were calculated (Figure 7). The variations of VSP data based on
on the laser rangefinder as reference, the altitude variation and the BMP388 and BMP180 sensors are consistent with the laser
grade variation based on the pressure sensors (BMP180 and rangefinder-based VSP data; the performance of the former sensor
BMP388) are much more precise than the GPS results. In is most consistent with the laser rangefinder-based VSP data. It can be
particular, the altitude and grade variations associated with seen that the VSP data based on the GPS method do differ from the
overpasses and underpass tunnels are obvious. laser rangefinder-based VSP data; for many road sections, the VSP

Using the laser rangefinder results as reference, the absolute values and variation trends of the two methods are markedly different.
deviation and relative deviation of the slope measurement results The regression results between the laser rangefinder-based VSP
of each road section based on the different methods are shown in data and that of the other methods are shown in Figure 8. The
Supplementary Table S1, and the average values are shown in calculated VSP based on the BMP388 pressure sensor grade data has
Table 3. the strongest correlation with that determined using the laser

The accuracy of the BMP388 measurement results is best, that is, rangefinder-based grade data, with values of R?>, RMSE, and slope
the average absolute deviation for all road sections is 0.4%, and the of 0.99, 0.25 kW/t, and 1.0, respectively, meaning that the accuracy
average absolute (relative) deviation for road sections with and precision of the BMP388 results are best. The regression results of
slope >1% is only 0.1% (6%). The accuracy of the the GPS-based VSP data are poorest, with values of R?, RMSE, and
BMP180 results is slightly lower than that of the BMP388 results, slope of only 0.46, 1.71 kW/t, and 0.6, respectively. The results of
and the accuracy of the GPS results is poorest. afternoon measurement also showed a strong correlation between

The regression results between the laser rangefinder grade pressure-based data and laser rangefinder-based data (Supplementary
data and other road grade data are shown in Figure 6. The Figures 54, S5). The results of both independent measurements were
grade data based on the BMP388 pressure sensor have the good, confirming to some extent the accuracy of the framework.
strongest correlation with the laser rangefinder grade data,
with values of R?>, RMSE, and slope of 0.94, 0.45%, and 1.0,
respectively, meaning that the accuracy and precision of the 3.4 Emission rates for different road grade
BMP388 results are best. The values of R>, RMSE, and slope of bins and VSP bins
the BMP180 results are 0.91, 0.45%, and 1.0, respectively,
meaning that the measurement results based on the The emission rates of pollutants for different grade bins are
BMP180 sensor are also relatively satisfactory. The regression shown in Figure 9. Generally, with an increase of road grade, the
results for the GPS-based grade data are poorest, with values of average emission rates of pollutants increase obviously. On flat
R?, RMSE, and slope of 0.11, 2.58% and 0.4, respectively. road sections and road sections with small negative grade, the
Frontiers in Environmental Science 12 frontiersin.org
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emission rates are similar. The emission rates on road sections
with positive grade are obviously higher, whereas the emission
rates on road sections with higher negative grade are obviously
lower. The emission rates for road grade of >3% can be three to
six times greater than the emission rates for road grade of <-3%.
Overall, NO, has the largest relative change in emission rate. The
changes in CO, emission rate are highly correlated with fuel
consumption rate. Because the vehicle experiences greater power
demand on positively graded roads, there is greater fuel use and
corresponding increase of CO, emissions.*Grade bin:1:
(~00, —=3%); 2: (=3%, —0.5%); 3: (~0.5%, 0.5%); 4: (0.5%, 3%);
5: (3%, +00).

A comparison of on-road measurements in different
research were conducted, and the average emission rates
based on the definition of road grade bins in this study
were calculated. Due to the differences in vehicle types
among studies, the ratios of emission rates were calculated
for different grade bins using the emission rates of flat roads
(Bin 3 in this study) as a baseline (Table 4).

As shown in Table 4, the general trend of increasing emission
rates of most pollutants with increasing road grade was consistent.
For example, the average emission rates of several pollutants for
grade bin 2 were generally 0.7-0.9 of that for flat road, and the
average emission rates for grade bin 1 were about 0.5 or less of that
for flat road. For uphill road sections, the average emission rates for
grade bin 4 were 1.2-1.8 of that of flat road, and the average emission
rates for grade bin 5 were 2 or more of that of flat road.

For NOy, the variation characteristics of emission rates in the
downhill road sections varied among studies. In this study and in
Yang’s study (2021), the average emission rates of NOy appeared
increase in downhill road sections. The reason for this may be the
different driving habits of drivers. For example, some drivers will
take active brakes on downhill road sections, resulting in variation
in engine operating conditions. Due to the delay in the adjustment
of air-fuel ratio in some vehicles, excessive air intake will lead to an
increase in NO, emissions. However, it is worth doing more
further analysis to confirm whether this is a general characteristic.

The emission rates of pollutants for different VSP bins are
shown in Figure 10. It can be seen that an increase of VSP leads to
obvious increase in the average emission rates of pollutants. The
mean emission rates of several pollutants are lowest for mode 3,
which includes idling, and they increase monotonically with VSP
mode as VSP increases. The average emission rates for negative VSP,
which includes deceleration, are higher than for idling but less than
for values of positive VSP. The use of road grade information for
estimation of emissions is not limited to the VSP-based approach
illustrated here. Road grade can be used as an explanatory variable in
other modeling frameworks.*VSP bin:1: (—co, —5); 2: (=5, 0); 3: (0,
1); 4: (1, 5); 5: (5, 10); 6: (10, 20); 7: (20, 30); 8: (30, +00).
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4 Conclusion

This study developed a framework for road grade
measurement based on an electronic atmospheric pressure
sensor. Although noise in the sensor measurements might
affect the results, this drawback can be overcome by filtering.
Additionally, the altitude calculation based on atmospheric
pressure might also affect the accuracy of results; however, the
sensitivity analysis results indicated that such impact is
limited.

Verification of the measurement results showed that grade
data calculated based on an electronic atmospheric pressure
sensor can accurately reflect reality. The emission rates of
pollutants calculated based on the derived grade data were
found to be sensitive to grade variation and VSP variation;
increases of grade and VSP led to obvious increase in average
emission rates of pollutants. The findings illustrate that
atmospheric pressure sensor data can be sufficiently reliable
and accurate for road grade measurement for on-road vehicle
emissions modeling.

Of course, this framework has the need for further research.
For example, more tests under different seasons and weather
conditions need to be conducted to verify the influence of
different factors on the applicability of the method.
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