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Effect of 1dling and power demand on fuel
consumption and CO, emissions from taxis

Mera Zamir', Rosero Fredy?, Rosero Ramiro?, Tapia Fausto®, Sergio Ibarra-Espinosa’

Abstract — Urban driving worldwide is characterized by fre-
quent vehicle idling due to traffic congestion, which significantly
impacts fuel consumption and vehicle emissions. While strategies
such as eco-driving techniques and start-stop systems have been
studied extensively in various regions, limited research has been
conducted to assess their effects in Latin America. This study
evaluates the impact of idling, traffic, and ecodriving on fuel con-
sumption and well-to-wheel (WTW) CO, emissions in urban taxi
operations under real traffic conditions in Ecuador. Real-world
driving data were collected using on-board diagnostics (OBD).
A key innovation of this research is the assessment of alternati-
ve scenarios, with reduced idling times and power demand, ba-
sed on the Vehicle Specific Power (VSP) approach. As result, five
scenarios were examined: baseline, eco-driving, low traffic, start-
stop technology, and a combined scenario. The results shows that
urban driving resulted in the highest WT'W CO, emissions (354
gCO,/km) compared with rural and highway driving. The combi-
ned scenario, which merges lower power demand with start-stop
technology, achieved the greatest improvements, reducing WTW
CO, emissions and fuel consumption by 15% compared to the ba-
seline scenario. Annually, the combined scenario could avoid 3.68
tons of CO, emitted per vehicle and fuel savings of 870 USD. The-
se findings underscore the potential of ecodriving and start-stop
technology in reducing fuel consumption and emissions to mitiga-

te the environmental impact of road transportation.

Keywords: taxis; ecodriving; well-to-wheel CO, emissions; on-
board diagnosis; idling; vehicle specific power (VSP).

Resumen — La conduccion urbana a nivel mundial se carac-
teriza por el frecuente tiempo en ralenti de los vehiculos, debido
a la congestion del trafico. Esto impacta significativamente en el
consumo de combustible y las emisiones de los vehiculos. Si bien
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se han estudiado ampliamente estrategias como las técnicas de
conduccion ecoldgica y los sistemas start-stop en varias regiones,
se ha realizado poca investigacion para evaluar sus efectos en
América Latina. Este estudio evalia el impacto del ralenti, el tra-
fico y la conduccion ecolégica en el consumo de combustible y las
emisiones de CO, de pozo a rueda (WTW) en las operaciones de
taxis urbanos bajo condiciones de trafico real en Ecuador. Se re-
copilaron datos de conduccién real utilizando diagnéstico a bordo
(OBD). Una innovacion clave de esta investigacion es la evaluacion
de escenarios alternativos, con tiempos ralenti y demanda de po-
tencia reducidos, basada en el enfoque de Potencia Especifica del
Vehiculo (VSP). Como resultado, se examinaron cinco escenarios:
linea base, conduccién ecolégica, bajo trafico, tecnologia start-
stop, y un escenario combinado. Los resultados muestran que
la conduccién urbana resulté en las mayores emisiones de CO,
WTW (354 gCO,/km) en comparacion con la conduccién rural
y en carretera. El escenario combinado, que fusiona una menor
demanda de potencia con la tecnologia start-stop, logré mayores
mejoras, reduciendo las emisiones de CO, WTW y el consumo de
combustible en un 15% en comparacion con el escenario base.
Anualmente, el escenario combinado podria evitar 3.68 toneladas
de CO, emitidas por vehiculo y ahorrar 870 USD en combustible.
Estos hallazgos subrayan el potencial de la conduccion ecologica
y la tecnologia de arranque y parada para reducir el consumo de
combustible y las emisiones, contribuyendo a mitigar el impacto
ambiental del transporte por carretera.

Palabras Clave: taxis; ecoconduccién; emisiones de CO, de
pozo a la rueda; diagnéstico a bordo; ralenti; potencia especifica
del vehiculo.

