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Abstract

Start-stop systems are expected to gain prominence in US market in the next few years [1-2]. The extent of
benefits of this technology is well demonstrated on standard test cycles, but the estimates on real world
benefits have been largely inconclusive. Real world driving in US has longer idling time than the regulatory
test cycles, hence it is widely believed that this technology will offer better fuel savings in real world driv -
ing conditions than on regulatory testing [3]. Wishart et.al [4] showed consistent fuel savings due to start-
stop systems in regulatory cycles from US and Europe, however the real world tests were termed inconclu-
sive in their report. Drive behavior, route selection were factors that prevented a conclusive real world ben -
efit estimation. This study uses vehicle simulation to eliminate those uncertainties, and quantify the fuel
saving potential of the engine start-stop system in a mid-size passenger car. Real world cycles recorded
from multiple locations in US are used to represent the driving conditions.
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1 Introduction

Real world driving offers a variety of challenges and opportunities to demonstrate the benefits of a vehicle
technology. Fuel economy benefits from engine start-stop technology will vary depending on the factors
such as driver behavior, idle time, distance, traffic conditions, ambient temperature, cabin cooling
requirements etc. This study estimates the maximum benefit that can be expected from an engine start-stop
system, while assuming no change in driver behavior or driving patterns. Cabin cooling is assumed to be
turned be off, and the vehicle controller can turn off the engine whenever the desired speed demand is zero.

1.1 Approach

Vehicle system simulation will be used to quantify the impact of start-stop system across multiple
technology implementations. Three midsize vehicle models were built in Autonomie [5] using the same
component models to compare their relative fuel saving potential. The vehicles are identical except for the
battery and electric machine specifications.

1. The conventional vehicle has an alternator to keep the 12V battery charged and the engine idles
when the vehicle is not moving. This vehicle is considered as the baseline.

2. The micro-hybrid uses the same engine and other components as the conventional vehicle, but it
turns the engine off when vehicle comes to a stop, and restarts the engine when the driver releases
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the brake pedal. This vehicle uses the regular starter to restart the engine. There is no regenerative
braking in this vehicle.

3. The third vehicle is a Belted Integrator Starter Generator (BISG) with a 7kW motor and li-ion bat -
tery pack. This vehicle can do regenerative braking and assist, but the smaller motor limits the hy -
brid operation.

4. The fourth vehicle is Crank Integrator Starter Generator (CISG) with a 15kW motor and li-ion bat -
tery pack.

These vehicles will help quantify the improvements due to idle reduction, regenerative braking and launch
assist for engine.

1.2 Vehicle models

The default vehicle and component models in Autonomie are validated against test data recorded at
Argonne National Laboratory [6]. The various implementation of start stop technologies were modelled and
simulated on UDDS cycle. The observed benefits vary based on motor power and battery size. Micro
hybrids demonstrated a 4% improvement, BISG provided close to 7% improvement and the CISG system
with a larger battery and motor provided 9% reduction in fuel consumption. This is close to the
improvements observed during actual vehicle tests on UDDS cycle.
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Figure 1. Test data showing the benefit of start stop systems on UDDS cycle

1.3 Drive cycles

The real world cycles for this study were obtained from the Transportation Secure Data Centre (TSDC) [7].
Over 8000 daily cycles were recorded from 6 different locations. This data is from various transportation
studies in cities and suburbs, it may not reflect the driving distance across United States. Some of the
important drive cycle properties from these cycles are shown in Figure 2. The parameters that are most
interesting for this study are driving distance and idle time in the real world cycles.
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Figure 2. Driving distance has a good correlation to many other drive cycle properties.

National Household Travel Survey (NHTS) provides an insight on the driving behaviour of people in this
country [8]. By sampling the TSDC data to match the driving distances observed in NHTS, we can get a
fair representation of the national driving behaviour [9]. The red line in figure 3 shows the fraction of

cycles that fall under the driving distance shown as x axis.
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Figure 3. Sample sets that conform to the NHTS drive pattern are taken from the pool of real world driving cycles

Simulating the four different vehicles on thousands of real world driving cycles yield the real world fuel
consumption estimates for these vehicles. The benefits attributable to start-stop technology can then be

derived by analysing the results
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2 Simulation Process

All vehicles were simulated in all cycles as the first step. This is a time consuming step, but once this large
database is built, it enables the result analysis with respect to various drive characteristics.

