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1. Introduction
Greenhouse gas (GHG) emissions and overconsumption of energy resources pose a global problem in terms of both
their causes and consequences (Ramanathan and Ferg, 2009). The transportation sector is one of the largest emitters
of GHG (Emberger, 2015), despite advances in the field of engine technology and improvements in fuel quality. This
sector accounted for 25.6% of global energy consumption in 2015, and transportation energy use is expected to
increase by 1.1% every year until 2040 (EIA, 2017).
Public authorities have different ways of achieving environmental objectives: promoting social changes in mobility
patterns to achieve greater use of cleaner modes, improving vehicle technology and fuel (Bottiglione et al., 2014),
reducing the number of motorized journeys through demand management (Li et al., 2016), and using information and
communication technologies (ICT) to improve transport efficiency (Lin and Nguyen, 2016).
However, these objectives can only be achieved with the contribution of the consumer. Some policies need to be
accepted by the public, while others depend directly on the mode of driving and on travel decisions. These measures
include efficient driving or eco‐driving, which has major potential for individual fuel savings, e.g., Xia et al. (2013)
developed an eco‐driving velocity planning methodology, showing individual vehicle fuel consumption and CO2
reductions of around 10–15% depending on corridor parameters (including traffic volume and speed), and on the
other hand, Ahn and Rakha (2008) achieved significant improvements to energy and air quality (6–7% fuel and CO2
savings) when drivers utilize a slower route although they incur additional travel time.
The Spanish Energy Saving and Efficiency Action Plan 2011–2020 (IDAE, 2011) considers the efficient driving of
private cars to be a key measure for achieving energy savings over the next few years. Specifically, by 2020 this
practice is expected to produce significant energy savings in Spain of 493 ktoe (5.5% of the total estimated savings
for the entire transportation sector) and to avoid emissions for a value of 1703 kt2. In order to achieve its objectives,
the plan lays down some clear guidelines to encourage the rational use of transport modes and to promote demand
management policies for route optimization and efficient driving.
Real‐life automotive research done in EU context has identified the potential of driving styles for reducing
consumption and CO2 emissions (Fiat, 2010). It also highlights the need to provide real‐time data to use the
infrastructures in the most efficient way possible. There are many devices and technologies available for travel
planning but whose potential has not yet been quantified to enable a more efficient use of transport infrastructures
(including eco‐driving and eco‐ routing).
In this context, efficient driving aimed at reducing fuel consumption by modifying driver behaviour has increased
in importance since the 1990s. However, this simple definition includes many concepts and strategic actions,
depending on the level of decision‐making considered (Sivak and Schoettle, 2012):
•
•
•

Strategic decisions: vehicle selection and maintenance.
Operational decisions: driving style geared to maintaining a constant speed, smooth acceleration, etc.
Tactical decisions: route selection and vehicle load.