I. INTRODUCTION

HE global challenge of climate change has driven nations

worldwide to adopt severe policies aimed at curbing the
rise in global temperatures. The Intergovernmental Panel on
Climate Change (IPCC) warns that if the current rate of war-
ming continues, the planet is likely to experience a 1.5 °C in-
crease in human-induced global warming by 2040 [1]. A major
strategy to mitigate climate change involves reducing emissions
from the road transport sector, either through the promotion
of cleaner vehicle technologies or the implementation of effi-
cient emissions control systems [2]. In Latin America and the
Caribbean (LAC), road transport represents 95% of the total
energy consumption in the transport sector, with cars and light
commercial vehicles accounting for over 55% of this demand
[3]. Ecuador faces a significant challenge with its road trans-
port sector, which contributes approximately 14.3 million tons
of CO, emissions annually [4]. The country’s fuel subsidies,
which cover 68% of the annual fuel costs for road transporta-
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tion, exacerbate the issue by encouraging higher fuel consump-
tion and emissions. Adjusting these subsidies could play a pivo-
tal role in making the road transport system more sustainable.
However, the lack of a comprehensive and low-cost methodo-
logy for estimating fuel consumption across Latin America
further complicates efforts to address this issue. Despite these
challenges, the implementation of fuel-saving strategies could
potentially result in savings of over 550 million barrels of oil by
2030 [5]. Addressing vehicle emissions and fuel consumption
is not only critical for mitigating environmental damage but
also for improving public health.

Nowadays, some of the most urbanized regions in the world
include Northern America (82% of its population living in ur-
ban areas as of 2018), Latin America and the Caribbean (LAC)
with 81%, followed by Europe (74%), and Oceania (68%).
Meanwhile, Asia’s urbanization level has reached nearly 50%,
and Africa remains predominantly rural, with only 43% of its
population living in cities [6]. In LAC, rapid urbanization has
placed immense pressure on mobility systems, which often lack
the capacity and infrastructure to meet the growing demands
of urban populations. This has led to a reliance on inefficient
transportation solutions such as taxis and motorcycles, which
are typically low-capacity and inefficiently routed [7]. The pre-
valence of these modes of transport complicates efforts to ma-
nage energy consumption and implement effective fuel-saving
policies. In many urban areas, taxis have become the preferred
mode of transportation, contributing significantly to traffic con-
gestion, especially during peak hours. This congestion leads to
increased idling and stop-start driving, both of which result in
higher fuel consumption and elevated CO, emissions [8]. As a
result, addressing the inefficiencies in urban transport systems,
particularly in terms of vehicle emissions and energy use, is
crucial for enhancing sustainability and reducing the environ-
mental impact in these rapidly urbanizing regions. Effective
policy interventions, such as optimizing public transportation
and adjusting transportation subsidies, are critical to tackling
these challenges and improving urban mobility in LAC and
countries like Ecuador.

Vehicle performance is influenced by various internal factors
such as technology, powertrain configuration, and fuel type, as
well as external factors like regulations, driving behavior, tra-
ffic conditions, and road quality. In urban environments, traffic
congestion significantly increases vehicle emissions due to the
high frequency of idling and repeated acceleration and decele-
ration cycles. To mitigate the problems related to traffic con-
gestion, several studies have explored strategies like reducing
idling times, implementing eco-driving techniques, and utili-
zing start-stop systems, which collectively offer substantial fuel
savings by minimizing unnecessary braking and acceleration.
Idling alone accounts for 6% to 8% of CO, emissions, 0.2% to
0.5% of CO emissions by volume, and hydrocarbon emissions
can reach up to 2.5 parts per million (ppm) during idle periods
[9]. Eco-driving, which involves maintaining a steady speed,
avoiding harsh braking, and minimizing idling, has demonstra-
ted average fuel savings of 6% per trip with only a 1.5% increa-
se in travel time [10]. These benefits are seen across different
vehicle types and driving environments, highlighting the po-

tential of eco-driving to contribute to emission reduction goals
without significantly disrupting traffic flow.

Start-stop systems, which automatically shut off the engi-
ne when the vehicle is stationary, can further reduce fuel con-
sumption to zero during idle periods, effectively eliminating
associated emissions. Despite the proven benefits, these tech-
nologies remain underutilized in LAC, where emissions regu-
lations typically do not address CO, emissions. The absence of
CO, limits allows vehicles with higher fuel consumption and
carbon footprints to continue entering the market, undermining
progress toward carbon neutrality [11]. Additionally, the lack
of stringent regulations reduces incentives for automakers to
adopt fuel-saving technologies, such as hybridization, engine
downsizing, and start-stop systems, which could play a pivotal
role in reducing emissions and improving energy efficiency in
the region. Addressing this regulatory deficiency is crucial for
aligning the LAC region with global emission reduction targets
and fostering a transition toward cleaner, more efficient trans-
portation systems.