Each sample taken from the pool of real world cycle results represent 1000 cycles with driving distances
following the same distribution as the NHTS driving distance profile, as shown in figure 3. While the real
world cycles ensure that the actual driver behaviour is considered, the sampling to match the driving
distance distribution from NHTS ensures that the national driving pattern is factored in.

For each of these samples the fuel consumption obtained for the four vehicles can be computed. To
consider variation between samples, 100 such samples were taken. For each sample the weighted fuel
consumption is computed from the total distance and fuel consumed by all those sampled cycles. The fuel
economy observed on individual cycles as well as the weighted fuel economy for the samples is shown in
Figure 4.
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Figure 4. Distribution of fuel economy values for four vehicles over 100 sample sets

3 Results

The mean value of the fuel economy observed from these samples is taken as the representative fuel
consumption for each type of vehicle. Conventional vehicle is taken as the baseline and the improvements
observed in all vehicles are computed as a percentage of the baseline fuel consumption. In figure 5, it can
be seen that the increase in the degree of hybridization leads to greater reductions in real world fuel
consumption. This is expected, as the larger motor and battery allows for more regenerative braking, and
use of that energy to reduce the load on the engine. The improvement seen for micro hybrids is entirely
attributable to the idle reduction by the start-stop system. From the 100 samples taken for each vehicle, the
minimum and maximum values observed are used form the error bar around the mean value of fuel
consumption reduction. It is not surprising that the improvements observed are not as high as what was
seen from UDDS cycle (4%-9%). Real world cycles contain highway driving too, where little improvement
should be expected from a start stop system.
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Figure 5. Fuel consumption reduction observed in real world cycles due to micro/mild hybrid technologies on a
generic midsize passenger car

3.1 Comparing real world benefits against 2 cycle procedure

The regulatory testing in US involves both city and highway cycles and then adjusted with correction
factors to reflect the real world fuel economy. The simulation results show that the fuel consumption
reduction due to start stop system observed in the 2 cycle procedure exceeds the benefits observed in real
world driving. This comparison is shown in Figure 6.
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Figure 6. Real world benefits compared against the improvements observed in regulatory cycles.

The combined adjusted values are calculated by simulating the fuel consumption observed in UDDS and
HWFET cycle and then weighing those values based on the EPA's 2 cycle procedure. Both 55-45 weighting
and the 47-53 weighting are considered in this case. Unadjusted values show lightly larger improvements
than the adjusted values.

The red error bars on the real world fuel consumption reduction estimate show the variation that is ob-
served between multiple samples. The blue bar on top of the improvement observed on combined 2 cycle
estimates are the additional off-cycle credits offered for the start-stop systems. Based on this sample of real
world cycles and for this particular type of vehicle, it is observed that the real world benefits are lower than
the ones for the standard driving cycle.
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In order to fully understand the results, it is necessary to look at various types of real world driving. In the
following sections, we look at real world cycles that are sampled based on specific characteristics which af-
fect the operation of the start-stop systems.

3.2 Impact of driving distance

The real world fuel savings on shorter drive cycles (<10 miles) was analyzed for measuring the impact on
city driving. Shorter cycles are more likely to be from city driving, based on the stops per mile, idling time,
average speed, and other characteristics. This is seen from the cycle characteristics shown in Figure 2.

When cycles under 10 miles are considered, we see that the real world benefits match closely with the im-
provements observed in UDDS cycle. If a vehicle is mostly driven in urban conditions, then the benefits

observed due to start-stop systems will be greater that the improvement observed in the combined 2 cycle
procedure.
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Figure 7. Driving distance has a good correlation to many other drive cycle properties.

The red textured region shown in Figure 7 shows the potential additional benefits of start-stop vehicles
when driven on short trips.

As distance increases, the overall fuel consumed increase, and the fuel saved by avoiding idling will be-
come a smaller percentage of the overall fuel consumption. Statistically significant parameters of the drive
cycles are known to have clear trends with respect to driving distance based on previous work [10]. For
this particular technology it would be relevant to specifically verify the impact of idle time on fuel con-
sumption reduction.