Since driving pattern varies to great extent over specified road conditions in urban transport system, it differs the
impacts of eco-driving on fuel savings. Thus this research aims to analyze according to the descriptive characteristics
of the road (local street, urban collector, minor arterial and major arterial) the variation of the different fundamental
parameters of driving (maximum speed, average speed, average rpm, average deceleration time) driving in eco-driving
mode in a small city like Caceres, Spain. In the second part a factorial analysis and regression analysis are made to
determine and rank the explanatory variables regarding the ¨effectiveness¨ of eco-driving.
The greatest potential for eco‐driving policies appears to be in areas where traffic levels are not very heavy, and
yet most studies have analysed the impact of eco‐driving in large cities suffering chronic congestion problems. To
fill this gap, we set out to study the effects of eco‐driving in a small city, where traffic flow is not conditioned by
peak hours or congestion, in relation to driver’s profile and perception through a post-trip survey.
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2. Methodology
In order to achieve the aim of this research, a field trial of eco‐driving were tested under real traffic conditions,
in a campaign conducted to collect data on different road types (urban roads and access roads to the city) under
different traffic conditions in a small city such as Caceres (less than 100,000 inhabitants). The field test phases were
as follows:
1.
A data campaign was organized to collect data on driver behaviour following routes along different types of
city roads under distinct traffic conditions. Four itineraries were selected with different levels of service (LOS). Level
of Service is a quality measure describing operational conditions within a traffic stream; these conditions affect to
speed and travel time, freedom to maneuver, traffic interruptions, and comfort and convenience. The test was first
performed with drivers driving normally, and then a second set of car runs was recorded after they had taken an eco‐
driving course, following the same routes and at the same times of day (reference).
2.
Individual driving variations produced by eco‐driving were recorded using an OBD‐key (KBM Systems
Ltd, London, United Kingdom) installed on board (see Section 2.5), the corresponding CO2 emissions savings were
estimated also.
3.
Drivers were surveyed to capture changes in their way of driving and perceptions before and after they were
trained in eco‐driving techniques.
2.1. Case Study: City of Caceres, Spain
The city of Caceres is located in western Spain and has a population of 95,000 inhabitants in an area of 30 km². It
is a historic city with a high density of monuments and a unique medieval urban layout and was named a World
Heritage site by the UNESCO in 1986 (UNESCO, 2017). The city today has succeeded in maintaining a moderate
and constant economic growth (Caceres has had a GDP growth of 4.5% in 2015, 3.1% in 2016, and a population
reduction of 323 inhabitants in the year 2017), despite a slight decline in its population, as has occurred in other similar
cities and which is to a large extent due to the current economic crisis.
The city of Caceres needs to implement measures to encourage further use of public transport and pedestrian
mobility to make it even more sustainable. Although policies for environmental protection and emission reduction
have already been applied in the historic town centre, which is mostly restricted to pedestrians, they need to be
extended to the more car‐dependent surrounding areas to achieve sustainability targets for the whole city.
2.2. Selecting Routes to Represent Different Road Types and Traffic Conditions
The city of Caceres is quite small and can be crossed from side by side in less than 15 min.
Four test routes were selected with the same origin and destination. They all start from the train station located in
the western part of the city and end at the School of Technology (University of Extremadura) in the eastern part.
For each of these routes, different types of roads have been set according to the number of lanes in each direction,
the existence or not of parking space, their maximum speed and the city's crossing area. Classified from lowest to
highest level of service (US Department of Transportation, 2013), we have the following classification of the roads
for each route:
1.
Local Street. This road goes through the interior of the city, its carriageway may have one or two lanes in
each direction with median and normally one-sided parking. Its driving speed is limited to 50 km/h.
2.
Urban collector. Road that surrounds the city crossing the neuralgic points of the city. Its carriageway has
two lanes for each direction with median and parking on both sides. Its driving speed is limited to 30 km/h.
3.
Minor arterial. This road goes through the outskirts of the city. Its carriageway has two lanes for each
direction and has no parking space. Its driving speed is limited to 50 km/h.
4.
Major collector. Road that is outside the city and surrounds it. Its carriageway has two lanes for each direction
and it is separated by a median. Traffic is regulated by traffic lights and roundabouts. Its driving speed is limited in a
range of 40-80 km/h.
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2.3. Driver Selection, Eco-Driving Training, and Assignment
Twelve drivers of different sexes were recruited in a wide range of ages and driving types, comprising eight men
and four women aged between 21 and 44, in a fairly representative sample of the driving population in the city of
Caceres. The 2016 directory of the general traffic management (DGT, 2016a) indicates that the range between 25–
44 years exceeds 51% of the census. In addition, the distribution of male/female drivers is 62% and 38%, respectively.
The 12 drivers received an eco‐driving course so they could deploy these techniques during the second driving week
and compare the results with the first week’s driving.
During the driving test, six people were assigned to each vehicle, with two people taking turns to drive (driver and
assistant, changing every hour) who iteratively performed trips along the four selected routes. They drove 12 h a day
to obtain enough data on the different traffic situations (free circulation, moderate traffic, and congestion) and weather
conditions (rain, fog, etc.).
The driving turns were adjusted to cover peak hours according to the mobility records for Caceres. The following
driving turns were selected:
•
1st period. Morning peak: 7:30–11:30 am
•
2nd period. Lunchtime: 12:00–4:00 pm
•
3rd period. Evening peak: 4:30–8:30 pm
The first test was done from May 2 to May 5, 2017, and the second the following week, from May 9 to May 12,
after taking the eco‐driving training course.
2.4. Experimental Car Data Collection
Caceres has a fleet of 48,554 passenger cars (approximately one vehicle for every two people), of which 60% are
diesel and 40% gasoline. Two different cars were used for the data campaign, an Opel Astra 1600 cc diesel and a Fiat
500 1200 cc gasoline. These vehicles correspond to the small (Fiat 500) and medium (Opel Astra) car segments, which
represent approximately 75% of the fleet in Caceres (DGT, 2016b). The sample is therefore quite representative of
the Caceres fleet composition. Driving was done following the experimental car method in order to reproduce the
average driver behaviour.
2.5. Measured Variables
Data was collected using an OBD‐key (OBDKEY, 2017) installed on board to obtain and store the parameters
that define driving profiles. The geographical location of the vehicle was recorded at all times.
The following parameters were collected before and after the drivers took the eco‐driving training course:
1.
GPS position (longitude and latitude) and distance travelled (km);
2.
Travel time (h);
3.
Instantaneous speed (km/h);
4.
Fuel consumption (l);
5.
Number of stops, rpm, acceleration, and deceleration (m/s2).
These data are necessary to measure the variation in speeds, accelerations and emissions produced by eco‐driving
at the individual level.
3. Results
3.1. Study of the driving parameters by road type.
3.1.1 Average speed and maximum speed
The variation of the average speed and maximum speed in the different types of roads for the four routes has been
studied. The results show that the maximum speed is always lower in any road type when driving in eco mode (figure
1). The highest decrease in maximum speed occurs in the major arterial (19.11%) since it is a road that surrounds the
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city with speed limited to 80 km/h and drivers usually exceed this limit driving in non eco mode. The eco-driving,
therefore, helps to limit the excesses of speed in these types of roads.
The smallest decrease in maximum speed occurs in the urban collector (6.41%), since this type of road has its speed
limited to 30 km/h as it passes through the strategic points of the city, such as hospitals, sports centers, schools and
the City Council, for road safety, has recently proceeded to limit the speed in this type of roads.
In local street (12.81% decrease) and minor arterial (decrease of 17.37%), eco driving also controls those maximum
driving speeds, which is a very positive effect to consider in road safety policies.