In recent years, the global automotive industry has seen
considerable variation in the fuel consumption of newly re-
gistered light-duty vehicles (LDVs), which averaged 7.2 li-
ters of gasoline-equivalent per 100 kilometers (L/100 km) in
2017. Significant disparities in fuel consumption exist bet-
ween countries, with advanced economies like Australia, Ca-
nada, and the United States, where gasoline prices are below
USD 1 per liter, averaging higher fuel consumption rates of
7.9 to 9 L/100 km. In contrast, countries with higher fuel pri-
ces, such as those in the European Union, Japan, and Korea,
achieve lower fuel consumption figures, ranging from 5.2 to
6.5 L/100 km. Emerging economies also show variation, with
average consumption between 6.5 and 8.5 L/100 km, although
India stands out as an exception with a notably lower rate of
5.6 L/100 km [12].

The variation in fuel consumption across regions is largely
driven by factors such as fuel pricing, regulatory frameworks,
and the adoption of fuel-efficient technologies. These dispari-
ties highlight the urgent need for tailored policies that address
the unique challenges of each region in reducing fuel consump-
tion and vehicle emissions. In emerging economies, where re-
gulatory structures and technological adoption may lag, there is
a critical demand for standardized and cost-effective methodo-
logies to evaluate fuel consumption. One such approach is the
Vehicle Specific Power (VSP) methodology, which provides a
valuable tool for estimating fuel economy and mobile source
emissions by analyzing the relationship between driving pat-
terns and vehicle performance [13]. VSP offers a detailed un-
derstanding of how factors like acceleration, road grade, and
speed influence fuel consumption, making it an essential fra-
mework for developing fuel-saving strategies, particularly in re-
gions where conventional testing infrastructure may be limited.

A key gap in the existing literature is the limited research
on the effects of idling on fuel consumption and emissions in
taxis, particularly in high-altitude cities. While some studies
have explored vehicle performance using OBD systems, these
are few and often limited in scope, highlighting the need for
more accessible, low-cost equipment for widespread applica-
tion. Additionally, there is a lack of studies that specifically
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examine the impact of eco-driving techniques and the use of
start-stop systems on fuel consumption in urban taxi fleets.
Although the VSP approach has shown promise in analyzing
fuel economy and emissions, its application in studies across
LAC has been limited.

This study investigates the effects of idling, traffic condi-
tions, and eco-driving on fuel consumption and well-to-wheel
(WTW) CO, emissions of taxis in urban environments, leve-
raging real-world driving data collected through the On-Board
Diagnostics (OBD) system. The innovative aspect of this re-
search is the application of the Vehicle Specific Power (VSP)
methodology to simulate alternative vehicle operation scena-
rios, including eco-driving techniques and start-stop system
use. By integrating the Well-to-Tank approach, the study pro-
vides a comprehensive analysis of fuel consumption and emis-
sions, offering key insights into strategies for enhancing taxi
performance and minimizing environmental impact, especially
in high-altitude urban areas. Five scenarios—eco-driving, low
traffic conditions, start-stop technology, and a combined ap-
proach—were evaluated using VSP to assess the performance
of a representative vehicle in Ecuador. This approach highlights
the potential benefits of adopting these strategies to signifi-
cantly reduce fuel consumption and CO, emissions in urban
taxi fleets.

The structure of this paper is organized as follows: Section 2
details the methodology, including the tested vehicles, measu-
rement campaign, and the definition of operating modes. It also
explains the VSP approach, emissions modeling, and the simu-
lation scenarios. Section 3 presents and analyzes the results,
discussing their implications for fuel efficiency and emissions
reduction in urban taxi fleets. Finally, Section 5 offers the con-
cluding remarks, summarizing key findings and their relevance
to improving vehicle performance and reducing environmental
impacts in urban settings.

II. METHODOLOGY
A. Tested vehicles

Two gasoline-powered passenger vehicles representative of
the Ecuadorian fleet was selected to assess emissions and fuel
consumption in real-world conditions. The vehicles were mo-
deled as an average vehicle, using the VSP methodology.