3.3 Impact of Idle time

The percentage of idle time in a cycle is a good indicator whether the cycle is from urban or rural area. It
will also indicate the usefulness of start-stop systems for that cycle. Idle time is expressed as a percentage
of the total driving time, for various standard drive cycles in Figure 8. It also shows the cumulative fraction
of idle percentage in the real world cycles considered for this study. Highway cycle has almost no idling
time and UDDS cycle has close to 19% idle time. All standard cycles from US falls between these two
cycle in terms of idle percentage. Almost 80% of the real world driving cycles from US too is within this
range. Real world driving in US has a little over 12% idle time. This is computed by considering the total
idle time against the total driving time recorded in the real world data sets. It should be kept in mind that
long distance drives over interstates can significantly impact the overall idle percentage.
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Figure 8. Idle-time of various standard cycles compared against that of real world driving data

The figure 9 shows the variation in fuel consumption reduction when drive cycle samples are chosen based
on the overall idle percentage. Drive cycles that have longer idle times demonstrate significant fuel con-

sumption reduction. However those cycles with very long idle percentages tend to be shorter, hence the
quantity of fuel consumed is small.
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Figure 9. Fuel consumption reduction plotted against the percentage idle time for various start-stop technology
implementations.

With these parametric sweeps, it is shown that start-stop systems are capable of fuel savings in drive cycles
that have more idle time.

3.4 Comparing idle time percentages from other sources

EPA estimates 13.7% idle time in the fuel economy prediction tool named MOVES [11]. The combined two
cycle procedure has 10.7% of idle time. For both these estimates, EPA assumes that the start-stop systems
will be effective for only 67.3% of the time. Many vehicles will avoid start-stop functionality if engine is
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not completely warmed up, or if air conditioner or heating loads are above certain threshold levels. Some
drivers might even manually disable the start-stop systems.

Data provided by Mercedes Benz to EPA for off-cycle credits shows close to 23% idle time for the vehicles
that were recorded under that program [12]. However that data shows 52% usage for the start-stop system.
The annual distance travelled by the vehicles in that dataset was about 30% lower than the typical distance
driven by vehicles in US, which might suggest that it had more city driving than the NHTS driving. This
comparison is shown in Table 1.

Tablel: Various estimates for the fraction of time spent during idling in real world driving

Idle % estimates Idle % Usage % Total (%)
EPA 2 cycle 10.7 67.3 7.2
EPA MOVES 13.7 67.3 9.2
Mercedes Benz 22.7 52 11.8
RWDC weighted average 12.1 100 12.1

In this study it is assumed that the start-stop systems can be effective at all times. Although the real world
driving has higher idle time than the standard test cycles, a lower percentage reduction in fuel consumption
is observed.

4 Conclusions

This study estimates the maximum fuel consumption benefits of idle reduction technologies in a midsize
sedan, when simulated over drive cycles recorded from various parts of US. While there is no doubt that
quantify of fuel saved by a start-stop system could increase as idle time increases, the percentage reduction
is computed by considering the total fuel consumed during the drive. Fuel consumption is determined by a
lot more factors than just driving time or idle time. The parametric sweeps of fuel consumption reduction
against idle time and driving distance gives a good estimate of the real world fuel saving potential of start-
stop systems.

A generic process is developed to estimate the real world energy impact of advanced technologies on a
wide range of real world driving cycles. It is shown that the results are consistent across large number of
drive-cycle samples. Real-world distribution for driving distances is considered to reflect the US driving
behaviour. Based on this analysis, the real-world benefits of start-stop systems may actually be lower than
the observed benefits on the regulatory drive cycles.

5 Acknowledgments

This work was supported by the U.S. Department of Energy’s Vehicle Technologies Office. The submitted
manuscript has been created by UChicago Argonne, LLC, Operator of Argonne National Laboratory
(“Argonne”). Argonne, a U.S. Department of Energy Office of Science laboratory, is operated under
Contract No. DE-AC02-06CH11357. The U.S. Government retains for itself, and others acting on its
behalf, a paid-up nonexclusive, irrevocable worldwide license in said article to reproduce, prepare
derivative works, distribute copies to the public, and perform publicly and display publicly, by or on behalf
of the Government.

