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Abstract: One of the most important sources of air pollution, especially in urban areas, is the exhaust
emissions from passenger cars. New European emissions regulations, to minimize the gap between
manufacturer-reported emissions and those emitted on the road, require new vehicles to undergo
emission testing on public roads during the certification process. Outlined in the new regulation
are specific boundary conditions to which the route on which the vehicle is driven must comply
during a legal test. These boundary conditions, as they relate to the design and subsequent driving
of a compliant route, are discussed in detail. The practicality of designing a compliant route is
discussed in the context of developing a route on the Gold Coast in Queensland, Australia, in a
prescriptive manner. The route itself was driven 5 times and the results compared against regulation
boundary conditions.
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1. Introduction

Air pollution, which is a significant environmental hazard, leads to serious diseases and therefore
to high costs for health-care systems [1]. In 2018, the World Health Organisation (WHO) deemed
that more than 95% of people in urban areas of Europe are exposed to unsafe concentrations of NOX

or particulate matter (PM) in the ambient air [1]. To improve ambient air quality, regulations on
vehicle exhaust emissions have been progressively implemented by governments and authorities
forcing the automotive industry to improve their products in terms of hazardous emissions [2],
while simultaneously forcing the fuel market to improve the quality of fuel [3]. However, in reality,
the emissions reduction forced by emissions standards were less effective than what was expected [2].
For example, NOX emissions during an on-road emissions test have been frequently reported to be
significantly higher than the measured emissions during a standard driving cycle (e.g., New European
Driving Cycle (NEDC) and Worldwide Harmonized Light Duty Cycle (WLTC)) running on a chassis
dynamometer in an emissions laboratory [4]. Additionally, many independently tested vehicles also
exceed the emissions limits defined in the regulation for type approval tests [5–9]. Owing to the
significant difference between the measured emissions during a homologation test in a laboratory
compared to an on-road test, several national investigation programs such RDW [10] and GOV.UK [11]
were launched to investigate.

Substantive differences between the emissions emitted by light duty vehicles during a
homologation test on the NEDC and in practice on public roads has prompted the European
Commission to enact a new regulation to close the gap between emissions reported by vehicle
manufacturers and those actually emitted, especially in relation to NOX (nitrogen oxide)
emissions [12–14]. Apart from driver’s behavior and ambient conditions, this large discrepancy is a
combination of two key effects, the cycle itself not being representative of real driving [15] and the
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load applied to the vehicle (the road load—a combination of rolling and aerodynamic resistance)
not being representative of the vehicle under normal driving conditions [16–18]. The road load is
typically determined from a coast-down test under artificially favorable conditions [19,20]. Increasing
the road load and having potentially more demanding driving dynamics, compared to the NEDC
test procedure, has the effect of moving the engine residency away from the low torque region to a
higher torque region across a wider engine speed band. As vehicles have been specifically calibrated
to comply to emissions levels on a particular test, they do not always perform well under off-cycle (the
non-NEDC region of operation) conditions [21–23].

The NEDC consists of a phase representing urban driving (4 lots of the urban driving cycle ECE15)
and a phase representing extra-urban driving (EUDC) [24], the cycle is shown in Figure 1. In terms of
driving dynamics, an immediate issue with the NEDC cycle is that it is fixed on particular cruising
speeds with no velocity transients and the accelerations are smooth and gentle. Therefore, the NEDC
is not representative of real driving [15].

The WLTC, coupled to a new procedure for determining the road load and test procedure (WLTP),
was introduced by the European Commission as a regulation driving cycle to overcome some of
the limitations in the NEDC driving dynamics and test procedure [25,26]. These limitations include,
but are not limited to, the soft acceleration and unrepresentative road loads.

In contrast to the NEDC, the WLTC speed profile was designed using real vehicle speed data.
The cycle is shown in Figure 2. Diesel vehicles have been shown to be affected more than gasoline
vehicles in the move from the NEDC to WLTC, with the increase in vehicle inertia and road loads
being attributed as the key parameters for the increase, when compared to the NEDC [26].