Over the past decade, the Chevrolet Aveo and Chevrolet Sail
has been among the most used for taxi services in various cities
across Ecuador. The Chevrolet Aveo was the best-selling mo-
del in its segment in Ecuador, with approximately 70,000 units
sold between 2009 and 2019, and reported by the Association
of Automotive Companies of Ecuador [14]; its successor, the
Chevrolet Sail, became the top-selling vehicle in the same seg-
ment, with 10,000 units sold between 2019 and 2023 [15]. The
purpose of selecting these models is to compare the technolo-
gical development in emissions of the current vehicle with its
predecessor, as both share similar technical characteristics. The
characteristics, including displacement, weight, engine torque
and power are typical of the country’s automotive segment.
Additional details about the vehicle can be found in Table I.

TABLE I
TECHNICAL SPECIFICATIONS OF THE TESTED VEHICLES
Vehicle parameter Vehicle 1 Vehicle 2
Fuel type Gasoline Gasoline
Model name Aveo Emotion Sail
Model year 2011 2021
Gross vehicle weight (kg) 1592 1470
Engine displacement (cm®) 1598 1498
Engine maximum power (kW @min™") 76@5800 81@6000
Engine peak torque (Nm@min'') 145@3600 141@4000
Fuel injection type Indirect Indirect
Compression ratio 9.5:1 10.5:1

Notably, the tested vehicles underwent a comprehensive
preventive and corrective maintenance program to ensure the
reliability of the study’s results.

B. Measuring campaign

The measuring campaign was performed in the city of Iba-
rra, located in Ecuador and serving as the capital of Imbabu-
ra Province. The selection of Ibarra as the study site is based
on a thorough analysis of its mobility landscape and the rapid
growth of its automotive fleet, making it an ideal representation
of intermediate high-altitude cities in Ecuador and Latin Ame-
rica. According to the United Nations (UN) definition and va-
rious studies, the population of intermediate cities ranges from
20,000 to 500,000 inhabitants, depending on factors such as
population density and the country’s urban system [16]. Ibarra,
situated in a valley at an altitude of 2,200 meters above sea le-
vel, currently has an estimated population of 221,000 residents,
a number that continues to rise [17]. Additionally, the province
has seen a significant 55% increase in its automotive fleet from
2013 to 2022.

The vehicles were driven by professional drivers during
real-world taxi trips. The driving profiles from passenger cars
were derived from real-world data collected at 1-second in-
tervals. As shown in Fig. 1, these profiles are recorded using
a GPS+GLONASS logger GL-770 [18]. The speed data was
smoothed, and road grade was adjusted using altitude profi-
les, following the methodology outlined in Regulation EU
2018/1832 [19].

To record engine operating parameters and vehicle fuel con-
sumption data, an OBD interface device ELM 327 [20] was con-
nected to the Torque Pro mobile phone application. The ELM
327 was connected to the OBD2 diagnostic port to read engine
operating parameters in real time from the engine control unit
(ECU). Simultaneously, these parameters were transmitted via
Bluetooth from the ELM 327 to the Torque Pro mobile applica-
tion for recording and further synchronizing process.
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Fig. 1. Tested vehicle equipped and equipment for field data collection.

Long stops higher than 300s were removed from data because
they represent stops at the taxis stands. During the tests, a mini-
mum altitude of 2155 meters above sea level was reported. The
total positive elevation gain during the test was 343 meters, indi-
cating significant changes in the road levels, particularly in rural
and highway segments, which is typical of high-altitude locations

C. Definition of operating modes

Thedrivingmodeisdescribedas[21];however, weused2km/h
as threshold to define not idling driving modes (Eq. 1-2-3-4).

Idle v < 2km/h; otherwise (1)
Cruise -0.1m/s? <a>01m/s? )
Acceleration a=01m/s? 3)
Deceleration @ < —0.1m/s? 4)

D. Vehicle specific power and emissions modelling

The tractive power refers to the instantaneous power
supplied by the engine to alter the kinetic and potential ener-
gies of the vehicle, while also counteracting rolling resistance
and aerodynamic drag. As a mass-independent parameter, trac-
tive power is commonly expressed as Vehicle Specific Power
(VSP) in units of W kg™'. VSP is widely utilized in emissions
research and modeling, including the Motor Vehicle Emission
Simulator (MOVES) model employed by the United States En-
vironmental Protection Agency (EPA). The formulation of VSP
is described in references [22], [23] (Eq. 5).