Fig. 1. Analysis of the maximum driving speed (km/h) in the different types of roads with eco and non eco-driving.

3.1.2 Study of the rpm
The analysis of the revolutions per minute of the vehicle shows that the average rpm is always lower in eco mode
than non-eco (figure 2). The greatest reductions occur in the major artery (30%). As the level of service is lower, the
average rpm decreases are also reduced, with values of 25% in minor arterial, 21.76% in local street and 8.32% in
urban collector. It can be concluded that as the level of service of the road increases, the vehicle's rpm decreases in
greater percentage between eco and non eco-driving.

Fig. 2. Analysis of the maximum revolutions per minute with eco and non eco-driving in the different types of roads.

3.1.3 Study of negative accelerations
In all road types the average decelerations are lower in eco mode than non-eco. This means that eco-driving is a
much smoother ride, in which decelerations (braking) are always reduced. This produces a more comfortable driving
and a lower fuel consumption.
The most significant decrease in negative accelerations is in the major arterial, where they are reduced by 61%. In
the minor arterial it is reduced 33%, in the urban collector 25% and in the local street 23%. This decelerations decrease
among different road types corresponds to the decrease in maximum speeds in each of the roads.
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3.2. Factorial analysis and regression analysis.
This section presents two steps of analysis regarding the ¨effectiveness¨ of eco-driving. The first step is to conduct
a factorial analysis in order to underline the theoretical parameters related to fuel consumption and road conditions.
On the second step, the effect of experimental condition like traffic state, road slope is examined and ordered by means
of regression analysis.
3.2.1 Factorial analysis
Table 1 presents the association of parameters and defines three components (or say factors), explaining a variance
of 80% of recorded trips from the field test. This result is used to identify main exploratory factors in driving context.
The first components achieved through the factorial analysis is called inefficient driving behavior which is main
defined by deceleration rate (avg_acc_neg), variability (sd_acc_neg), maximum speed (max_speed), percentage of
speed over 70 km per hour (perc_spd_70), average RPM (avg_rpm) and average speed (avg_speed). This definition
is coincided with eco-driving rules that were summarized in many previous studies (Barkenbus, 2010; Dogan et al.,
2011; Ecowill, 2013 and Stromberg et al., 2015). The second component named eco-driving under congestion is
explained by lower percentage of speed over 70 km per hour (perc_spd_70), lower average RPM, longer stop time
per km under 5km/h (st_t_aux_5_per_km), more number of stops (Nstop_aux_5_per_km), less average speed, longer
travel time and finally higher fuel consumption per kilometer. The last component strongly associates to more slope
grade and higher fuel consumption. Multicollinearity of underlying factor analysis was previously checked (Bartlett
test: Sig = 0.00; MSA = 0.766), and varimax rotation was used to find the factors.
Table 1. Results of the factorial analysis.
Variable
ave_acc_neg