There are also some other changes which made the WLTC more representative of real-world
driving compared to the NEDC. For example, the drive trace during the NEDC had a significant
tolerance, giving the driver the opportunity to cut corners, thereby driving less than the prescribed
distance leading to lower fuel consumption and emissions. For example, Pavlovic et al. [27] studied
the effect of driver behavior during NEDC by comparing different cycle parameters (such as speed
and distance) from a standard NEDC and from an optimized NEDC in which the drive was within the
tolerance. Results showed that the distance and average speed were 0.3 km and 0.9 km/h lower than
the standard cycle. This has been improved in WLTC by normalizing the emissions according to the
measured driven distance during the test [26,27]. Another change is through REESS (Rechargeable
Electric Energy Storage System) monitoring which is called REESS charge balance (RCB) correction in
which the CO2 emissions are required to be corrected according the amount of energy drawn from the
battery during the test cycle [28,29]. This is owing to the fact that the vehicle battery is fully charged
at the start of the test and it depletes during the cycle, which means the energy from the battery
can be drawn and consumed over the cycle possibly leading to lower CO2 emissions and better fuel
economy; however, this is not always the case in real driving conditions [28,29]. However, given time,
any laboratory test cycle comes with the risk of exploitation by vehicle manufacturers.

The solution to minimize, or even eliminate, the discrepancy between homologation testing and
real driving with respect to emissions has been to move part of the homologation requirement of new
light duty vehicles from the laboratory to the public roads. This move with light duty vehicles has
been possible owing to the introduction of light-weight accurate portable emissions measurement
technology [21,30]. Portable emissions equipment has been in use with heavy-duty vehicle regulations
for a decade [31]. Commission Regulation (EU) 2016/427 of 10 March 2016 an amendment of Regulation
(EC) 692/2008 [14,32] is arguably the biggest change to emission rules for light duty vehicles since
regulations of this sort were introduced and represents a significant challenge to vehicle manufacturers.
Studies have shown, with particular emphasis on diesel vehicles, that regulations of this sort should
reduce NOX emissions [33] and therefore improve urban air quality. Certainly, in the wake of the VW
scandal [34] stronger regulation is required to not only ensure compliance with the law but also to
ensure continuing public trust in diesel technology [13].
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Despite the obvious benefit and necessity of the move to homologate light duty vehicles on public
roads, there are some great difficulties. From a practical perspective for vehicle manufacturers, this new
regulation will substantially increase not only the calibration effort but also the emission testing and
laboratory requirements during product development. From a calibration perspective, the substantial
range of potential driving dynamics caused by differences between drivers and driving routes will
increase the workload required to have a vehicle ready for homologation testing substantially. This is
in addition to the significant effects of the environment and traffic. On the positive side of this coin, this
will effectively stop the practice of cycle-beating to meet regulation requirements and therefore mean
that manufacturers begin delivering vehicles that are more robust to a wider range of scenarios. From
an emission testing perspective (for both development and homologation testing), the effort required
to fit-out a vehicle with portable emissions equipment, travel to a suitable location for testing and
then perform the tests are non-trivial. Moreover, the risks of having failed tests (in terms of boundary
conditions from unforeseen circumstances, i.e., traffic causing an excess of urban driving) are also
significant and could result in resource wastage.

Outside of these problems, which in essence can be dealt with by the allocation of additional
personnel and resources, there is another significant issue with the practical side of the new regulation.
Not all locations are able to accommodate a driving route which meets the boundary conditions set out
in the regulation itself. There is a requirement, for example, to drive above 100 km/h for a minimum
of 5 min during the motorway portion of the test. It would not be possible to meet this boundary
condition unless there is a motorway proximal to the development site which has either a 110 km/h or
greater speed limited road (in the United Kingdom, a 70 mph speed limited road would be required).
The implication of this is that some vehicle manufacturers will not be able to easily test their vehicles
during development from their usual development location. Having to develop vehicles in new
locations will add a significant development cost to affected manufacturers, on top of the increased
cost burden that on-road testing represents.

This paper will outline some of the key route design boundary conditions set out in the latest
relevant Commission Regulation (EU) 2017/1154 of 7 June 2017 [35] and through the development
and subsequent testing of a compliant route discuss the difficulties in developing a legal driving route.
It is of note that, to date, the final RDE regulation is related to Package 4, Commission Regulation
(EU) 2018/1832 of 5 November 2018 [36], in which there is no change compared to Package 3 in terms
of boundary conditions and is mostly about in-service testing and market surveillance amendments.
Hooftman et al. [2] reviewed the four RDE packages released to date explaining their differences.