Pwheel

1
VSP = =v-(a(1+£i)+g-a+g-CR)+Epa

)

where m corresponds to the vehicle mass, v is speed (in m
s1), a is acceleration (in m s72), & ~ 0.1 is the mass factor for
rotational masses, g = 9.81 m s72 is the acceleration of gravi-
ty, @ is the road grade, Cy is the rolling resistance coefficient
(dimensionless), Cp is the drag coefficient (dimensionless), p,

is the air density (1.207 kg m™ at 20 °C and 1.013 bar), and A
is the cross-sectional area (in m?). VSP values are binned in 14
modes, establishing different VSP modes and derived power
usage, as presented in Table II [24], [25], [26], [27].

TABLE II
VSP MODE AND POWER USAGE LEVEL
VSP mode Power usage VSP range
[Wkg '] (Wkg™]
1 VSP<-2
Deceleration VSP <0
2 -2<VSP<0
3 0<VSP<1 Idle 0<VSP<1
4 1<VSP<4
5 4<VSP<7 Normal usage-low 1<VSP< 10
power
6 7<VSP<10
7 10<VSP< 13
8 13<VSP< 16 Normal usage-high 10<VSP< 19
power
9 16<VSP< 19
10 19<VSP<23
11 23 < VSP <28
12 28 <VSP <33 Extra-high power VSP2>19

13 33<VSP<39

14 VSP =39

The emissions outcomes from the conventional VSP method
depend on the average emission level of each of the 14 VSP mo-
des. The instantaneous emission p (in g) of the pollutant i is equal
to the average emission p (in g) of the VSP mode k [28] (Eq. 6).

Pi = Dik (6)

The total emission P (in g) of the pollutant i are computed
using the number of datapoints for each VSP mode as (Eq. 7):

14
P = Z Ny " Dik
k=1 @)

where k is the VSP mode, N the number of data points, and D
is the VSP-mode average emission (g).

E. Simulation scenarios

1. BASELINE SCENARIO

In the baseline scenario for this study, the real-world fuel
consumption is used to derive the CO, emissions and the fuel
consumption. The baseline scenario is crucial in evaluating
the impact of alternative scenarios or experimental conditions
presented below.
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2. ECODRIVING SCENARIO

In the Eco driving scenario, VSP power usage levels cate-
gorized as ‘normal usage-high power’, and ‘extra-high power’
were substituted with a minimum level of ‘normal usage-low
power’. Thus, VSP values exceeding 4 W/kg were replaced
with the corresponding emissions and fuel consumption values
specific to the VSP bin 4 category. This alternative scenario
aims to evaluate the potential impact of less aggressive driving
behavior on overall emissions and fuel efficiency.

3. LowW TRAFFIC SCENARIO

In this scenario, all vehicle stops lasting longer than 60
seconds were excluded from the dataset. The average stop
time in urban driving and traffic can vary depending on tra-
ffic density, signal timings, and road conditions. In congested
urban environments, stop times can be significantly higher,
especially during peak hours, where idle times exceed 30-60
seconds per stop [29].

4. START-STOP SCENARIO

In the start-stop scenario, vehicle stops larger than 2 seconds
were removed from the dataset. The fuel consumption by res-
tart of the engine after the start-stop action was assumed to be
increased by 3%.

5. COMBINED STRATEGIES SCENARIO

This scenario evaluated the combined effects of ecodri-
ving and start-stop scenarios. Since a start-stop device turns
off the vehicle during traffic congestions, long stops and con-
gestion become less relevant for the comparison in terms of
GHG emissions.

F. Emission Factors

1. WELL-TO-WHEEL EMISSIONS

The WTW CO, emissions were computed from the fuel
consumption and based on the emission values reported by the
ICCT in the ‘Global comparison of the life-cycle greenhou-
se gas emissions of combustion engine and electric passenger
cars’ [30]. The reported values were 19.9 ¢CO,/MJ and 73.4
gCO,/MJ for WTT and TTW emissions for gasoline, respecti-
vely. The low heat value for the gasoline (LHV) was 32.1 MJ/It.
The well-to-tank (WTT) emissions of gasoline —primarily re-
lated to petroleum extraction, processing, and transportation—
along with the tank-to-wheel (TTW) emissions from fuel com-
bustion in vehicles. The WTT emissions were calculated by
integrating these TTW figures with the well-to-wheel (WTW)
emissions outlined in the European Union’s Fuel Quality Di-
rective [31] and the U.S. Renewable Fuel Standard Program

[32]. The TTW emissions are based on data from a report by
a consortium consisting of the European Commission’s Joint
Research Centre, EUCAR, and Concawe [33].