Factor
Inefficient driving
behaviour
-0.933

sd_acc_neg

0.878

max_speed

0.848

perc_spd_70

0.741

max_rpm

0.723

avg_rpm

0.708

Eco driving under
congestion

-0.480
-0.436

st_t_aux_5_per_km

0.932

Nstop_aux_5_per_km

0.911

avg_speed
duration_recorded

0.445

-0.823
0.774

avg_slp
AVG_FC_KM

Road gradeability

0.949
0.413

0.874

3.2.2 Regression analysis.
Using the 9 parameters were addressed in the factorial analysis, a multiple regression was conducted to examine
the effect on fuel consumption in order to rank the hierarchical structure among driving pattern factors and road
environment factors.
The summary and the corresponding coefficients of the multiple regressions are given in table 2 and 3 respectively.
The analysis revealed a strong and significant relationship between independent variables and fuel consumption (F =
232.102, p < .001, R²= .830). As can be seen in Table 3, the analysis of beta standardized coefficients shows that the
fuel consumption is strongly affected by the road slope (avg_slp). Besides, more congestion (stop time and number of
stops) and more RPM (maximum) were associated with an increase in fuel consumption. Conversely, less negative
acceleration (especially average and to a larger extent, standard deviation), more speed (maximum and average) are
associated with a decrease in fuel consumption along the trip in urban area. Number of stops per kilometer, other
parameters of congestion (p=.07 and 20), and RPM (max, p = .20) were not significant variables.
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Table 2. Summary of the regression model.
Summary of the Regression Model
Model

R

R square

R square
adjustajustado

Estimate standard
error

Change statistics
R square change

F change

1

0.911b

0.830

0.826

0.882

0.830

232.102

Table 3. Regression on fuel consumption.
Coefficients
Model
1

(Constant)

Non-standardized coefficients
B
Standard error
7.381**
0.388

max_speed

-.030**

0.005

Standardized
coefficients
Beta

t
19.007

-0.225

-6.309

avg_speed

-.051**

0.010

-0.245

-4.930

avg_slp

61.522**

1.858

0.708

33.109

avg_rpm

0.001**

0.000

0.169

4.104

max_rpm

0.000

0.000

0.079

2.340

sd_acc_neg

-4.229**

1.008

-0.223

-4.196

Nstop_aux_5_per_km

0.338*

0.124

0.107

2.729

st_t_aux_5_per_km

0.013

0.006

0.094

2.341

ave_acc_neg

-5.163**

0.922

-0.342

-5.602

4. Conclusions
This research is completed by analyzing the eco-driving impacts according to the descriptive characteristics of the
road. Through the factorial analysis and multiple regressions, we address the key explanatory variables on fuel
consumption; thereby confirming the results in 3.1 on driving pattern changes.
Regarding the changes on driving pattern after adopt eco-driving, this research concludes that maximum speed is
always lower in any road type when driving in eco mode. The eco-driving, therefore, helps to limit the excesses of
speed in these types of roads.
Difference between average speeds are not as significant as those of the maximum driving speeds for eco and noneco mode and the different types of road studied. Average rpm is always lower in eco mode than non-eco. As the level
of service is lower, the average rpm decreases are also reduced.
Negative accelerations are lower in eco mode than non eco. This means that eco-driving is a much smoother ride,
in which decelerations (braking) are always reduced. This produces a more comfortable driving and a lower fuel
consumption. This decelerations decrease is linked to the decrease in maximum speeds in each of the roads.
The second part of the research revealed a strong and significant relationship between independent variables and
fuel consumption. The analysis of beta standardized coefficients shows that the fuel consumption is strongly affected
by the road slope. Besides, more congestion and more RPM were associated with an increase in fuel consumption.
Conversely, less negative acceleration, more speed is associated with a decrease in fuel consumption along the trip in
urban area.
5. Acknowledgments
This work was supported in part by the national R & D programme (Ministerio de Economía y Competitividad)
under the Eco-Traffic Project “Medición y Modelización de Eco-Driving táctico y operacional”. Ref TRA201676485-R. The authors also acknowledge the collaboration of the City of Caceres in the data collection process.