6 References

1. https://media.ford.com/content/fordmedia/fna/us/en/news/2016/01/21/ford-gas-saving-auto-start-

stop-technology-to-be-standard-across.html
2. http://gmauthority.com/blog/2016/05/general-motors-to-use-engine-stop-start-technology-on-

nearly-all-of-its-vehicles-by-2020/

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium - Abstract 8


https://media.ford.com/content/fordmedia/fna/us/en/news/2016/01/21/ford-gas-saving-auto-start-stop-technology-to-be-standard-across.html
https://media.ford.com/content/fordmedia/fna/us/en/news/2016/01/21/ford-gas-saving-auto-start-stop-technology-to-be-standard-across.html

3. https://www.federalregister.gov/documents/2016/09/02/2016-21217/alternative-method-for-calcu-
lating-off-cycle-credits-under-the-light-duty-vehicle-greenhouse-gas accessed on Nov 2016

4. Wishart, J., Shirk, M., Gray, T., and Fengler, N., "Quantifying the Effects of Idle-Stop Systems on

Fuel Economy in Light-Duty Passenger Vehicles," SAE Technical Paper 2012-01-0719, 2012,

doi:10.4271/2012-01-0719.

Autonomie : www.autonomie.net accessed on March, 2015

A.Rousseau,et.al. “Autonomie Vehicle Validation Summary — NHTSA”

7. National Household Travel Survey,2009. http://nhts.ornl.gov/download.shtml accessed on June
2015

8. '"Transportation Secure Data Center." (2015). National Renewable Energy Laboratory. Accessed
January 15, 2015: www.nrel.gov/tsdc.National Household Travel Survey

9. N.Shidore,E.Islam, et.al.," A Large Scale Simulation Process to evaluate Powertrain Technology
Targets with Real World Driving", EVS29, June 2016

10. Lee, T. and Filipi, Z., "Real-World Driving Pattern Recognition for Adaptive HEV Supervisory
Control: Based on Representative Driving Cycles in Midwestern US," SAE Technical Paper 2012-
01-1020, 2012, doi:10.4271/2012-01-1020

11. EPA MOVES, https://www.epa.gov/moves accessed on Nov 2015

12. EPA Decision Document: Mercedes-Benz Off-cycle Credits for MY's 2012-2016, from
https://www.epa.gov/nscep accessed on Aug 2015

o

o

Authors

Ram Vijayagopal is a research engineer at Argonne National Laboratory. He works in the
area of modelling and simulation to evaluate the fuel and energy consumption impact of
advanced vehicle technologies. He received his Bachelor degree in engineering from
University of Kerala in 2000 and Masters degree in engineering from University of
Michigan in 2008.

Etienne Bagout is a Masters student in engineering at EIGSI, France. He worked as a
research aide at Argonne National Laboratory in 2016.

Aymeric Rousseau is the Manager of the Vehicle Modelling and Simulation Section at
Argonne National Laboratory. He received his engineering diploma at the Industrial
System Engineering School in La Rochelle, France, in 1997. After working for PSA
Peugeot Citroen in the Hybrid Electric Vehicle Research Department, he joined Argonne
National Laboratory in 1999, where he is now responsible for the development of
Autonomie. He received an R&D 100 Award in 2004 and a 2010 Vehicle Technologies
\ Program Award in 2010. He has authored more than 40 technical papers in the area of
. advanced vehicle technologies.

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium - Abstract 9


https://www.epa.gov/nscep
https://www.epa.gov/moves%20accessed%20on%20Nov%202015
http://nhts.ornl.gov/download.shtml
http://www.autonomie.net/
https://www.federalregister.gov/documents/2016/09/02/2016-21217/alternative-method-for-calculating-off-cycle-credits-under-the-light-duty-vehicle-greenhouse-gas
https://www.federalregister.gov/documents/2016/09/02/2016-21217/alternative-method-for-calculating-off-cycle-credits-under-the-light-duty-vehicle-greenhouse-gas

	1 Introduction
	1.1 Approach
	1.2 Vehicle models
	1.3 Drive cycles

	2 Simulation Process
	3 Results
	3.1 Comparing real world benefits against 2 cycle procedure
	3.2 Impact of driving distance
	3.3 Impact of Idle time
	3.4 Comparing idle time percentages from other sources

	4 Conclusions
	5 Acknowledgments
	6 References
	Authors