2. DISTANCE-SPECIFIC EMISSION FACTORS

For pollutant j and road section k, the raw distance-specific
emission factor (in mg km-') was computed as (Eq. 8).

2 mj’k " At
EF;, = ——
k ®)

where 1 is the instantaneous emission (in mg s-1) during
the distance s (in km), and At is the sampling time of 1 s.

G. Fuel cost and annual mileage

Fuel savings were calculated based on the reduction in fuel
consumption per kilometer for each scenario and the current
average price for the gasoline in Ecuador. The analysis assumes
an annual mileage of 70,000 km/year or 200 km/day, typical
for taxis [34]. As of August 2024, under Presidential Decree
No. 308 [35], gasoline prices in the country were liberalized,
allowing for price adjustments tied to international oil prices.
However, the decree guarantees a maximum monthly increase
of 5% and a maximum reduction of 10% in the price. While
prices fluctuate, the average cost over recent months has been
2.68 USD per gallon or 0.71 USD per liter of gasoline. The
calculation is done only for urban driving since taxis are most
of the time used in this area.

III. RESULTS AND DISCUSSION

A. Vehicle activity

These results provide a comprehensive overview of the
vehicle’s performance across different driving conditions
and altitude variations, which will be used for subsequent
emissions analysis. The distribution of time spent across di-
fferent driving environments was 67% in urban, 27% in rural,
and 6% in highway driving, while the distance correspon-
ded to 64% in urban settings, 26% in rural areas, and 10%
on highways.

The time spent in different driving modes was categorized
into four distinct phases: idle, deceleration, acceleration, and
cruising. Overall, 34% of the total testing time was spent in
idle mode, 25% in deceleration, 29% in acceleration, and 12%
in cruise mode.

Fig 2 illustrates the time share across driving modes in urban
environment for baseline, ecodriving, low traffic, start stop, and
combined scenarios. The smoothed acceleration mode (light
yellow) represents the conditions where high power demand
observations were replaced by low power demand values. The
vehicle spent 33% idling, 25% decelerating, 29% accelerating,
and 13% cruising under the baseline scenario. As reference, the
idling time of NEDC and WLTC driving cycles, corresponds to
22.6% and 13.4%, respectively [36]. This study shows that ove-
rall idling time in real-world conditions is higher than driving
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cycles. These values reflect the more frequent stops and starts
typical of city driving characterized by frequent stops at traffic
lights and congestion under low speeds.
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Fig. 2. Time share for each driving mode for the evaluated scenarios in urban zone.

For the ecodriving scenario, part of the acceleration con-
ditions under high power demand is replaced by smoothed
accelerations, which becomes 13% of the driving time. In the
low traffic scenario, idle time further decreases to around 26%.
With fewer prolonged stops, vehicles spend more time cruising
and reduced total travel time to destiny. This result indicates
that reduced traffic congestion allows for more continuous ve-
hicle movement, thus increasing overall efficiency.

In the start-stop scenario, designed to eliminate idle time
through the use of start-stop technology, acceleration time do-
minates this scenario. However, in heavy urban traffic with fre-
quent short stops, the effectivity of this system may be reduced
due to the frequent restarting of the engine, potentially dimi-
nishing its overall benefits [37]. The combined scenario leads
to no idle time like to the start-stop scenario and 20% of the
time in smoothed acceleration mode. The redistribution of time
shares for acceleration and deceleration reflects the smoother
driving associated with ecodriving, in conjunction with the eli-
mination of unnecessary idling through start-stop functionality.
This scenario represents the optimal configuration for urban
driving, merging both strategies to achieve significant improve-
ments in fuel efficiency and emissions reduction.

1. Stops

Fig. 3 presents the distribution of stop time recorded du-
ring the urban driving test. The histogram illustrates a highly
skewed distribution with the majority of stop times concentra-
ted in the lower range. The stop time data predominantly falls
below 50 seconds, with a peak between 0 and 10 seconds. As
stop time increases, the frequency sharply decreases, indicating
that most stops during the test were of short duration.

100 ]
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Fig. 3. Frequency distribution for the stop time in urban driving.

Additionally, the dashed vertical line represents the median of
20.5 s, which is positioned within the lower part of the distribu-
tion, reaffirming the preponderance of shorter stops. Few instan-
ces of stop times exceed 100 seconds. These results suggest that
in typical urban driving conditions, stops tend to be brief, but
outliers representing prolonged stops occur infrequently.