A snap-shot understanding of where something was is always valuable; but it is equally, if not
more, important to know where something is. For example, contrary to the earlier version of RDE
regulation [14], the new amendment [35] proposed that the cold start period shall meet the same
average speed requirements of the average urban driving, i.e., cold start average driving speed
(including stops) should be between 15 and 40 km/h. This could mean that if a car manufacturer is
exploiting the new rule, which allows driving on a road speed limited higher than 60 km/h at the start
of a route, care would need to be taken to ensure that operation at near 60 km/h is not for too long.
With the new amendment, the vehicle is also now not to be idle for greater than 90 s during the cold
start period [35]. This would remove the option to force idle after a near 60 km/h cruise to lower the
average vehicle speed during the cold start period.

While this study is intended to give an update of where the regulation is currently at, it should
be keep in-mind that this is only going to be up-to-date at the time it was authored and may be
superseded at the time it is being read. As such, it is recommended if you are using this work as a
guide to develop your own driving route that you investigate the latest regulation for changes which
may affect your route design.

It is envisaged that the discussion in this study could be used as a guide for the design of other
RDE driving routes. Moreover, given that many vehicles are homologated for sale in Europe outside
of Europe, including Australia, some discussion on the difficulties in meeting the driving boundary
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conditions on public roads outside of Europe is important. Appreciating here that the difficulties
in this respect will vary between non-European, and even European, countries. Furthermore, for a
complete picture, a discussion on the driving dynamics from multiple trips on the developed route
will be given.

Figure 1. New European Driving Cycle (NEDC).

Figure 2. World-wide harmonized light duty cycle (WLTC) Class 3 Version 5.
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2. Selection of a Driving Route

2.1. Regulation

There are very specific rules about the route a vehicle is driven on during a homologation test.
Table 1 shows the trip requirements of a valid RDE test according to the current regulation [36].
For example, it can be seen that the maximum cumulative positive altitude gain is 1200 m/100 km
over the urban portion of the trip, in addition to the entire trip.

Table 1. Trip requirements for a valid RDE test.

Total Trip Duration 90–120 min
Cumulative Positive Elevation Gain (Urban and Total Trip <1200 m/100 km
Start/End Test Elevation Difference ≤100 m
Driving portion Urban Rural Motorway

speed ≤ 60 km/h 60 < speed ≥ 90 km/h speed > 90 km/h
Average speed 15 < speed < 40 km/h - -
Distance share 29–44% 23–43% 23–43%
Minimum distance 16 km 16 km 16 km
Individual stop ≤300 s - -
Total stop time 6–30% of urban time - -
Speed > 100 km/h - - ≥5 min
Speed > 145 km/h - - <3% of motorway time

To have a valid drive the route should be designed such that the vehicle speed distribution is
29–44% urban driving, 23–43% rural driving and 23–43% motorway driving, by both topographical
map and instantaneous speed, as shown in Table 1. Urban driving is classified as driving at 60 km/h
or less, rural driving is driving between 60 and 90 km/h and motorway driving is driving above
90 km/h. In the case of the topographical map distribution, this is done using the speed limit for each
road. It should be noted that it is not acceptable to simply drive at less than the speed limit for route
design convenience, i.e., all urban driving must be done on roads with speed limits of 60 km/h or
less and if there is a section of road during the urban driving in which the speed limit is higher than
60 km/h, the vehicle speed shall be operated up to 60 km/h [35]. Rural and motorway sections may
contain roads with speed limits less than their classification—i.e., the rural section may be interrupted
by some short periods of urban operation and the motorway section may be interrupted by some short
periods of rural or urban operation [35]. The current regulation [35,36], states that in order to have a
valid drive, the route must be designed such that by topographical map, the urban section is driven
first followed by the rural and then the motorway sections. Given the cold start requirement, requiring
a significant soak period, this is clearly problematic for locations not immediately attached to a road
with a speed limit of 60 km/h or less.