266
8

Juan Francisco Coloma et al. / Transportation Research Procedia 33 (2018) 259–266
Juan Francisco Coloma, Marta García, Yang Wang/ Transportation Research Procedia 00 (2018) 000–000

6. References
Ahn, K.; Rakha, H., 2008. The effects of route choice decisions on vehicle energy consumption and emissions. Transp. Res. Part D 2008, 13, 151–
167.
Barkenbus, J.N., 2010. Eco-driving: An overlooked climate change initiative. Energy Policy 2010, 38, 762–769.
Bottiglione, F.; Contursi, T.; Gentile, A.; Mantriota, G., 2014. The fuel economy of hybrid buses: The role of ancillaries in real urban driving.
Energies 2014, 7, 4202–4220.
Dirección General de Tráfico (DGT), 2016a. Censo conductores 2016. Available online: http://www.dgt.es/Galerias/seguridad-vial/estadisticas-eindicadores/censo-conductores/tablas-estadisticas/2016/censo_2016_anuario.xlsx (accessed on 1 December 2017).
Dirección General de Tráfico (DGT), 2016b. Parque de Vehículos por provincias. 2016. Available online: http://www.dgt.es/es/seguridadvial/estadisticas-e-indicadores/parque-vehiculos/tablas-estadisticas/ (accessed on 20 July 2017).
Dogan, E., Steg, L. And Delhomme, P., 2011. The influence of multiple goals on driving behavior: The case of safety, time saving, and fuel saving.
Accident Analysis & Prevention, 43(5), pp.1635-1643.
Ecowill,
2013.
The
Golden
Rules
of
Eco-Driving.
2013.
Available
http://cieca.eu/sites/default/files/documents/projects_and_studies/ECOWILL_FINAL_REPORT.pdf (accessed on 12 May 2017).

online:

Emberger, G, 2015. Low carbon transport strategy in Europe—A critical review. Int. J. Sustain. Transp. 2015, doi:10.1080/15568318.2015.1106246.
Energy Information Administration (EIA), 2017. International Energy Outlook; (No. DOE/EIA-0484(2017)); DOE: Washington, DC, USA, 2017.
Available online: https://www.eia.gov/outlooks/ieo/pdf/0484(2017).pdf (accessed on 30 November 2017).
Fiat Eco-Drive, 2010. Eco-Driving Uncovered—The Benefit and Challenges of Eco-Driving, Based on the First Study Using Real Journey Data.
2010. Available online: www.fiat.com/ecodrive (accessed on 14 December 2017).
Instituto para la Diversificación y ahorro de la Energía (IDAE), 2011. Plan de Acción de Ahorro y Eficiencia Energética 2011–2020. Spain, 2011.
Available online: http://www.idae.es/uploads/documentos/documentos_11905_PAEE_2011_2020._A2011_A_a1e6383b.pdf (accessed on 12
May 2017).
Li, Y.; Bao, L.; Li, W.; Deng, H. Inventory and policy reduction potential of greenhouse gas and pollutant emissions of road transportation industry
in China. Sustainability 2016, 8, 1218, doi:10.3390/su8121218.
Lin, Y.C.; Nguyen, H.L.T., 2016. Development of an eco-cruise control system based on digital topographical data. Inventions 2016, 1, 19,
doi:10.3390/inventions1030019.
OBDKEY, 2017. Available online: http://www.obdkey.com (accessed on 12 May 2017).
Ramanathan, V.; Feng, Y., 2009. Air pollution, greenhouse gases and climate change: Global and regional perspectives. Atmos. Environ. 2009, 43,
37–50.
Sivak, M.; Schoettle, B., 2012. Eco-driving: Strategic, tactical, and operational decisions of the driver that influence vehicle fuel economy. Transp.
Policy 2012, 22, 96–99.
Strömberg, H., Karlsson, I.M. And Rexfelt, O., 2015. Eco-driving: Drivers’ understanding of the concept and implications for future interventions.
Transport policy, 39, pp.48-54.
UNESCO
(United
Nations,
Educational,
Scientific
and
Cultural
Organization),
http://www.ciudadespatrimonio.org/ciudades/index.php?cd=3 (accessed on 18 July 2017).

2017.

Available

online:

U.S. Department of Transportation, 2013. Highway Functional Classification: Concepts, Criteria and Procedure. 2013. Available online:
https://www.fhwa.dot.gov/planning/processes/statewide/related/highway_functional_classifications/fcauab.pdf (accessed on 12 May 2017).
Xia, H.; Boriboonsomsin, K.; Barth, M., 2013. Dynamic eco-driving for signalized arterial corridors and its indirect network-wide energy/emissions
benefits. J. Intell. Transp. Syst. 2013, 17, 31–41.