B. VSP distributions

Fig. 4 shows the frequency distributions for the VSP mo-
des for each scenario. The VSP modes do not exceed bin 10,
reflecting the urban driving patterns in these scenarios. The ba-
seline scenario exhibits the highest frequency of observations
in bin 3. This idling frequency significantly decreases in the
low traffic, start-stop, and combined scenarios. Note that Fig. 4
shows the VSP mode distributions during the engine operation.
Additionally, VSP mode 4 is more prevalent in the ecodriving
scenario, and subsequently in the combined scenario, due to
the shift from higher power demand bins to VSP mode 4.
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Fig. 4. Frequency distribution of VSP mode for the evaluated scenarios in ur-
ban driving, during the engine operation.
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C. Baseline fuel consumption and emissions

For comparison, and the use along this study, the average
vehicle across all driving conditions had an overall fuel con-
sumption of 11.2 L/100km. Considering the driving zone,
the average vehicle achieved 11.8 L/100km in urban driving,
10.8 L/100km in rural driving, and 8.2 L/100km on highways.

Taking the average vehicle, Fig. 5 presents the well-to-wheel
(WTW) CO, emissions for three driving zones: urban, rural,
and highway. The emissions are divided into two components:
fuel consumption and fuel production, with total emissions re-
ported in grams of CO, per kilometer (gCO,/km).
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Fig. 5. WTW CO, emissions for urban, rural, and highway driving zones.

As is shown, CO, emissions from fuel consumption is hig-
her than fuel production. Fuel consumption emissions repre-
sent 79% of WTW emissions. The urban driving exhibits the
highest total WTW emissions, having 354 ¢CO /km. Of this
total, 279 gCO,/km, is attributed to fuel consumption, while
the remaining emissions from fuel production. This high emis-
sion level in urban settings can be linked to frequent idling,
stop-and-go traffic, and the relatively low average speeds cha-
racteristic of city driving. These conditions lead to less efficient
fuel combustion, thereby increasing both fuel consumption and
overall emissions.

In contrast, the rural driving shows a slight reduction in
WTW emissions, reaching 322 ¢CO_/km. This reduction can
be explained by the typically higher speeds and fewer stop-start
events in rural driving, which allow for more efficient fuel use.

The highway driving zone demonstrates the lowest WTW
emissions, falling below 244 ¢CO,/km. The efficiency gains
associated with highway driving can be attributed to sustained
higher speeds and fewer interruptions, allowing the engine to
operate in their optimal fuel efficiency range for extended pe-
riods [38]. Additionally, highway driving involves less accele-
ration and deceleration, which further enhances fuel efficiency.

Overall, these results illustrate the substantial variability in
WTW CO, emissions across different driving environments.
Urban driving, with its frequent stops, lower speeds, and higher
idling times, is associated with the highest emissions, unders-
coring the need for targeted interventions such as enhanced
traffic management, eco-driving practices, and the adoption of
start-stop systems to reduce fuel consumption in cities.

D. Fuel consumption and emissions in alternative scenarios

Fig. 6 and Fig. 7 provide a comparison of fuel consump-
tion (in L/100km) and well-to-wheel CO, emissions (in gCO,/
km) across five evaluated scenarios in urban driving: baseline,
ecodriving, low Traffic, start-stop, and combined scenario. In
Fig. 7, WTW emissions are divided into fuel consumption and
fuel production, with percentage reductions from the Baseline
scenario indicated for each alternative.

The baseline scenario has the highest emissions, while each
strategy leads to progressively lower emissions, with the com-
bined approach yielding the largest reduction of 15% in emis-
sions and fuel consumption. Together, these figures demonstra-
te that implementing fuel-saving techniques and technologies
can simultaneously improve fuel consumption and reduce en-
vironmental impact.
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Fig. 6. Comparison of fuel consumption for the evaluated scenarios in urban driving.
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Fig. 7. Comparison of WTW CO, emissions for the evaluated scenarios in
urban driving.