There are other limiting rules associated with the design of a homologation route. The most
limiting of these is that the vehicle must be driven above 100 km/h, as measured by the GPS, for at
least 5 min. Also, detailed in the regulation is that the vehicle must adequately demonstrate driving
between 90 and 110 km/h. Given that the displayed vehicle speed is greater than the vehicles true
vehicle speed, see Figure 3, to be driving above 100 km/h, without asking the driver to exceed the
speed limit, the vehicle must be driven on a road with a speed limit above 100 km/h—the maximum
difference between the nominal and actual vehicle speeds shown in Figure 3 is 4.7 km/h and occurs
at the fastest point, 110 km/h. This means that the route must contain a significant portion of the
motorway section on a 110 km/h (or greater) speed limited road. In Australia, excluding some very
remote locations, 110 km/h is the maximum speed limit which would be encountered on a speed
limited road and for many locations there will not be a 110 km/h motorway proximal, this is similar
for many European member states. In the United Kingdom, the maximum speed limit on a speed
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limited road is 70 mph (112 km/h). Therefore, to design a homologation route that meets the regulation
criteria, the first step is to ensure that there is an accessible 110 km/h (or greater) motorway.

Figure 3. Actual vehicle speed, as measured by a GPS device, against the displayed nominal vehicle
speed of a 2016 2.5 ` Toyota Camry.

If it can be established that there exists an appropriate motorway section, the first step in designing
a successful route is to find an appropriate rural section. For most countries engaging in on-road
testing which meets the regulatory requirements, this means finding roads which are speed limited
as 70, 80 or 90 km/h. However, in countries where the speed limits are in mph, such as the United
Kingdom, to ensure success, the rural section needs to essentially be restricted to 50 mph roads—here,
technically a 40 mph road meets the criteria, but this is only slightly above true 60 km/h and comes
with a risk of obtaining too much instantaneous urban driving and hence a failed drive. The minimum
distance for each of the urban, rural, and motorway sections are to be 16 km. However, the regulation
is not specific about whether this minimum distance is by topographical map only or whether this
minimum also needs to be met by the instantaneous speed. Moreover, the trip itself must take at
least 90 min, but no more than 120 min. Anecdotally, if a route has a rural section of approximately
25 km by topographical map, it is likely to meet the time boundary condition and is unlikely to have
instantaneous distances traveled less than 16 km in any of the sections. However, finding 25 km of
continuous rural driving, without entering any road with a limit of 100 km/h or above, and limiting
driving on roads with a speed limit of 60 km/h or less is not trivial. Especially when coupled to
the requirement that this section will need to attach to the urban section of the start location and
end at a suitable motorway. Please note that the rural section can, and often will need to, loop back
upon itself (i.e., repeat roads) and therefore continuous rural driving here should not be taken to only
mean a single 25 km stretch of rural road. It is also strongly recommended to avoid designing a rural
section through urban areas, traffic and traffic lights will cause significant driving below 60 km/h and
therefore come with a risk of exceeding the maximum of 44% instantaneous urban driving.

Assuming that the start location has a direct entry point into an urban area, there is an appropriate
motorway and it was possible to find sufficient continuous rural driving, the remainder of the route
design is reasonably trivial. The route should be designed in such a way as to protect against changes
in future regulations, which have in the past switched between the end distribution being met by either
or both of the topographical map or the instantaneous speed. This is achieved by designing the route
to have the minimum urban distribution (29–31%) and the maximum motorway distribution (41–43%)
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by topographical map. Given that the motorway distance is difficult to alter, it is easiest, once a rural
section has been mapped, to determine the motorway section next. An approximate urban distance
can then easily be determined:

u ≈ 0.3
0.7

(r + m) (1)

where u is the urban distance, r is the rural distance and m is the motorway distance, all by
topographical map. Equation (1) assumes an urban topographical map share of 30%.

There are two related requirements that need consideration during the design of the urban section.
Firstly, the average urban driving speed should be between 15 and 40 km/h. The low maximum
upper-limit here is potentially problematic—it is possible to have a complete drive with an average
urban speed above 40 km/h if the designed urban section is in some local streets with no traffic.
Secondly, stop periods should account for 6–30% of the time duration of urban operation. A stop
period is defined as when the vehicle speed is less than 1 km/h. Average stop periods in normal
driving account for 8% ± 3% [21] and therefore represent a risk if it is not considered in the route
design as it can become less than 6% and invalidate the drive. Additionally, the trip should contain
several stop periods greater than 10 s. It is important to ensure that the urban section contains many
opportunities for the vehicle to stop. This not only creates stop periods, but also acts to reduce the
average urban driving speed.

Clear is that the regulation is aiming to mimic urban driving in a dense area. However, driving in
a dense area can be problematic as the traffic may be too unpredictable, causing drives that exceed the
maximum time, and dense urban areas are unlikely to have free-flowing rural roads adjacent to them,
which could cause excessive urban operation during the rural section, thereby exceeding the maximum
instantaneous urban driving share. A solution is to avoid using overly dense areas and rather instruct
the driver to naturally pause the vehicle during the drive itself (for example at right-hand turns or
intersections). While this may be counter to the intention of the regulation, it is not forbidden by it and
therefore could be considered a sensible approach to designing a route. The regulation does, however,
explicitly forbid using a single excessively long stop period (300 consecutive seconds).

Although not in the regulation, another consideration during the design of a route is the avoidance
of speed bumps. In some cases, speed bumps have the potential to disturb the emission equipment
and the potential to damage the connection to the exhaust pipe. Therefore, it is prudent to avoid them
where possible; in some areas, this can be very problematic or impossible and care by the driver would
need to be taken.

2.2. Test Route

For practical reasons, the test route designed in this study will have the start and end location
at an Australian university—this will allow future use of the route by the authors for studies with
emission equipment. Identified as a suitable location was Griffith University on the Gold Coast.
Griffith University is located adjacent to a motorway (Smith St Motorway, which also attaches to
a 110 km/h motorway, the Pacific Motorway) and an urban section (the suburbs of Parkwood and
Arundel). Moreover, there are two potential rural driving sections connecting the suburbs back to the
main motorway, the Pacific Motorway.

As discussed in Section 2.1, when designing a test route, once it has been established that a
suitable motorway exists, it is generally advisable to identify the rural section. Initially a rural section
was identified that began on Brisbane Rd, Arundel, then traveled along Olsen Ave through Labrador
then continued through Ashmore, the rural section then continued south through Carrara and Robina
ultimately ending at the Pacific Motorway. This potential section was abandoned owing to concerns
related to traffic, the risk was too great that if any substantial traffic was encountered that too much
driving would occur sub-60 km/h and produce a fail drive. Owing to the difficulty that can occur
finding a suitable rural route, the temptation to use more urban-style roads with higher speed limits
should be limited where possible. Traffic, traffic lights and roundabouts cause driving below 60 km/h.
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They can also cause driving behavior which would be classified as aggressive—which may become
problematic when analyzing the emissions data, there are boundary conditions associated with driving
style (a discussion on those is outside of the scope of this paper). It was identified that a more suitable
rural section existed by initially going inland. Again, starting at Brisbane Rd in Arundel, the rural
section travels west toward the Pacific Motorway and Helensvale. Continuing west on Brisbane Rd
to Binstead Way into Maudsland, to travel south on Maudsland Rd into Mount Nathan on Mount
Nathan Rd then Beaudesert Nerang Rd to eventually end the rural section at the Pacific Motorway at
Nerang. This road had only limited driving in an urban area and very few roundabouts and traffic
lights. The rural section is continuous rural driving for 25.1 km/h by topographical map and is shown
in Figure 4. In this case, a single stretch of rural driving has been used as it was possible to do so (this
was part of the motivation to perform this study in this area); however, it would have also have been
possible to use just a segment of this and drive the rural portion in a loop.

Figure 4. Rural section of the driving route.

If we assume that the urban section should also be approximately 25 km and that the motorway
section should compromise of approximately 42% of the total distance by topographical map,
to maximize motorway driving, then an estimate of the distance the motorway by topographical
map should be is easily determined as:

m =
0.42
0.58

(u + r) ≈ 36.3 km

This is achieved by first traveling south on the Pacific Motorway to the Pappas Way exit in North
Nerang, turning around to travel north on the Pacific Motorway to the Dreamworld exit at Coomera,
traveling onto Foxwell Rd (an urban speed limited road) to reconnect with the Pacific Motorway
heading south again to eventually travel on the Smith St Motorway, which returns to the start location
of Griffith University. This motorway section is ideal because the Pacific Motorway component is
predominately speed limited as 110 km/h (ensuring at least 5 min of driving above 100 km/h) and the
Smith St Motorway is 100 km/h speed limited (also ensuring that when driven, the route will allow a
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range of driving between 90 and 110 km/h to be demonstrated). The motorway section is 37.1 km
long and is shown in Figure 5.