The ecodriving scenario, achieved a 4% reduction in total
WTW CO, emissions compared to the Baseline. This relatively
modest reduction can be attributed to improvements in fuel effi-
ciency through better driving practices, represented in this study
by a driving style with reduced power demand. In the low traffic
scenario, where stops longer than 60 seconds are removed, WTW
emissions decreased by 5%. The reduction in fuel consumption
under low traffic conditions has a direct impact on the overall
emissions, especially in urban areas where idling is common.
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Consequently, the start-stop scenario demonstrates a 10%
reduction in WTW CO, emissions and fuel consumption. This
significant reduction is achieved by utilizing start-stop techno-
logy to eliminate idle fuel consumption. The near-complete
elimination of idling substantially reduces fuel consumption,
leading to a more noticeable decrease in overall emissions
compared to ecodriving or low traffic scenarios. A reduction
of 2.5-4.8% in CO, emissions were found under the NEDC
and WLTC cycles and 4-7% in a report for the revision of Re-
gulation (EC) No 443/2009 on CO, emissions from cars [36].
This could be explained because real-world emissions can di-
ffer in longer vehicle stops, and the tested vehicles are Euro 3
technology, with expected lower fuel efficiency. Fonseca et al.
reported CO, emission reduction of more than 20% for die-
sel passenger cars equipped with the stop/start system. Those
results were consistent regardless of the variability in driving
style, the grade and type of streets, traffic congestion, and the
engine operating temperature [39].

The combined scenario, which integrates both ecodriving
techniques and start-stop technology, delivers the most subs-
tantial reduction in WTW CO, emissions and fuel consump-
tion, achieving a 15% decrease compared to the baseline. This
scenario benefits from both smoother driving patterns, which
improve fuel efficiency, and the elimination of idling using
start-stop systems.

E. Fuel cost and avoided emissions

The annual fuel consumption for an average vehicle in urban
driving is estimated at 8,279 liters, costing approximately 5,861
USD. The projected fuel savings per taxi for each evaluated
scenario are as follows: 233 USD for the low traffic scenario,
306 USD for the ecodriving scenario, 596 USD for the start-
stop scenario, and 870 USD for the combined scenario. At the
same time the avoided emissions per taxi in one year are 0.98,
1.30, 2.52, and 3.68 tons of CO, for the low traffic, ecodriving,
start-stop, and combined scenarios, respectively. The avoided
emissions are diminished from a total of 24.8 tons of CO, emis-
sions released under the baseline scenario.

IV. CONCLUSIONS

The study provides an assessment of fuel consumption and
WTW CO, emissions of a representative average taxi under
different driving or technology scenarios related to the idling
in urban driving. The study uses real-world fuel consumption
obtained from ODB data.

Urban driving is the least efficient zone, with frequent idling
(33% of driving time) and the highest well-to-wheel (WTW)
CO, emissions at 354 gCO,/km, representing 24.8 tons of
CO, emissions per vehicle-year. This contrasts with rural and
highway driving, where emissions are lower due to fewer stops
and more sustained speeds. In general, emissions from fuel
consumption (TTW) accounts 79% of WTW emissions

The analysis of alternative driving scenarios highlights the
potential for emission reductions and fuel savings. The baseline
scenario recorded the highest emissions and fuel consumption
(11.8 L/100km in urban settings), while the low traffic scenario

reduced WTW emissions and fuel consumption by 4%), due to
fewer long stops. The ecodriving scenario led to an 5% reduc-
tion in emissions by reducing the power demand. The start-stop
scenario, which nearly eliminated idle time, reduced emissions
and fuel consumption by 10%. The most significant gains were
observed in the combined scenario, which merged ecodriving
techniques with start-stop technology, resulting in a 15% de-
crease in emissions to 301 gCO,/km and fuel consumption to
10.1 L/100km, which avoids 3.68 tons of C, per vehicle each year.

In terms of economic impact, the combined scenario yielded
the highest annual fuel savings, reducing costs by 870 USD
from the 5,861 USD of the baseline scenario, where the fuel
consumption is estimated at 8,279 liters.

Overall, these findings highlight the potential of ecodriving
practices and start-stop systems to change the distribution of dri-
ving modes, particularly in urban settings where idling and strong
acceleration is prevalent. As result, fuel consumption and emis-
sions are mitigated by reducing idle time and the power demand,
consequently increasing the share of cruise time. The Combined
scenario demonstrates the greatest potential for improving effi-
ciency by combining both smoother driving techniques and the
elimination of idling. This suggests that urban driving strategies
that encourage consistent vehicle motion, alongside the use of
start-stop systems, could play a crucial role in reducing the envi-
ronmental impact of urban transportation.
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