Figure 5. Motorway section of the driving route.

The target urban distance can now be calculated using Equation (1)—here the target urban
distance is 26.6 km. Urban driving is achieved by looping through Parkwood and Arundel, suburbs
adjacent to each other, Griffith University and the start of the rural section. Care was taken to ensure
that there were many opportunities to stop the vehicle in natural driving, i.e., intersections and
right-hand turns. The target distance was achieved, and the urban section is 26.6 km long, the streets
the route is on are shown in Figure 6.

This route is a total of 88.8 km long and is estimated to take 1 h and 52 min (by Google Maps) to
complete. By topographical map, the route comprises approximately 30.0%, 28.3% and 41.8% of urban,
rural, and motorway driving, respectively.

Given that urban and motorway driving, by topographical map, have been minimized and
maximized, respectively, it can be assumed that the route is likely to also meet the instantaneous
distribution requirements. The route also meets all the criteria discussed in Section 2.1. Additionally,
the test area is relatively flat, estimates using Google Maps indicate that the total positive change in
elevation should be approximately 500 m/100 km across the route. Therefore, this route meets all the
design criteria given in the latest regulation [36].
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Figure 6. Urban section of the driving route.

3. Experimental Setup

Keeping in line with the regulation requirement that says that the vehicle speed must be collected
from GPS, rather than the vehicle, the data collection in this work was done using GPS. A GlobalSat
G-STAR IV GPS Receiver was used with a Raspberry Pi device to log the data. The calculation
requirements for reporting after a homologation test are done with 1 Hz data; therefore, the data for
this study were logged at 1 Hz.

An automatic car was also selected in an attempt to minimize the effects of individual driving
style on the output data. Although clearly the end dynamics are very driver dependent and can vary
significantly between drivers. Moreover, differences in pedal maps, gearing, and vehicle power will
also significantly influence the driving dynamics. It is assumed, however, that most people’s ‘normal’
driving will have a lot of similarities and certainly differences in rural and motorway driving, where
there is a comparatively greater cruising proportion, compared to urban driving, are not likely to vary
significantly. The more significant variability in driving dynamics, and therefore emissions, will occur
in the urban section—a key area the regulation aims to reduce emissions in.

The vehicle used in this study was a 2016 Toyota Camry hybrid with a 131 kW 2.5 ` petrol
in-line 4 cylinder DOHC 16-valve engine plus electric motor and a continuously variable transmission,
this vehicle is assumed to be representative of a typical new mid-sized vehicle which uses modern
technology. The drives occurred during business hours. Five drives of the route were completed.

4. Results

To aid later data analysis, it is good practice to ensure there is some idle data (having the vehicle
stationary for a couple of seconds) between the urban and rural, and the rural and motorway sections.
This allows for a convenient data driven method of splitting the data into discrete sections. From a
data perspective, the start of the rural section can be found by finding the first instance the vehicle
travels at a speed greater than 60 km/h and tracing back to the previous time the vehicle was idle.
The start of the motorway section is found in the same manner, but by determining the first instance
that vehicle had a speed greater than 90 km/h and tracing back to the previous time the vehicle was
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idle. Doing this not only allows for more in-depth analysis, particularly when emission information
is also being recorded, with respect to vehicle calibration and after-treatment system performance,
but also allows for route validation against the regulation requirements. As driven, and determined
by the GPS vehicle speed data, the route sections were 26.8 km, 25.1 km and 36.7 km of urban, rural,
and motorway driving by map, respectively. This equated to, 30.25%, 28.33% and 41.42% urban,
rural, and motorway driving by map, which was not dissimilar to that determined during the route
design phase.

While the map distribution will stay static from drive-to-drive, the instantaneous distribution
will always be different. Across the 5 drives, the instantaneous urban distribution varied from 37.46%
to 44.76%. Only 1 drive had greater than 44% urban driving, the motorway section of this drive
occurred during the beginnings of peak hour traffic, in the afternoon, and caused significant driving
below 60 km/h—this drive occurred during normal business hours and was therefore a valid time
to test the vehicle. Another drive had 43.12% instantaneous urban driving, the additional urban
driving on this trip occurred during the rural section where a significant portion of the drive was
hindered by another vehicle traveling below 60 km/h. The other 3 drives passed the maximum 44%
requirement comfortably. All the rural and motorway instantaneous proportions were comfortably
within the regulation requirements with the rural instantaneous share ranging between 27.81% and
31.00% and the motorway instantaneous share ranging between 27.77% and 33.89%. Based on this it
can be assumed that the route design is robust to driving under normal conditions.

The average instantaneous urban vehicle speed ranged from 28.91 to 32.53 km/h and the average
urban section vehicle speed ranged from 28.97 to 32.50 km/h. In direct relation to the average urban
vehicle speed is the idle share. Across the 5 drives the instantaneous idle share ranged between 9.7%
and 17.8% and the urban section idle share ranged between 8.0% and 14.9%. Drives with higher
average urban vehicle speeds had lower idle shares and vis versa. On this route there were no issues
reaching the minimum 5 min above 100 km/h and owing to time on a 100 km/h motorway there was
significant driving between 90 km/h and 110 km/h.

5. Vehicle Dynamics

An interesting artefact of driving to meet the regulation requirements is the avoidance of the
boundary vehicle speeds, 60 km/h and 90 km/h. During urban driving care is taken to not exceed
60 km/h and hence change the classification of the section to rural, and similarly during the rural
portion of the drive care is taken to drive above 60 km/h to not build instantaneous urban driving
and potentially produce a failed drive, such as Drive 2. Similarly, during the motorway section care is
usually taken to keep the vehicle above 90 km/h and especially above 60 km/h. Figures 7 and 8 show
the vehicle speed residency for all 5 drives binned into vehicle speeds ranging from 0 to 115 km/h
in 5 km/h increments for both the time residency and the distance traveled. Clearly seen is a dip in
residency around 60 km/h and 90 km/h.

Drive 2, shows the highest residency in the 55–60 km/h bin of all the drives, and Drive 4, showed
the second highest residency in that bin. Given the narrower driving range, effectively only speed
limits of 100 and 110 km/h, the motorway bins have a greater residency with respect to distance than
the others. Owing to the increased instantaneous urban driving on Drive 2, the motorway speed
residencies are the lowest for this drive. A similar effect for the higher rural speeds is evident for
Drive 4. Given that the distances covered in the 3 sections are roughly equal, with respect to time the
motorway bins do not have as high a residency as the lower speed bins, particularly those of the urban
section. Likewise, the high time residency in the 0–5 km/h bin, Figure 7, is not represented in the
distance traveled plot, Figure 8.

Barlow et al. [37], show several metrics for the evaluation of drive cycles. Selected for evaluation
of the data here are a subset of those: number of stops per km, average stop duration, average distance
between stops, proportions of time accelerating, cruising, decelerating, and idling, relative positive
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acceleration (RPA) and relative cubic speed (RCS). In the calculations, the vehicle will be considered
idle when the vehicle speed is less than 1 km/h and acceleration will be calculated as follows:

ai =
vi+1 − vi−1

2 · 3.6

where i is the ith time step and is contained between 2 and N− 1, where N represents the total number
of samples, noting that the sample rate is 1 Hz and a0 = aN = 0. The RPA is calculated as [37,38]:

RPA =
1

distance

N

∑
i=1

{
aivi
3.6 ai > 0

0 ai ≤ 0

where distance is the total distance traveled in meters, and the RCS is calculated as [37]:

RCS =
1

distance

N

∑
i=1

( vi
3.6

)3

Figure 9 shows the average number of stops per kilometer during the urban, rural, and motorway
phases of the drive, by topographical map, and the total average number of stops per kilometer across
the whole drive. The number of stops is fairly consistent across the drive attempts and shows that it is
likely that on a given route the number of stops is somewhat predictable. What is interesting, however,
is the huge difference between the drive attempts and the repeat of the urban section when driven
normally. The urban portion of the route only has traffic lights during the first kilometer, thereafter all
the stops are a consequence of traffic. A similar story is evident in Figure 10. Figure 10 is showing the
average distance between stops, here there is also evidence of less traffic in Drive 3.

Figure 11 shows the average stop time (average idle time, where the vehicle speed is less than
1 km/h). The average stop period in the rural section was influenced by traffic lights, aside from
Drive 1 the average stop period was fairly consistent in the rural section. The average stop period for
the motorway section is a function of both traffic lights and traffic–the traffic lights in the motorway
section were on the roads used to change from traveling north to south on the Pacific Motorway, rather
than on the motorway itself. Drive 2 had significant average stop time because of traffic.

The proportion of time spent accelerating, decelerating, cruising, and idling are calculated using
an acceleration threshold of 0.1 m/s2.

prop_acc =
1
N

N

∑
i=1

{
1 ai > 0.1 & vi ≥ 1

0 otherwise

prop_cruise =
1
N

N

∑
i=1

{
1 |ai| < 0.1 & vi ≥ 1

0 otherwise

prop_dec =
1
N

N

∑
i=1

{
1 ai < −0.1 & vi ≥ 1

0 otherwise

prop_idle =
1
N

N

∑
i=1

{
1 vi < 1

0 otherwise

The proportion of time cruising in the urban period ranged from 21.0% to 25.5%. Time
spent accelerating during a road cycle has been shown to be positively correlated with increased
emissions [39]. Across the tests there were 31–40 idle events. Each idle event, must be followed by a
low-speed acceleration event. Therefore, it can be inferred that the number of idle events will likely
have an impact on overall emissions. Moreover, drives with less idle events have less opportunity for
the exhaust to cool down and therefore challenge the after-treatment systems less. After-treatment
systems operate optimally within a specific temperature range [40]. Therefore, it could be concluded



Energies 2019, 12, 2306 13 of 19

that there is significant advantage in ensuring a route has the least opportunity for idle events as the
regulation allows. Figure 12 show the proportion of time accelerating, decelerating, cruising, and
idling during the urban section of the route.

The RPA has been shown to be an effective means of cycle comparison as it can be interpreted as
the specific acceleration work of the trip [39,41]. Over the urban section of this route, the RPA ranged
between 0.1627 and 0.1896 m/s2. The narrow range is suggestive that the driving style across this
section of the route did not differ significantly from drive-to-drive.

Related to the power demand, the RCS is a potentially interesting parameter to investigate when
assessing the dynamics of a drive. As the resistive force on a vehicle from the aerodynamic drag
is velocity dependent, the RCS has the potential as a parameter to allow a comparison between
drive cycles based on aerodynamic force. Across the urban portion, the RCS ranged from 116.36 to
124.63 m2/s2. To evaluate the dynamics of the drive, it is also interesting to restrict the calculation to
positive acceleration, relative positive cubic speed (RPCS).

RPCS =
1

distance

N

∑
i=1

{( vi
3.6
)3 ai > 0

0 ai ≤ 0

The RPCS across the urban section ranged from 59.09 to 67.44 m2/s2, also indicative that the
driving style did not vary substantially.

Figure 7. Vehicle speed residency across each drive with respect to time.
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Figure 8. Vehicle speed residency across each drive with respect to distance traveled.

Figure 9. Average number of stops per kilometer for each section of the drive, by topographical map.
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Figure 10. Average distance between stops for each section of the drive, by topographical map.

Figure 11. Average stop time for each section of the drive, by topographical map.



Energies 2019, 12, 2306 16 of 19

Figure 12. Proportion of time accelerating, cruising, decelerating, and idling during the urban section
of the route for each drive.

6. Conclusions

This paper has discussed the route design requirements of Commission Regulation (EU) 2018/1832
of 5 November 2018 [36] including the difficulties and limitations associated with designing a route
to the meet the outlined boundary conditions. It has been shown that the 2 most difficult portions
of the route to meet, in the design phase, are the requirement to show driving above 100 km/h for
at least 5 min (requiring a motorway section speed limited at 110 km/h or greater) and locating a
sufficiently long enough rural section. A methodology to design a compliant route was introduced and
detailed in this paper using the development of a route on the Gold Coast in Queensland, Australia as
a case study.

The designed route was driven 5 times to allow comparison between drives. The following
was observed:

• It is possible to design a route that meets both instantaneous and topographical map section shares
• Shown was that traffic during the rural or motorway sections can significantly increase the

instantaneous share of urban driving
• Over the urban section, a significant difference in average urban driving speed, idle share,

average distance between stops, number of stops and average stopping time between the 5 drives
was observed

• The use of established driving dynamic metrics, RPA and RPCS, showed that the style in which the
vehicle was operated did not change significantly between drives, including the more naturally
driven urban only drive.
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